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During development of the nervous system, signals from specialized organizing 

centers generate distinct cell types.  The signaling molecule, Sonic Hedgehog (SHH) is 

expressed by the floor plate (FP) and is sufficient to specify the ventral midbrain pattern.  

In the spinal cord, Bone Morphogenetic Proteins (BMPs) expressed in the roof plate 

(RP) specify dorsal cell-fates. The attenuation of BMP signaling is required for SHH-

mediated patterning of the ventral hindbrain and spinal cord, while BMP signaling is 

required in conjunction with SHH for ventral forebrain patterning.  This thesis will focus 

on the function of SHH and BMPs in the midbrain by examining the molecules ability to 

pattern and regulate development.   

 

Midbrains of Shh-/- mice were examined. Some ventral cell fates are specified in 

the Shh-/- mouse in a Ptc1 and Gli1 independent manner. Ventral midbrain induction was 

observed to be Hh-independent by the existence of a Pax7-negative ventral midbrain 

territory before embryonic day 9.  Interestingly, dorsal markers are not uniformly altered 
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and increased cell death was seen in Shh-/- dorsal midbrains.  These results suggest 

specific regulation of dorsal patterning by Shh, rather than a simple deregulation.   

 

Several BMPs and their antagonists are expressed in a spatial and temporal 

manner in the midbrain.  Expression of BMPs is seen in the RP, and rostral FP (rFP), 

which also expresses SHH.  BMP signaling was manipulated using in vivo 

electroporation.  NOGGIN misexpression resulted in a loss of RP and a reduction of 

dorsal cell-fates that was preceded by cell-shape changes, delamination of cells into the 

lumen and their elimination. This was accompanied by a reduction and alteration of 

midbrain size and shape.  BMP blockade changed N-Cadherin distribution and perturbed 

pseudostratified morphology of the neurepithelium.  Ventrally, BMP blockade resulted in 

a decrease of proliferation, while increasing differentiation, Notch signaling molecules at 

the rFP and medial FP markers. However ventral midbrain cell-fates were correctly 

specified.   Notch-Delta signaling was examined in the Mib-/- mouse.  Different regulation 

of cell-fates was observed in the midbrain and spinal cord.  Mib-/- midbrains lacked a 

mature lateral FP, however ventral cell-fates are specified.  Mib-/- spinal cords lose Shh 

expression and several ventral cell-fates. 
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 1 

 

CHAPTER 1 
 

 

Introduction 

 

 

The brain is one of the most complex structures and its proper formation occurs 

through a series of integrated steps transforming a simple sheet of undifferentiated cells 

into what is known as the central nervous system.  During development, the central 

nervous system is patterned along two main axes.  These principal axes contain sources 

of signals that can lead to the induction of multiple cell-fates along the individual axes.  

Leading to the differentiation of the central nervous system structures along the anterior-

posterior axis into the prosencephalon (forebrain), mesencephalon (midbrain), 

rhombencephalon (hindbrain) and the caudal portion becomes the spinal cord.  During 

this process, undifferentiated neuronal precursors will acquire their distinct fates and 

gather together into specified clusters called brain nuclei. These nuclei are distributed in 

characteristic positions throughout the developmental axes (rostro-caudal and dorso-

ventral). The correct function of the brain is dependent on the proper circuitry and 

organization between the different nuclei.  

 

Of particular interest in our lab are those signals important in the development 

and patterning of the midbrain.  Development of the midbrain is regulated and 
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coordinated first along its anterior-posterior (AP) axis by signaling molecules produced at 

its caudal boundary, the midbrain-hindbrain boundary (MHB), and then further patterned 

along its dorsal-ventral (DV) axis by signaling molecules originating from signaling 

centers at the floor plate (FP) and roof plate (RP).  The fully developed vertebrate 

midbrain can be divided into the dorsal tectum and the ventral tegmentum area.  The 

tectum which is developed from the alar plate (dorsal side) of the mesencephalon 

contains the superior and inferior colliculus in mammalian vertebrates.  The superior 

colliculus is involved in visual processing, while the inferior colliculus is involved in 

auditory processing.  The tegmentum refers to the ventral portion of the mesencephalon, 

where vertebrate midbrain gives rise to many different nuclei including the oculomotor 

complex (OMC), red nucleus (RN), and the midbrain dopaminergic nuclei (MDA; ventral 

tegmental area and substantia nigra).  The OMC is known to control the movement of 

the eye and dilation of the pupil. Neurons of the ventral tegmental area are thought to 

play an important role in the reward pathway, while the RN and substantia nigra are 

involved in the motor coordination and voluntary body movement, respectively. The 

degeneration of neurons in the substantia nigra is associated with Parkinson’s disease. 

However the initial patterning, development and specification of these nuclei are still 

relatively unknown. 

 

The central goal of this thesis is to investigate the role of two classes of signaling 

molecules (Hedgehog [Hh] and Bone Morphogenetic Proteins [Bmps]) in the dorsal-

ventral patterning and overall development of the vertebrate midbrain and its nuclei.  

Studies such as this could reveal how the nervous system is built and how Hh and Bmp 

signaling can influence crucial neuronal cell decisions.  Understanding the 
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developmental biology of the midbrain can possibly direct therapeutic strategies in stem-

cell research towards treatments of neurological disorders.   

 

Hh and Bmp signaling act in conjunction with other key development pathways to 

coordinate cell proliferation and patterning, forming the appropriate number and types of 

differentiated neurons.  In this study, the requirement of Shh for the patterning and 

development of the vertebrate midbrain was analyzed using the Shh-/- and Smo-/- mouse.  

BMP’s role in dorso-ventral patterning has mainly been studied previously in the spinal 

cord.  The expressions of molecules important in the BMP signaling pathway in the 

developing chick midbrain were characterized.  The role in BMP signaling in the 

specification and neural cell fates was determined through direct manipulation in the 

early developing chick midbrain.  Finally, Notch-Delta signaling and its influence on the 

induction of floor plate and ventral cell-fate specification was studied by analyzing the 

Mind bomb (Mib) mutant mouse.  The remainder of this chapter will primarily focus on 

the roles of SHH, BMPs, and Notch-Delta signaling in cell-fate specification and early 

neural tube development previously discovered. 

 

Hedgehog Signaling Pathway 

The Hedgehog signaling pathway is conserved across several species (Ingham 

and McMahon, 2001). Members of the Hh family (Sonic Hedgehog [Shh], Indian 

Hedgehog [Ihh], and Desert Hedgehog [Dhh]) are secreted molecules.  Hh family 

proteins are synthesized as ~45kD precursor proteins that then undergo cleavage to 

yield a 25kD C-terminal fragment with no known function and a 18kD N-terminal 

fragment that has been shown to be sufficient for all known Hh signaling (Porter et al., 

1995).  Signal transduction of the Hh pathway (Fig. 1.1) begins when Hh binds to its  



 4 

 

 
Figure 1.1:  Hh signaling transduction pathway.  In the absence of Hh signaling, Gli 
(red) is processed to create a transcriptional repressor (left panel). On Hh ligand binding 
(right panel) to its receptor patched1 (Ptc1; green), inhibition of smoothened (Smo; blue) 
is released, turning off Gli processing. The activator forms of the Gli transcription factor 
are transported to and enter the nucleus where they induce the expression of target 
genes. 
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receptor, a transmembrane protein, Patched (Ptc1 or Ptc2; Marigo et al., 1996; Stone et 

al., 1996).  Analysis of Ptc mutants has revealed that Ptc suppresses the expression of  

Hh target genes (Goodrich et al., 1996).  When Hh molecules are not present, the Ptc1 

receptor maintains an inhibition on a G-protein coupled seven-pass transmembrane 

protein called Smoothened (Smo).  Smo activity has also been shown to be necessary 

for all aspects of Hh signaling (Zhang et al., 2001).  The consistent inhibition of Smo 

ensures that no signal will be conducted; therefore, Hh functions by binding Ptc and 

lifting the block on Smo (Fig. 1.1).  Upon the binding of a Hh protein to Ptc1, this Hh-Ptc 

complex is internalized by the responding cells (Incardona et al., 2000), alleviating the 

block on Smo and initiating Hh signaling.  Hh signaling is carried out intracellularly 

through the activation of a family of three zinc-finger Gli transcription factors (Gli1, Gli2, 

Gli3; Ingham and McMahon, 2001).  Two of the Gli proteins, Gli2 and Gli3, can be 

proteolytically processed and therefore serve as either activators (unprocessed) or 

repressors (processed; Aza-Blanc et al., 2000; Wang et al., 2000).  This proteolytic 

cleavage of Gli2 and Gli3 is blocked by the activation of the Hh signaling pathway (Wang 

et al., 2000; Pan et al., 2006).  Thus, the production of repressive Gli proteins is blocked 

by the inhibition of their proteolysis upon Hh binding.   

  

In addition to Ptc1, several other Hh-binding proteins have been identified.  

Studies have shown that Hedgehog-interacting protein (Hhip), a membrane bound 

protein can directly bind to Shh in vertebrates (Chuang et al., 2003).  Hhip binds to all Hh 

proteins with an affinity similar to that of Ptc1, however this binding appears to inhibit Hh 

signaling (Chuang et al., 2003).  A Ptc-related protein, named Dispatched (Disp) has 

been found to be important for the release of Hh.  Without Disp, Hh molecules fail to be 

secreted and can not activate responding cells (Burke et al., 1999).  Boc, part of a novel 
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class of Hh-binding proteins is expressed in dorsal tissue, and may be involved in 

sequestering the Hh ligand in dorsal tissue (Tenzen et al., 2006; Zhang et al., 2006; 

Aglyamova and Agarwala, 2007).  Hedgehog signaling has been shown to play a critical 

role in the patterning and development of the ventral neural tube (Jacob and Briscoe, 

2003).   

 

BMP Signaling Pathway 

BMPs were first discovered as bone inducing agents and even though they are 

important in skeletal development, they are also expressed in many other non-skeletal 

tissues during development.  They have been identified as part of the transforming 

growth factor-β (TGF-β) superfamily of proteins.  The TGF-β superfamily of proteins 

contains over 30 structurally related members which have been shown to regulate 

important interactions in embryonic development.  BMPs have been shown to regulate 

cell division, apoptosis, cell migration, cell differentiation, axon guidance, and much 

more (Liem et al., 1995; Hogan, 1996; Yokouchi et al., 1996; Coucouvanis and Martin, 

1999; Nguyen et al., 2000; Butler and Dodd, 2003; Kishigami and Mishina, 2005; 

Yamauchi et al., 2008).  BMPs are evolutionarily conserved and have significant 

sequence homology with one another; however they are classified into several 

subgroups based primarily on their structural homology.  There are two subgroups of 

particular interest during development: those proteins homologous to Drosophila Dpp: 

BMP2 and BMP4, and those homologous to Drosophila 60A/Glass bottom boat (Gbb): 

BMP5, BMP6, BMP7, and BMP8.  BMPs are synthesized and then processed into 

mature proteins containing seven conserved cysteines in the carboxy-terminal region, 

which then will dimerize into homodimers or heterodimers before being secreted from 

the cell (Hogan, 1996).   
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Figure 1.2:  BMP signaling transduction pathway.  Binding of a BMP dimer (peach) to 
its type II (green) receptor recruits type I receptors (light green), so that a heterodimer is 
formed. The type II receptor phosphorylates and activates the type I receptor. The 
canonical BMP-Smad pathway, is initiated by the phosphorylation of receptor-Smad (R-
Smad; purple) proteins 1, 5 and 8 by the type I receptors.  The R-Smad will dimerize 
with a common mediator-Smad (C-Smad; blue) to translocate to the nucleus and 
regulate gene transcription.  R-Smad and C-Smad dimerization can be blocked by an 
Inhibitory-Smad (I-Smad; pink), which prevents the association between R-Smads and 
C-Smads.  A non-canonical BMP signaling pathway with the activation of LIM kinase 
(LIMK; orange) has also been observed. The C-terminal tail domain of the type II 
receptor binds and inhibits LIMK through its LIM domain region (red). BMP binding 
alleviates the inhibitory interaction, enabling LIMK to phosphorylate cofilin, thereby 
regulating the actin cytoskeleton.  The BMP signal can be blocked by extracellular 
antagonists (burgundy), such as noggin, chordin and follistatin, which bind BMP ligands 
and prevent their association with the BMP receptors. 
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The transduction of the BMP signal (Fig. 1.2) begins with the dimerized BMP 

ligands binding to two different types of single transmembrane serine/threonine 

receptors, type I (ALK2, BMPRIA, and BMPRIB) and type II (BMPRIIB, ACTRIIA, and 

ACTRIIB) leading to their dimerization and activation.  Binding of the ligand to the 

receptor complex induces the constitutively active type II receptor to phosphorylate the 

type I receptor within the serine/threonine domain (Wrana et al., 1994).  The signal is 

passed on to substrates of the type I receptor in the cytoplasm that are recruited to the 

plasma membrane, the receptor-activated Smad proteins (R-Smads; Wrana et al., 

1994).  For the BMPs signaling pathway, R-Smad proteins 1, 5 and 8 are those 

recruited, phosphorylated and activated by BMP type I receptors.  These activated R-

Smads associate with a second class of Smads called common-mediator Smads (C-

Smads), complex together and translocate into the nucleus to act as regulators of 

transcription. 

 

BMP signaling can be altered by many different extracellular and intracellular 

molecules.  Among those are extracellular secreted proteins, Noggin, Chordin, and 

Follistatin, that will bind to BMPs and inhibit their binding to their receptors (Nakamura et 

al., 1990; Iemura et al., 1998).  There are also BMP regulators that sit at the cell 

membrane.  BAMBI is a transmembrane protein that has sequence homology to BMP 

receptors, yet lacks the intracellular kinase domain making it a natural occurring 

dominant negative receptor (Onichtchouk et al., 1999).  In addition, there are intracellular 

molecules that shape BMP activity.  Inhibitory Smads (I-Smads 6, 7) can associate with 

the activated R-Smads, preventing their binding to the C-Smad and translocating to the 

nucleus.  E3 ubiquitin ligases, Smurf1 and Smurf2, which are members of the HECT 
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family of E3 ubiquitin ligases, target Smads for ubiquitin-mediated degradation.  Smad 

activity can also be inhibited by the mitogen-activated protein kinases (MAPK) pathway, 

providing a link between BMPs and other signaling pathways (Liu and Niswander, 2005). 

 

BMPs can activate signaling cascades other than SMAD-mediated transcription.  

BMPs have been shown to signal through TGF-β-activated kinase1 (TAK1), a member of 

the MAPK Kinase Kinase family.  TAK1 can then activate JNK or p38 MAPK through 

MAPK kinase 4 or MAPK kinase 3 or 6, respectively (Engel et al., 1999; Yamaguchi et 

al., 1999; Hu et al., 2004).  A non-canonical pathway for BMP signaling has recently 

been described involving LIM kinase 1 (LIMK1; Foletta et al., 2003; Lee-Hoeflich et al., 

2004).  LIMK1, a downstream effector of the Rho GTPases, Cdc42, was shown to bind 

to LIM binding domains on the cytoplasmic tail of the BMPRII receptor (Fig. 1.2).  Unlike 

the TGF-β type II receptor, the BMPRII receptor has a large cytoplasmic tail of ~600 

amino acids.  The interaction of LIMK1 with the BMPRII tail results in a down-regulation 

LIMK1’s activity.  Upon BMP binding LIMK1 is activated and released to signal to an 

actin-depolymerizing factor (ADF)/cofilin.  Cofilin/ADF activity has been shown to be 

essential for actin driven motility, through accelerating actin filament turnover and 

therefore can regulate actin dynamics in dendrite morphogenesis and stability (Foletta et 

al., 2003).   

 

Induction of the Central Nervous System 

Very early in development during gastrulation, cellular movement and 

rearrangement leads to the formation of a bilateral embryo with an anterior-posterior axis 

and three distinct layers: ectoderm, mesoderm and endoderm.  The vertebrate central 

nervous system is derived from the dorsomedial region of the ectoderm of the 
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developing embryo through the inhibition of BMP signaling (Harland, 2000).  In Xenopus, 

the inhibition of BMPs is thought to occur by secreted antagonist, such as noggin and 

chordin, from the organizer (Sasai et al., 1995; Zimmerman et al., 1996).  Ectopic 

expression of noggin resulted in the induction of neural tissue in non-neural ectoderm 

(Smith et al., 1993).  BMP antagonism has also been shown to be important in neural 

induction in zebrafish and mice, however slight differences among the species have also 

been observed.  The creation of mice mutants for both noggin and chordin, displayed a 

loss of the anterior head structures most likely due to the loss of this early neural 

induction (Bachiller et al., 2000).  However, recently in chick and frogs the activation of 

additional signaling pathways (Fibroblast Growth Factors; Fgfs and Wnts) have been 

indicated to act along with inhibition of BMP signaling to induce neural ectoderm (Wilson 

et al., 2001; Delaune et al., 2005).  Pre-gastrula FGF signalling is required in the 

ectoderm for the emergence of neural fates (Delaune et al., 2005).  Fgf signaling may 

aid in sensitizing tissue to BMP antagonist and allow neural fate.   In the zebrafish, it is 

Fgf activity that initiates the development of the prospective vegetal neural tissue 

contributing to the nervous system of the trunk and tail (Kudoh et al., 2004).  Bmp 

activity in the early zebrafish affects the animal and vegetal ectoderm differently, with 

high Bmp levels in the animal ectoderm determining non-neural versus neural, while in 

the vegetal ectoderm different level influence rostral to caudal characters of the neural 

tissue (Kudoh et al., 2004). 

  

The neural ectoderm is an epithelial sheet of cells known as the neural plate.  

During neurulation, the neuroepithelium folds through the creation of hinge points along 

the ventral midline and in rostral neural tube at the dorsal lateral edge of anterior 

structures (Colas and Schoenwolf, 2001).  The folding of the neural plate requires the 
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coordination of the cell cycle, cell shape changes, and cellular rearrangements 

(Schoenwolf, 1991).  Median hinge point (MHP) bending creates the neural groove, while 

dorsolateral hinge point (DLHP) bending creates longitudinal creases that bring the 

lateral aspects of the neural plate towards each other in the dorsal midline.  However, 

MHP appears to be only the site of spinal neural plate bending and not essential for 

neural tube closure, as mice without a floor plate (Shh-/-) do not exhibit spinal neural tube 

closure defects.   DLHP formation is suppressed by Shh signaling although it is induced 

in cases of Shh deficiency (Ybot-Gonzalez et al., 2002).  Dorsolateral bending of the 

neural plate is essential for neural tube closure and if bending fails, neural tube defects 

such as exencephaly can result.  Bmp2 expression has been shown to correlate with 

neurulation in which dorsolateral hinge points (DLHP) are absent, while, Bmp2-/- 

embryos exhibit exaggerated dorsolateral hinge points.  The inhibitory nature of Bmp 

signaling on DLHP formation is most likely influenced by the Bmp antagonists, noggin 

from the dorsal neural folds (Ybot-Gonzalez et al., 2007).  

 

During the closing of the neural tube, BMPs also help to define a region from 

which the neural crest cells will be generated (Streit and Stern, 1999).  This progenitor 

population arises from the area between the neurectoderm and the non-neural 

ectoderm.  BMPs defines the region in which neural crest develop, other signaling 

molecules (WNTs and FGFs) have been shown to also be involved in the specification of 

neural crest (Monsoro-Burq et al., 2005).  However, BMPs are not only involved in the 

specification of neural crest but have also been shown to be important in their epithelial-

to-mesenchymal transition and subsequent migration (Liem et al., 1995; Liu et al., 2004; 

Shoval et al., 2007).  Epithelial-to-mesenchymal transition (EMT) occurs when epithelial 

cells lose their epithelial characteristics and acquire the typical properties of 
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mesenchymal cells.  A change in Cadherins, a class of cell adhesion molecules, has 

been shown to be responsible for the establishment of the phenotype (Nakagawa and 

Takeichi, 1998), while the actin cytoskeleton is important in the maintenance, of the 

epithelial phenotype. A cell’s transformation and subsequence migration is dependent on 

the dynamic changes that the actin cytoskeleton undergoes (Pollard and Borisy, 2004).  

Cell transformation and actin dynamics during EMT have been shown to be regulated by 

n-cofilin, an F-actin depolymerizing factor (Gurniak et al., 2005).  A change in Cadherin 

expression must also take place for proper migration of neural crest to occur (Nakagawa 

and Takeichi, 1998).  BMPs have been previously shown to regulate N-Cadherin and its 

ability to inhibit neural crest migration (Shoval et al., 2007).  The N-Cadherin-mediated 

inhibition of neural crest cell migration is released at the onset of cell emigration by the 

cleavage of N-Cadherin by an ADAM10 metalloproteinase.  This process is triggered by 

BMP signaling.  Thus BMPs, by way of ADAM10, promotes N-Cadherin protein cleavage 

and subsequent migration of neural crest cells (Shoval et al., 2007). 

 

The closure and fusion of the neural plate dorsally, allows for the regionalization 

of the neural tube along its anterior-posterior axis, distinguishing the forebrain, midbrain, 

hindbrain and spinal cord. The neural tube is then patterned along a second axis, the 

dorso-ventral axis.  Signals that specify the dorsal neural tube are secreted by the 

ectoderm and then later by the roof plate, while ventralizing signals emanate from the 

underlying mesoderm and later from the floor plate.  At the ventral midline of the neural 

plate the neuroectoderm contacts the dorsal mesoderm.  This region will become the 

ventral neural tube and the ventral signaling center, the floor plate.  The induction of the 

floor plate by the underlying mesoderm is still controversial.  Zebrafish studies suggest 

that the floor plate is two populations of cells (medial and lateral), where the induction of 
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the medial region is independent of Shh but derived from the organizer while lateral floor 

plate is induced by a Shh dependent mechanism (Odenthal et al., 2000).  Dorsally, at 

the closure of the neural tube, BMP proteins are secreted from the overlying ectoderm 

and the newly formed dorsal signaling center, the roof plate.  The secretion of Shh from 

the notochord and then in the floor plate itself ventrally and BMPs from the ectoderm and 

roof plate dorsally have been implicated in establishing the identity of cell fates along the 

dorso-ventral axis (Jessell, 2000).  Shh and BMPs are have been previously shown to 

be involved in the activation and repression of transcription factors, resulting in the 

specification of distinct neuronal cell fates (Liem et al., 1995; Chiang et al., 1996; Liem et 

al., 2000; Timmer et al., 2002). 

 

SHH Signaling in Ventral Patterning of the Neural Tube 

Of the three Hh ligands, Shh has been shown to be expressed in the ventral 

signaling center and important in patterning of neural progenitors in the vertebrate 

ventral neural tube (Echelard et al., 1993; Chiang et al., 1996; Zhang et al., 2001).  The 

critical role for Shh in the development of ventral structures was demonstrated in mice 

carrying a targeted mutation of the Shh gene (Chiang et al., 1996).  The Shh-/- mouse 

embryos demonstrated severe holoprosencephaly; the creation of a single undivided 

vesicle consisting of fused eye fields, and an absence of ventral forebrain structures 

such as the optic stalks and optic chiasm (Chiang et al., 1996). 

 

During the development of ventral spinal cord, it has been observed that ventral 

cell-fates are specified at distinct distances away from the midline source of Shh 

(Jessell, 2000).  Previous in vitro gain and loss of function experiments have shown that 

increasing concentrations of Shh are able to specify progressively more ventrally located 
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cell fates, beginning with the most dorsal V0 interneurons to the most ventral cell fate, 

floor plate, including in between the motor neurons, V1, V2, and V3 interneurons 

(Roelink et al., 1995; Ericson et al., 1996).  In the absence of Shh, such as in the Shh-/- 

mouse, although the most ventral cell fates are absent (motor neurons and floor plate) 

some ventral interneuron spinal cord cell fates (V0, V1, and few V2) are still specified, 

indicating that either another Hh (such as Ihh from the underlying tissue) or possibly Hh-

independent signals may be involved in patterning these cell fates (Litingtung and 

Chiang, 2000; Zhang et al., 2001; Wijgerde et al., 2002).  Interestingly, in the developing 

spinal cord of the Smo-/- mice, which are unable to process any Hh signaling, no ventral 

cell fates can be observed (Wijgerde et al., 2002).  Gli1-/- mice have no discernable 

central nervous system phenotype (Matise et al., 1998), while spinal cords of Gli2-/- mice 

lack a floor plate and V3 interneurons are severely reduced  (Matise et al., 1998).  The 

ability of some V3 interneurons to be specified in the Gli2-/- mice may be due to the 

notochord not regressing (Matise et al., 1998).  On the other hand, Gli3-/- mice exhibit a 

dorsal expansion of the interneuron domains in the spinal cord (Persson et al., 2002), 

leading to the thought of Gli3 as a repressor of Shh signaling.  However, when both Hh 

signaling and Gli3 are absent (Smo-/-:Gli3-/- double knockout), ventral cell fates, with the 

exception of floor plate and V3 interneurons (the most ventral), are present (Litingtung 

and Chiang, 2000; Wijgerde et al., 2002).  This suggests that several ventral cell fates 

are able to be specified in the developing caudal neural tube in the absence of Hh 

signaling as long as the Gli3 repressor is also removed (Litingtung and Chiang, 2000; 

Zhang et al., 2001; Wijgerde et al., 2002; Bai et al., 2004).   

 

Research in the field of patterning along the dorso-ventral axis has mainly been 

focused on the spinal cord, with less attention paid to the anterior central nervous 
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system.  In the developing forebrain, Shh is expressed in the mid-ventral cells as a result 

of underlying signals from the prechordal mesoderm and is important in the 

differentiation of the basal ganglia (Dale et al., 1997).  Mouse mutants investigating the 

forebrain suggest that other signaling pathways may contribute to the specification of 

ventral cell-fates.  Gli2 mutant mice exhibit a delayed yet normal floor plate induction 

(Matise et al., 1998).  While, mouse mutants of other signaling molecules, such as Fgf, 

demonstrate forebrain ventral cell-fate defects even in the presence of Shh (Gutin et al., 

2006). The simultaneous deletion of Gli3 did not rescue the ventral cell fate disruption in 

these Fgf receptor double knockout mutants (Gutin et al., 2006).  This implies that Hh-

independent pathways may play a role in ventral specification of the neural tube.    

 

The vertebrate ventral midbrain is divided into molecularly distinct arcs that 

provide organization for the later emergence of important nuclei (Agarwala and 

Ragsdale, 2002).  These arcs are longitudinal strips arrayed parallel to the source of 

SHH in the midbrain or rostral floor plate (rFP).  In the chick midbrain it has been 

demonstrated that an ectopic source of SHH can specify the entire ventral pattern of 

midbrain arcs in a concentration and position dependent manner (Agarwala et al., 2001) 

and is sufficient to specify the midbrain nuclei discussed above (Agarwala and 

Ragsdale, 2002).  Recent studies in the chick and the mouse midbrain, have shown that 

Hh signaling is not just sufficient but also necessary for the specification of ventral cell 

fates (Blaess et al., 2006; Bayly et al., 2007; Fogel et al., 2008).  Conditional knockout 

studies in mice have shown the necessity of Hh signaling in ventral cell-fate specification 

prior to embryonic day (E) 9.5 (Ishibashi and McMahon, 2002; Blaess et al., 2006).  

However whether Hh signaling is required earlier than this time point in development is 

not known.  The midbrain-hindbrain boundary (MHB), a major signaling center and 
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restriction boundary of the anterior neural tube, is perturbed in the absence of Hh 

signaling (Aoto et al., 2002; Blaess et al., 2006; Bayly et al., 2007).  However, it is not 

known if Hh signaling is important in the establishment or maintenance of the MHB, or 

whether Hh has a role in regulating other boundaries of the midbrain.  The importance of 

Hh signaling in the regulation of compartment boundaries and cell affinities has been 

well documented in the fly wing (Dahmann and Basler, 1999).   

 

BMP Signaling in Dorsoventral Patterning of the Neural Tube 

BMPs have also been shown to be involved in tissue patterning of various 

embryonic systems.  BMP proteins, like SHH, are morphogens and are thought to act 

over a distance in a concentration dependent manner.  Mutation in the decapentaplegic 

gene (dpp; a homologue to BMP2 and BMP4) in Drosophila, causes early patterning 

defects along the dorso-ventral axis (Ray et al., 1991).  Similarly, in Xenopus, BMPs 

regulate dorso-ventral patterning of the mesoderm by opposing the patterning signals 

from the organizer region (Schmidt et al., 1995).    

 

In addition to BMP’s role in the specification of the neural crest as the neural tube 

closes, BMP signaling plays a crucial role during the subsequent patterning of the dorsal 

neural tube.  BMP signaling has been shown to be critical in the establishment of dorsal 

cell-fates in the spinal cord, hindbrain, and forebrain (Furuta et al., 1997; Nguyen et al., 

2000; Timmer et al., 2002; Bach et al., 2003; Wine-Lee et al., 2004).  In the development 

of the spinal cord, several BMP proteins (Bmp2, Bmp4, and Bmp7) are secreted from 

the surface ectoderm and the newly formed dorsal signaling center, the roof plate (Liem 

et al., 1995).  The genetic ablation of the roof plate results in the loss of dorsal 

interneurons (Isl1 and LH2A/B), their neural progenitors (Math1 and Ngn1), and a 



 17 

reduction of the dorsal Pax7 domain (Lee et al., 2000).  This disruption of the roof plate 

reveals its importance in the dorsal spinal cord cell-fate specification.  The addition of 

BMP signaling in neural cultures can induce dorsal cell types (Liem et al., 1995).  

Concentration effects, similar to Shh in the ventral neural tube were observed when a 

constitutively active BMP receptor was ectopically expressed in the neural tube and 

transformed ventral cell types into more dorsal ones in live embryos (Timmer et al., 

2002).  Inhibition of BMP signaling by an ectopic source of Noggin leads to a loss of roof 

plate, as well as the most dorsal interneuron population, dI1, while the dI2 interneuron 

population was expanded dorsally (Nguyen et al., 2000; Chesnutt et al., 2004).  The 

deletion of both types of BMP receptors, Bmpr1a and Bmpr1b, leads to a loss of dl1 

sensory interneurons and a shift of dl2 neurons dorsally (Wine-Lee et al., 2004).  

Therefore, BMPs provide positional information to a limited set of cell-fates in the dorsal 

neural tube through the regulation of basic Helix-Loop-Helix (bHLH) genes.   

 

In more recent studies, BMP signaling has been shown to be important in neural 

development of the forebrain as well as the cerebellum/hindbrain.  In the rostral 

diencephalon BMP7 is expressed along the ventral midline mesendoderm.  In the 

diencephalon, the ability of rostral diencephalic ventral midline cells to be specified 

instead of caudal floor plate cells requires the correct temporal cooperative signaling 

between SHH and BMP7 (Dale et al., 1997; Dale et al., 1999).  While in the ventral 

hindbrain the disappearance of BMP7 precedes the appearance of SHH.  If expression 

of BMP7 is prolonged, SHH expression is suppressed, revealing that BMP7 is capable of 

interfering with SHH gene expression in the floor plate of the hindbrain (Arkell and 

Beddington, 1997).  
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Notch Signaling in Patterning and Development 

Notch-Delta signaling has been identified as a key regulator of cell fates.  Notch-

Delta signaling, unlike the other signaling pathways mentioned above, depends on direct 

cell-cell contact (Fig. 1.3).  The transmembrane proteins, (Delta or Serrate), on the 

surface of one cell bind to and activate the transmembrane receptor, Notch, on the 

surface of its neighbor.  Once activated, Notch receptors change conformation and 

become susceptible to cleavage by ADAM-type metalloproteases creating a Notch 

extracellular domain and a Notch transmembrane domain (Zolkiewska, 2008).  In 

Drosophila, ADAM10 has been shown to be the main protease mediating Notch 

processing (Pan and Rubin, 1997; Zolkiewska, 2008).  Mice deficient in ADAM10 

resemble Notch1 null mice (Hartmann et al., 2002). After cleavage by ADAM10, the  

Notch transmembrane domain is recognized and further processed by a protein 

protease complex known as γ-secretase, which releases the active intracellular form of 

Notch (Gupta-Rossi et al., 2004). Once cleaved, Notch's intracellular domain (NICD) can 

translocate to the nucleus and effect transcription of target genes.  The Notch 

extracellular domain is trans-endocytosed into the cell with the ligand (Parks et al., 

2000).  The Notch ligands are processed in a similar way as that described for Notch to 

produce their own intranuclear fragment.  The ligands are also cleaved by ADAM 

metalloproteases, followed by the transmembrane fragment being further processed by 

γ-secretase (Six et al., 2003).  This processing releases the intracellular domain from the 

membrane allowing it to localize to the nucleus.   Ubiquitination-triggered endocytosis 

has been shown to be a key component of both ligand and receptor activity (Gupta-

Rossi et al., 2004; Le Borgne et al., 2005).  This ubiquitination is carried out by one of 

two E3 ubiquitin ligases, Neuralized and Mind bomb.    A null Mib1 mouse leads to a 

collapse of the Notch-Delta signaling pathway (Barsia et al., 2005). 
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Figure 1.3:  Notch-Delta signaling pathway.  Activation of the pathway occurs when 
the Delta ligand (yellow) on the surface of one cell binds to the Notch receptor (green) 
on the surface of another cell.  This binding results in the proteolytic cleavages of the 
Notch receptor by ADAM10 metalloprotease (purple) and then by gamma-secretase 
(blue), releasing the Notch intracellular domain (NICD), which enters the nucleus and 
regulates transcription of target genes.  The cleaved Notch extracellular domain (NECD) 
is trans-endocytosed by the ligand-expressing cell. This process is controlled by either 
Neuralized or Mind bomb (Mib; red) E3 ubiqutin ligases.  
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The major biological function of the Notch-Delta signaling pathway is the 

regulation of cell differentiation.  Through the use of lateral inhibition, Notch signaling 

can limit the number of cells within a precursor domain that will adopt a certain fate.  In 

the fly, a decrease in Notch signaling leads to the formation of excess neurons at the 

expense of epidermal cells (Campos-Ortega and Knust, 1990).  In the zebrafish, frog 

and chick, studies show that Delta leads to the formation of an excess of early-born 

neurons and a decrease in later born neurons (Dorsky et al., 1997; Henrique et al., 

1997; Haddon et al., 1998).  In contrast, increased Notch signaling blocks neuronal 

differentiation and neural cells are maintained in a precursor state (Gaiano et al., 2000; 

Park and Appel, 2003).  Therefore, Notch-Delta signaling can affect neural cell fates 

through lateral inhibition, which mediates whether a cell will differentiate or remain a 

precursor.   

 

Hh and Bmp Signaling Interactions in Development 

In the development of the vertebrate embryo, Hh and BMP signaling molecules 

are expressed in positions that allow these signaling pathways to interact either in a 

synergistic or suppressive role.  In the development of the spinal cord, Shh expression 

ventrally and BMP expression dorsally has been shown to inhibit each other’s signaling 

(Jessell, 2000).  However, in the developing ventral diencephalon, SHH and BMP7 act 

cooperatively to specify the ventral midline cells (Dale et al., 1997)  Hh and BMPs 

interact in a third way in the development of the Drosophila wing.  In Drosophila, 

decapentaplegic (dpp), a homologue to BMP2 and BMP4, is a target of Hh signaling.  

The expression of dpp can mediate Hh dependent activities.  For example, in the 

Drosophila wing imaginal disc, hh expressed in the posterior compartment can regulate 
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the expression of dpp in a thin strip cells at the anterior-posterior boundary (Tanimoto et 

al., 2000).  Dpp will then lead to the induction of target genes in a concentration 

dependent manner in both the anterior and posterior compartments.  The stable and 

precise positioning of the Dpp source is crucial for growth and patterning of the entire 

wing (Ingham and Fietz, 1995).  Similarly, in the vertebrate limb, SHH is expressed first 

and has been shown to induce the expression of BMP2 during the digit specification 

phase.  BMP signaling then leads to the specification of digit identity (Drossopoulou et 

al., 2000).   

 

As discussed above, Hh, BMP, and Notch-Delta signaling are essential for many 

different aspects of development ranging from neural induction, cell-fate decisions, cell-

cycle control to cytoskeletal arrangement.  It is apparent that the integration of several 

signaling pathways is important for most of these processes to occur correctly.  

Therefore, depending on the temporal and spatial specifics of a cell type being 

investigated, the interaction and roles of various signaling molecules can be different 

and will need to be determined.  
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CHAPTER 2 
 

 

Materials and Methods 

 

 

ANIMALS 

Chick embryos  

Fertilized White Leghorn (Gallus gallus) eggs were purchased locally (Ideal 

Poultry, Texas) and stored at 16°C until incubated at 38°C in a forced draft-humidified 

chamber (G.Q.F. Mfg. Co.).  The first day of incubation of the eggs was designated 

embryonic day 0 (E0).  Embryos were collected at different incubation duration and 

staged according to somite number and morphological criteria described by Hamburger 

and Hamilton (H&H; Hamburger and Hamilton, 1951).  

 

Shh-/- mice 

Shh heterozygote mice (Chiang et al., 1996) were obtained from Dr. Chin Chiang 

from Vanderbilt University Medical Center and housed at University of Texas Animal 

Research Center.  Heterozygote mice were identified using polymerase chain reaction to 

obtain a 230bp product using primers 5’GACCATGTCTGCACACTTAGGTTCC3’ and 
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5’GAAGGCCAGGAGGAGAAGGCTCAC3’ specific to exon two of the wild-type Shh 

locus, as well as, a 550bp product using primers 5’CTGTGCTCGACGTTGTCACTG3’ 

and 5’GATCCCCTCAGAAGAACTCGT3’ specific to the neo gene that replaced exon 

two disrupting the Shh locus.  Two heterozygote mice were mated together in order to 

recover the Shh-/- embryos analyzed.  Time pregnant mice were sacrificed through 

carbon dioxide inhalation and the embryos were harvested.  Pregnancies were timed by 

the observation of a vaginal plug in the morning representing E0.5 embryos.  

Homozygous mice were recovered between E8 and E12.5 and identified either by 

morphological differences or the absence of the Hh-target genes, Gli1 and Ptc1 (Chiang 

et al., 1996).  Embryos were staged by somite number as well as by morphological 

features (Theiler, 1989; Downes and Davies, 1993).  At least three mutants (-/-) and three 

control (+/-) littermates were analyzed for each gene expression pattern displayed.   

 

Smo-/- mice 

Smo-/- and wild-type littermate mice embryos (Zhang et al., 2001) were obtained 

from Dr. Chin Chiang from Vanderbilt University Medical Center.  Homozygous mice 

were identified either by morphological differences or the absence of Hh-target genes, 

Gli1 and Ptc1 (Zhang et al., 2001).  Embryos were staged by somite number as well as 

by morphological features (Theiler, 1989; Downes and Davies, 1993).  At least three 

mutants (-/-) and three control (+/-) littermates were analyzed for each gene expression 

pattern displayed. 
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Mib-/- mice 

Mib heterozygote mice (Barsia et al., 2005) were obtained from Dr. Karen Artzt 

from University of Texas at Austin and housed at University of Texas Animal Research 

Center.  Heterozygote mice were identified using polymerase chain reaction to obtain a 

600bp product for the wild-type Mib allele, and a 450bp product for the mutant allele 

using primers New1p-5’CGAGTGATGGTGGAGGG3’; Neo66-

5’ATGCTCCAGACTGCCTTG3’ and 9233-

3’GCTCAACAAAGCAAAGGCACCAAGAGACGGATCC5’.  Two heterozygote mice were 

mated together in order to recover the Mib-/- embryos analyzed.  Time pregnant mice 

were sacrificed through carbon dioxide inhalation and the embryos were harvested.  

Pregnancies were timed by the observation of a vaginal plug in the morning representing 

E0.5 embryos.  Homozygous mice were recovered between E8 and E10 and identified 

by morphological differences (Barsia et al., 2005).  Embryos were staged by somite 

number as well as by morphological features (Theiler, 1989; Downes and Davies, 1993).  

At least three mutants (-/-) and three control (+/-) littermates were analyzed for each gene 

expression pattern displayed.   

 

EXPRESSION VECTORS 

Chick embryos were electroporated with either EGFP (EFX-EGFP), NOGGIN 

(EFX-cNOGGIN), dnBMPR1A (XeX-dnBMPR1A), BMP4 (XeX-mBMP4), or BMPR1Aca 

(XeX-BMPR1Aca) containing expression vectors.  Each of the cDNA constructs were 

cloned into expression vectors containing the elongation factor 1α promoter previously 

shown to work in chicks (Agarwala et al., 2001; Agarwala and Ragsdale, 2002).  The 
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EFX-EGFP construct was created by ligating the BamH1-Not1 fragment (800 bp) of 

pEGFPN1 (Clontech) containing the EGFP cDNA into the plasmid EFX3C (Invitrogen; 

(Agarwala et al., 2001)).  The EFX-cNOGGIN construct was a gift from T. Shimogori 

(Shimogori et al., 2004).  Expression plasmids carrying cDNA encoding a dominant 

negative form of BMPR1A (K231R) as well as a constitutively active form of BMPR1A 

(Q203D) were obtained from L Niswander (Zou et al., 1997).  A SalI-BamHI fragment of 

dnBMPR1A was cloned into the expression vector pXeX (Johnson and Krieg, 1994) to 

created the XeX-dnBMPR1A construct.  The XeX-BMPR1Aca construct was created by 

ligating the HindIII-BamHI fragment of BMPRIAca into the pXeX plasmid. The mBMP4 

cDNA was obtained from D. Duprez (Monsoro-Burq et al., 1996) and subsequently 

subcloned into pXeX through the ClaI restriction site. 

 

IN OVO ELECTROPORATION  

Egg Windowing 

The embryo can be manipulated and examined at different developmental stages 

by windowing the eggs, allowing them to be opened and re-opened further on in 

development.  The eggs are incubated at 38°C resting on their sides, allowing the 

embryo to float to the side on top.  To establish an area that the embryo can be 

observed, two small holes are created with a scalpel on the side of the egg, one in the 

middle and one toward the pointed end of the egg.  A 10ml syringe (Becton Dickinson) 

with a 21 gauge 1.5 inch needle (Becton Dickinson) was penetrated into the second hole 

and used to extract 1-2ml of albumen creating a larger air hole in the egg.  The two 

holes were covered with one piece of plastic tape (3M) approximately 2” in length.  This 

allows for an opening to be cut in the egg shell around the middle hole exposing the 
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embryo for manipulation.  The exposed embryo can be recovered with more tape and 

placed back into the incubator until needed. 
 

  

Electroporation 

Electroporation was carried out with slight modification from previously reported 

protocols (Agarwala et al., 2001; Agarwala and Ragsdale, 2002).  Fifty to 150nl of 

plasmid DNA solution (1-3 µg/µl DNA and 0.02% Fast Green Dye (Fluka) in 10mM Tris-

HCl (Fisher Scientific), 1mM EDTA (Fluka) was injected (Pneumatic Pico Pump; WPI) 

through a glass microcapillary pipette (Sigma) tapered by a flaming micropipette puller 

(Sutter Instrument Co.), into the lumen of the midbrain of a H&H stage 7-12 chick 

embryo.  To elicit restricted midbrain transfections a 0.001” platinum wire (A-M Systems, 

Inc.) was inserted into the lumen of the midbrain after plasmid injection to serve as the 

negative electrode.  The positive electrode was a 0.002” platinum wire (A-M Systems, 

Inc.) placed just outside the midbrain.  The electrodes were held parallel at a distant of 

~1mm apart, while three electric pulses of 25mseconds and 5V were delivered (Electro 

square porator ECM830; BTX).  Electroporated embryos were returned to the incubator 

for 6 hours to 4 days.  Upon harvesting the embryos were submerged into 4% 

paraformaldehyde in a phosphate-buffered saline (PBS; Sigma) solution (PFA).  If 

embryos displayed any sign of injury from the electroporation, they were excluded from 

the study. 

 

RIBOPROBE SYNTHESIS 

To detect the messenger RNA by in situ hybridization, an RNA probe was 

synthesized incorporating labeled ribonucleotides.  cDNA containing plasmids of choice 
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are linearized to serve as templates in the production of antisense RNA probes.  The 

antisense RNA was labeled with digoxigenin- or fluoroscein-UTP (Roche Biochemicals) 

during transcription as per the manufacturer’s directions employing T3, T7, or SP6 

bacteriophage polymerases (Promega Inc.).  The labeled RNA probes were purified 

using standard LiCl/ethanol or ammonium acetate/isopropanol precipitation for 

digoxigenin or fluoroscein labeled probes, respectively.  Lastly the riboprobes were 

resuspended in RNAse free water and subsequently evaluated for transcription 

efficiency on an agarose gel.  Riboprobes were stored at -20°C.   

 

IN SITU HYBRIDIZATION  

Fixation, Dehydration, and Rehydration Treatments 

Embryos were harvested at the desired developmental stage and immersion-

fixed in PFA, placed into a glass scintillation vial (RPI Corp.) and stored at 4°C.  If 

required, further dissection of the embryos was carried out to remove the extra-

embryonic membranes to ensure complete penetration of the reagents.  In addition, the 

neural tube of all embryos was opened to avoid the potential for trapping of the reagents 

during the procedure.   

 

Following dissection and at least overnight fixation, embryos were washed twice 

in PTw (1% Tween-20 (Sigma) in DEPC (Sigma)-treated PBS) and then dehydrated 

through increasing concentrations of methanol in PTw (25%, 50%, 75% and 2x 100%).  

Dehydrated embryos were stored at -20°C overnight.  The embryos were rehydrated 

through decreasing concentrations of methanol in PTw (75%, 50%, and 25%) followed 

by two washes in 100% PTw.  Embryos were incubated in a 6% H2O2 (Fisher Scientific) 
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in PTw solution for one-hour to bleach the tissue, followed by two PTw rinses.  Next the 

embryos were washed in a detergent solution (1% Nonidet P-40 (Calbiochem), 1% SDS 

(BioRad), 0.5% Deoxycholate (Calbiochem), 50mM Tris-HCL (pH 7.5), 1mM EDTA (pH 

8.0), and 150mM NaCl (Fisher Scientific) three times for 30 minutes to increase the 

permeability of the tissue to ensure sufficient penetration of reagents.  The detergent 

washes were immediately followed by a post-fix treatment of the embryos for 20 minutes 

in 0.2% gluteraldehyde (Electron Microscopy Sciences), 1% Tween 20 in PFA solution.  

Two PTw washes were then performed to remove the fixative.  Embryos were then 

placed into a prehybridization solution (50% Formamide (Fluka), 5x SSC (3M NaCl, 

0.3M Na3citrate•2H2O, and Citric Acid to pH 4.5), 1% SDS, 500µg/ml tRNA from 

Brewer’s Yeast, 200µg/ml acetylated BSA (Ambion), 50µg/ml Heparin sodium salt from 

Porcine Intestinal Mucosa (Sigma)) and allowed to equilibrate prior to hybridization or 

storage at -20°C. 

 

Hybridization 

Embryos were incubated in the prehybridization solution in a water bath at 72°C 

for at least one hour to mask sites of non-specific probe binding.  The RNA probe(s) was 

then added and distributed thoroughly throughout the solution to obtain a 0.1-0.5µg/ml 

probe solution.  The hybridization of the probe to its target messenger RNA was allowed 

to continue for 16-20 hours in the 72°C water bath. 

 

Post-hybridization Washes to Antibody Incubation 

Following the hybridization reaction, the embryos were washed three times for 30 

minutes followed by one wash of 90 minutes in a preheated Solution X (50% formamide, 
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2x SSC, 1% SDS) at 72°C (an additional 60 minutes wash was used for some tissue).  

Embryos were then transferred to polycarbonate vials (Bellco Glass, Inc) and washed 

three times in TBST (TBS (25mM Tris-HCl; pH 7.5, 136mM NaCl, 2.68mM KCl (Fisher 

Scientific)), 2mM tetramisole hydrochloride (Sigma), 1% Tween 20).  Embryos were 

incubated for two hours in 10% heat inactivated lamb serum (Invitrogen) in TBST at 

room temperature to block non-specific antibody binding.  While the blocking incubation 

is occurring, the alkaline phosphatase coupled anti-digoxigenin or anti-fluoroscein 

(Roche) antibody was preabsorbed using heat-inactivated chick embryo powder to 

reduce potential background noise.  The embryos were incubated for 16-20 hours (max 

of 60 hours) at 4°C in TBST containing 1% lamb serum and the preabsorbed antibody 

(1:5000). 

 

Post-Antibody Washes 

After antibody incubation, the embryos were washed in TBST three times for 10 

minutes, followed by five washes for 60 minutes.  The embryos were then left washing in 

TBST overnight at room temperature. 

 

First Color Reaction 

To prepare the tissue for histochemical detection, embryos were washed in 

freshly prepared NTMT buffer (100mM Tris-HCl at pH9.5, 100mM NaCl, 50mM MgCl2, 

1% Tween 20) three times for 10 minutes.  The alkaline phosphatase activity was 

detected through the use of a chromagen combination consisting of 350µg/ml nitro blue 

tetrazolium (NBT; Roche) and 350µg/ml 5-bromo-4-chloro-indoxyl phosphate (BCIP; 

Roche) in NTMT at room temperature.  This reaction creates a purple blue reaction 
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product.  The color reaction duration varied depending on the strength of the expression 

of the target messenger RNA in the tissue analyzed.  When the color reaction is 

completed, the tissue was rinsed twice and then washed overnight in TBST.  The 

embryos were stored in 10% formalin in PBS at 4°C in the dark until needed for further 

analysis.  

 

Two-Color In Situ Hybridization 

After the completion of the first color reaction, several embryos were processed 

for the detection of a second RNA message.  Both riboprobes used were conjugated to 

alkaline phosphatase; therefore to visualize the second riboprobe the first alkaline 

phosphatase conjugated antibody needs to be removed.  The removal of the antibody 

was accomplished with three 30 minute washes in Solution X in a 72°C water bath.  

Following the Solution X washes the embryos were processed as described above 

through post-antibody washes.  For the histochemical detection of the second antibody, 

a filtrated combination of 500µg/ml tetranitro blue tetrazolium (T-NBT) and 350µg/ml 

BCIP in NTMT was used, producing a reddish-brown reaction product.  The reaction was 

terminated by washing the embryos in a Stop Buffer (10mM Tris-HCl at pH 7.5 and 

10mM EDTA at pH 8.0) followed by TBST.  Embryos were stored as described above. 

 

BROMODEOXYURIDINE (BRDU) LABELING IN THE SHH-/- MICE 

Pregnant female mice (with embryos of E9 or E10.5, n = 3/age) were injected 

intraperitoneally with BrdU (Sigma; 50µg BrdU/g body weight).  Embryos were harvested 

3 hours later and immersion-fixed in PFA.  BrdU-positive cells were detected in 

wholemounts following a modified in situ hybridization protocol.  Embryos were 
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dehydrated, rehydrated and placed in hybridization solution overnight at 70°C.  Post-

hybridization and TBST washes were followed by 15-30 minute incubation (depending 

on the thickness of the tissue) in 2N HCl, to denature the DNA and expose the antigen 

prior to antibody exposure.  Three 10 minute 10mM Tris-HCl (pH8.5) and three five 

minute TBST washes followed prior to non-specific antibody blocking with 10% lamb 

serum.  The embryos were then incubated in 2% lamb serum in TBST containing a FITC 

conjugated anti-BrdU (1:2000) for 2-3 days at 4°C.  Post-antibody washes in TBST were 

performed five times for one hour followed by overnight at 4°C.  The tissue was then 

incubated 16-24 hours at 4°C in a solution containing an anti-fluoroscein conjugated to 

alkaline phosphatase (Roche; 1:5000) and 2% lamb serum in TBST.  The post-

secondary antibody washes were performed the same as the post-primary antibody 

washes.  The alkaline phosphatase activity was detected using the combination of NBT 

and BCIP as described above for the in situ hybridization procedure.   

 

PROGRAMMED CELL DEATH ASSAY (TUNEL) 

The TUNEL (Terminal deoxynucleotidyl transferase mediated dUTP nick-end-

labeling) assay is designed to detect apoptotic cells.  During apoptosis DNA becomes 

fragmented by endonucleases, which can be detected within the tissue through the 

incorporation of labeled deoxynucleotide with terminal deoxyribonucleotidyl transferase 

(TdT).   

 

Embryos at the appropriate time were harvested, subdissected, and immersion 

fixed in PFA containing 0.1% Tween 20 for 3-4hours at 4°C.  The embryos were further 

dissected and subsequently dehydrated through a series of increasing ethanol in PBS 

washes (25%, 50%, 75% and 2x 100%) and stored overnight at -20°C.  The embryos 
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were rehydrated into PBS through a decreasing ethanol series (75%, 50%, and 25%) at 

room temperature.  The tissue was permeabilized through three 30 minute washes in a 

detergent solution (as specified in the in situ hybridization protocol), followed by three 

five minute and one 30 minute PTw wash (0.1% Tween 20).  

 

The embryos were equilibrated in chilled equilibration buffer (Chemicon 

International) on a rocker in 4°C.  The equilibration buffer was completely removed 

before adding enough chilled reaction buffer (Chemicon International) containing Tdt 

(Chemicon International) to completely submerse the tissue.  The enzymatic reaction 

was incubated at 4°C with gentle agitation overnight to allow for penetration before being 

transferred to 37°C for two and one half hours.  The reaction was terminated upon 

washing the tissue with a Stop buffer (Chemicon International) at 37°C for 40 minutes.  

Three five minute TBSTw (0.1% Tween 20) washes followed by five one hour washes 

were performed.  The tissue was washed overnight in TBSTw at room temperature to 

ensure the removal of unincorporated nucleotides.  The endogenous phosphatase 

activity was inactivated through incubation at 65°C in TBSTw for 30 minutes.  

Subsequently the tissue was blocked in 10% lamb serum in TBSTw for two hours prior 

to overnight incubation in TBSTw containing preabsorbed anti-dioxigenin alkaline 

phosphatase and 2% lamb serum.  Three five minute TBSTw, five one hour TBST, 

followed by an overnight TBST wash were performed to remove unbound antibody.  To 

prepare the tissue for histochemical detection, embryos were washed in NTMT three 

times for 10 minutes.  The alkaline phosphatase activity was detected through the use of 

150µg/ml NBT and 150µg/ml BCIP in NTMT at room temperature.  When the color 

reaction was completed, the tissue was rinsed twice and then washed overnight in 
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TBST.  The embryos were stored in 10% formalin in PBS at 4°C in the dark until needed 

for further analysis.  

 

PLASMID CONSTRUCTS EMPLOYED FOR IN VITRO TRANSCRIPTION 

The antisense riboprobe for EGFP was generated from pBS-EGFP, constructed 

by subcloning a BamH1-Not1 fragment containing the EGFP cDNA (pEGFPn1; 

Clontech) into the bluescript (pBS) plasmid (Stratagene).  
 

Mouse Hh Signaling  

Gli1, A. Joyner (Hui et al., 1994); Gli2, A. Joyner (Hui et al., 1994); Gli3, A. Joyner (Hui 

et al., 1994); Ihh, A. McMahon (Bitgood and McMahon, 1995); Ptc1, M. Scott (Goodrich 

et al., 1996); Shh (IMAGE). 
 

Mouse Homeodomain Transcription Factors 

Evx1, G. Martin (Dush and Martin, 1992); Nkx2.2, M. Qiu (Qiu et al., 1998); Pax6, M. 

Busslinger (Kozmik et al., 1997); Pax7, P Gruss (Jostes et al., 1990); Phox2a, C. Goridis 

(Hirsch et al., 1998). 

 

Mouse/Rat Lim Homeobox Domain Genes 

rIsl1, T. Jessell (Ahlgren et al., 1997); mLim2/Lhx5, K. Millen (Chizhikov et al., 2006); 

mLmx1b (IMAGE). 
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Mouse Midbrain-Hindbrain Markers 

Fgf8, C. MacArthur (MacArthur et al., 1995); Gbx2, P. Chambon (Bouillet et al., 1995); 

Otx2 (IMAGE); Wnt1 (IMAGE). 

 

Mouse Dorsal Midbrain Markers 

Gdf7, K. Millen (Chizhikov and Millen, 2004b); Lfng, R. Conlon (Barrantes et al., 1999); 

Zic1, R. Arkell (Elms et al., 2004). 

 

Mouse Midbrain Floor Plate Markers 

Bmp7, C. Tabin (Bandyopadhyay et al., 2006); FoxA2, B. Hogan (Winnier et al., 1995).  

 

Mouse/Rat Ventral Midbrain Markers 

mOlig2, H. Takebayashi, (Takebayashi et al., 2000); mPitx3 (IMAGE); rTh (Regeneron). 

 

Mouse Cell Cycle/Differentiation Markers 

Class III beta-tubulin, N. Cowan (Wang et al., 1986); Cyclin B2, D. Wolgemuth 

(Chapman and Wolgemuth, 1993); Cyclin D1, W. Klein (Mu et al., 2001). 

 

Chick BMP Signaling 

BMP1/Tolloid, P. Reynolds (Reynolds et al., 2000); BMP2, P. Brickell (Francis-West et 

al., 1994); BMP4, P. Brickell (Francis-West et al., 1994); BMP5, D. Wu (Oh et al., 1996); 

BMP6, C. Tabin (Ferguson et al., 2004); BMP7, B. Houston (Houston et al., 1994); 

CHORDIN, A. Graham (Streit et al., 1998); FOLLISTATIN, A. Graham (Graham and 
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Lumsden, 1996); MSX1, C. Tabin (Golden et al., 1999); MSX2, C. Tabin (Golden et al., 

1999); NOGGIN, J. Cooke (Connolly et al., 1997). 

 

Chick HH Signaling  

DISP1, C. Ragsdale (Agarwala et al., 2005); SHH, C. Tabin (Riddle et al., 1993). 
 

Chick Homeodomain Transcription Factors 

PAX6, M. Goulding (Goulding et al., 1993); PAX7, M. Goulding (Goulding et al., 1993); 

PHOX2A, C. Goridis (Ernsberger et al., 1995). 

 

Chick Forkhead Transcription Factor 

FOXA2, T. Jessell (Ruiz i Altaba et al., 1993) 

 

Chick Lim Homeobox Domain Genes 

ISL1, T. Jessell (Tsuchida et al., 1994); LMX1B, C. Tabin (Riddle et al., 1995). 

 

Chick Midbrain-Hindbrain Boundary Markers 

FGF8, G. Martin (Crossley et al., 1996); WNT1, A. McMahon (Hollyday et al., 1995). 

 

Chick Notch-Delta Signaling 

CASH1, T. Reh (Jasoni et al., 1994); NOTCH1, J. Lewis (Myat et al., 1996); SERRATE1, 

J. Lewis (Myat et al., 1996); 
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Chick Neural Crest Markers 

SOX10, P. Scotting (Cheng et al., 2000); ZIC1, C. Cepko (Lin and Cepko, 1998). 

 

Chick Ventral Midbrain Markers 

BRN3A, S. Lamont (Heltemes et al., 1997); TH, C. Ragsdale (Agarwala and Ragsdale, 

2002). 

 

Chick Cell Cycle/Differentiation Markers 

CLASS III BETA-TUBULIN, C. Ragsdale (Sanders et al., 2002) ; CYCLIN B2, E. Nigg 

(Gallant and Nigg, 1992); CYCLIN D1, J. Lahti (Wianny et al., 1998). 

 

SECTION PREPARATION 

Gelatin Embedding of Fixed Tissue 

Fixed embryos were cryoprotected by equilibrating them to 20% sucrose (Fisher) 

and 10% formalin in PBS in 4°C.  The tissue was washed twice for 30 minutes in 20% 

sucrose in PBS, the equilibrated in 10% Procine Gelatin 300 Bloom (Sigma) and 20% 

sucrose in PBS at 37°C.  After the tissue has sunk, it was poured into peel-a-way 

embedding molds (Polysciences, Inc.) and positioned in the gelatin medium while it 

hardened.  The blocks were trimmed and immersion fixed in 20% sucrose, 10% formalin 

in PBS at 4°C for at least four hours.  The embedded tissue was then sectioned to the 

appropriate thickness on a freezing, sliding microtome (Leica).  Sections were mounted 

onto Superfrost Plus slides (Fisher) and allowed to dry overnight at 4°C.  Slides were 

dehydrated through a series of increasing ethanol concentrations (70%, 2x 95%, and 2x 
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100%), cleared in Histoclear (National Diagnostics), and coverslipped with Eukitt 

mounting media (Electron Microscopy Sciences). 

 

Tissue-Tek Embedding 

Embryos were collected, dissected, and immersion fixed in PFA for 15 minutes.  

The tissue was equilibrated in 30% sucrose in PBS overnight at 4°C.  The cryoprotected 

tissue was embedded and oriented in Tissue-Tek OCT compound (Sakura Finetek, Inc.) 

in a peel-a-way embedding mold.  The OCT containing tissue was frozen gradually by 

holding the mold in an isopantane (Fisher) containing beaker, which had been cooled to 

-80°C by liquid Nitrogen.  The frozen block was trimmed and stored on dry ice or at -

80°C.  The embryos are sectioned on a microtome cryostat (Microm) to 12-16µm and 

placed on Superfrost Plus Slides.  Sections were dried overnight at 4°C, then either 

processed for immunostaining or stored at -80°C. 

 

IMMUNOSTAINING PROTOCOLS 

Sections 

Slides containing sections were fixed for five minutes in 1% PFA in slide mailers 

(Surgipath Medical Industries Inc.) and then washed in PBS-Tx (0.1%Triton X (Sigma) in 

PBS) three times for 10 minutes.  To block the sites of non-specific antibody binding the 

tissue was incubated in 5% heat inactivated goat serum (Invitrogen) and 2% BSA 

(Sigma) in PBS-Tx for one hour at room temperature in a humidified chamber to prevent 

evaporation.  Subsequently, antibody incubation occurred overnight at 4°C in a 

humidified chamber (covered if darkness was required).  For incubation the antibodies 

were diluted to their desired concentration in 2.5% goat serum and 1% BSA in PBS-Tx.   
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Prior to secondary antibody incubation, the tissue was washed in PBS-Tx for 10 

minutes, three times.  Incubation of the secondary antibody was carried out at room 

temperature in a dark humidified chamber for one hour.  Post-antibody washes 

consisted of three 10 minute PBS-Tx changes.  If applicable, 4’,6-diamidino-2-phenyl-

indole, dihydrochloride (DAPI; Invitrogen) staining was carried out.  Tissue was 

incubated for 10 minutes in a PBS-Tx solution containing DAPI (1:20,000 of 5mg/ml 

concentrate) in the dark, followed by three washes for 10 minute in PBS-Tx only.  The 

coverslip was mounted in VectaShield (Vector Laboratories, Inc.) and secured with clear 

nail polish. 

 

Wholemount Tissue 

Embryos were collected and immersion fixed in PFA for three hours.  Embryos 

were dissected further if needed prior to two washes in PTw, dehydration through a 

series of methanol solutions (25%, 50%, 75% and 2x 100%), and stored at -20°C 

overnight.  Embryos were rehydrated through a decreasing series of methanol solutions 

(75%, 50%, and 25%) and washed twice in PTw.  Embryos were incubated in a 6% H2O2 

in PTw solution for one-hour to bleach the tissue, followed by two PTw rinses at room 

temperature and one PTw wash for 20 minutes at 65°C.  Next the embryos were washed 

in a detergent solution three times for 30 minutes to increase the permeability of the 

tissue to ensure sufficient penetration of reagents.  The detergent washes were 

immediately followed by a post-fix treatment of the embryos for 20 minutes in 1% Tween 

20 in PFA solution.  Two TBSTx (TBS with 1% Triton X-100) washes were then 

performed to remove the fixative.   
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Embryos were incubated for three hours in 10% goat serum in TBSTx at room 

temperature to block non-specific antibody binding.  The antibody was added to the 

tissue in 2% goat serum and 1% BSA in TBSTx and incubated at 4°C for three days.  

Post-antibody washes consisted of three five minute changes, five 60 minute changes, 

followed by an overnight wash at 4°C of 1% BSA in TBSTx.  To detect the primary 

antibody, an alkaline phosphatase conjugated IgG secondary antibody (Cell Signaling 

Inc.) was added to the tissue in a TBSTx solution of 2% goat serum and 1% BSA.  The 

tissue was incubated in the secondary antibody overnight at 4°C.  Post-antibody washes 

were the same as described above.   

 

To prepare the tissue for histochemical detection, embryos were washed in 

freshly prepared NTMT buffer (100mM Tris-HCl at pH9.5, 100mM NaCl, 50mM MgCl2, 

1% Tween 20) three times for 10 minutes.  The alkaline phosphatase activity was 

detected through the use of a chromagen combination consisting of 350µg/ml nitro blue 

tetrazolium (NBT; Roche) and 350µg/ml 5-bromo-4-chloro-indoxyl phosphate (BCIP; 

Roche) in NTMT at room temperature.  The color reaction duration varied depending on 

the strength of the expression of the target messenger RNA in the tissue analyzed.  

When the color reaction is completed, the tissue is rinsed twice and then washed 

overnight in TBST.  The embryos can be stored in 10% formalin in PBS at 4°C in the 

dark until needed for further analysis.  
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IMMUNOHISTOCHEMISTRY ANTIBODIES 

Primary Antibodies 

N-Cadherin 6B3 (1:250; DSHB); HuC/HuD (1:200; Molecular Probes) Phalloidin-488 

(1:40; Molecular Probes); Phalloidin-546 (1:40; Molecular Probes); Phospho Histone H3 

(1:500; Upstate Biotechnology); Phospho Smad1/5/8 (1:2500-5000; Cell Signaling). 

 

Secondary Antibodies 

GAM-Alexa-488 (1:250; Molecular Probes), GAM-Alexa-546 (1:250; Molecular Probes), 

GAR-Alexa-488 (1:250; Molecular Probes), GAR-Alexa-546 (1:250; Molecular Probes). 

 

CELL COUNTS AND MIDBRAIN SIZE ANALYSIS 

Cell Death Analysis in the Shh-/-
 Mouse 

Cell death at E8.5 and E9 was estimated by counting TUNEL-labeled cells in 

cross-sections through wild-type and Shh-/- midbrains.  All TUNEL-labeled cells were 

counted from a representative set of sections spanning the anteroposterior axis of Shh-/- 

and wild-type midbrains (3/6 total sections/brain, 30µm each).  The total numbers of 

TUNEL-labeled cells for the mutant and wild-type were compared using Student’s t-test. 
 

Evx1+ Neurons Analysis in the Shh-/-
 Mouse 

The amount of spared Evx1+ neurons in the Shh-/- midbrain was compared with 

the amount of Evx1+ neurons in wild-type littermates at E12.5 (n = 3 each).  All sections 

(30 µm thick) containing Evx1+ neurons (average of nine sections/wild-type brain and six 

sections/mutant brain) were photographed.  The total area and volume occupied by the 
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Evx1+ neurons was calculated using ImageJ (NIH).  In every third section, all Evx1+ 

neurons within three sampling boxes (40 µm on each side) placed across the 

mediolateral axis of the Evx1+ territory, were counted.  The total number of Evx1+ 

neurons in each brain was then adjusted for the total volume occupied by the Evx1+ 

neurons to estimate the total number of Evx1+ neurons/midbrain.  Differences in cell 

numbers between the Shh-/- and wild-type littermates were evaluated using Student’s t-

test. 

 

Midbrain Area Analysis in the Shh-/-
 Mouse  

The mean cross-sectional area was estimated in Shh-/- and wild-type midbrain 

flatmounts at E8.5, E9, and E12.5 (n = 3/age/genotype) using morphological landmarks 

and ImageJ software.  Midbrain areas in the Shh-/- and wild-type littermates were 

compared using Student’s t-test.  

 

Midbrain Medial Floor Plate Analysis in the Chick 

The mean linear expression was estimated in NOGGIN and EGFP 

electroporated chick midbrain cross-sections at E6 (n = 3-5 each).  Expression of DISP1, 

LMX1B, and SHH in three sections per midbrain (60 µm thick) spanning the midbrain 

caudal to rostral were measured using ImageJ software.  Medial floor plate widths were 

compared using Student’s t-test. 
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CHAPTER 3 
 

 

Cell-Fate Specification and Boundary Formation in the 
Vertebrate Midbrain in the Absence of Hedgehog Signaling 

Adapted from  

J.L. Fogel, C. Chiang, X. Huang and S. Agarwala (2008) Developmental 
Dynamics 

 

INTRODUCTION 

Hedgehog (Hh) signaling has been shown to play a critical role in the patterning 

and development of the ventral neural tube (Jacob and Briscoe, 2003), however its role 

in early midbrain specification in not well known.  Secreted molecules of the Hh family 

(Sonic Hedgehog [Shh], Indian Hedgehog [Ihh], and Desert Hedgehog [Dhh]) begin the 

transduction of their signal by binding to a transmembrane protein, Patched1 (Ptc1; Fig. 

1.1; Marigo et al., 1996; Stone et al., 1996).  In the absence of Hh signaling, Ptc1 

upholds an inhibition on a G-protein coupled seven-pass transmembrane protein called 

Smoothened (Smo).  The consistent blockade of Smo ensures that no signal can be 

conducted.  The binding of a Hh protein to Ptc1 lifts the block on Smo in turn initiating Hh 

signaling intracellularly through the activation of a family of three zinc-finger Gli 

transcription factors (Gli1, Gli2, Gli3; Ingham and McMahon, 2001).  Of the Gli proteins, 
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Gli2 and Gli3, can be proteolytically processed and therefore serve as either activators 

or repressors (Aza-Blanc et al., 2000; Wang et al., 2000).  The proteolytic cleavage of 

Gli2 and Gli3 is blocked by Hh signaling (Wang et al., 2000; Pan et al., 2006).   

 

Of the three Hh ligands, Shh has been shown not only to be expressed in the 

ventral signaling center (floor plate) but also to be very important in the patterning of the 

vertebrate neural tube (Echelard et al., 1993; Chiang et al., 1996; Zhang et al., 2001).  

During the development of the ventral spinal cord, it has been observed that ventral cell 

fates are specified at distinct distances away from the midline source of Shh (Jessell, 

2000).  As well, previous in vitro gain and loss of function experiments have shown that 

increasing concentrations of Shh are able to specify progressively more ventrally located 

cell fates, beginning with the most dorsal V0 interneurons to the most ventral cell fate, 

floor plate (Roelink et al., 1995; Ericson et al., 1996).  In the absence of Shh, such as in 

the Shh-/- mouse, some ventral spinal cord cell fates (V0, V1, and few V2) are still 

specified, indicating that either another Hh (such as Ihh, from the underlying mesoderm) 

or possibly Hh-independent signals may be involved in patterning these cell fates 

(Litingtung and Chiang, 2000; Zhang et al., 2001; Wijgerde et al., 2002).  Interestingly, in 

the Smo-/- mice, which are unable to process any Hh signaling, no ventral cell fates can 

be observed.  However, when both the inductive signal of Hh and the suppressive 

signaling of Gli3 are absent (Smo-/-:Gli3-/- double knockout) ventral cell fates with the 

exception of floor plate and V3 interneurons (the most ventral) are present (Litingtung 

and Chiang, 2000; Wijgerde et al., 2002).  This suggests that several ventral cell fates 

are able to be specified in the developing caudal neural tube in the absence of Hh 

signaling as long as the Gli3 repressor is also removed (Litingtung and Chiang, 2000; 

Zhang et al., 2001; Wijgerde et al., 2002; Bai et al., 2004).  Mouse mutants of other 
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signaling molecules, such as fibroblast growth factor (Fgf), have demonstrated ventral 

cell-fate defects even in the presence of Shh (Gutin et al., 2006). The simultaneous 

deletion of Gli3 in this study does not rescue the ventral cell fate disruption in these Fgf 

receptor double knockout mutants (Gutin et al., 2006).  This implies that Hh-independent 

pathways play a role in the ventral specification of the neural tube.    

 

Research in the field of patterning along the dorsal-ventral axis has mainly been 

focused in the spinal cord, with less attention paid to the vertebrate midbrain.  The 

vertebrate ventral midbrain is divided into molecularly distinct arcs that provide 

organization for the later emergence of important nuclei including the oculomotor 

complex (OMC), red nucleus (RN), and the midbrain dopaminergic nuclei (MDA) 

including the neurons of the substantia nigra (SN) and the ventral tegmental area (VTA) 

(Agarwala and Ragsdale, 2002).  These arcs are longitudinal strips arrayed parallel to 

the source of SHH in the rostral floor plate (rFP) of the midbrain.  In the chick midbrain, it 

has been demonstrated that an ectopic source of SHH can specify the entire ventral 

pattern of midbrain arcs in a concentration and position dependent manner (Agarwala et 

al., 2001) and is sufficient to specify the subsequent midbrain nuclei (Agarwala and 

Ragsdale, 2002).  Recent studies in the chick and mouse midbrain, have shown that Hh 

signaling is not just sufficient but also necessary for the specification of ventral cell fates 

(Blaess et al., 2006; Bayly et al., 2007).  Conditional knockout studies in mice have 

shown the necessity of Hh signaling in ventral cell-fate specification prior to embryonic 

day (E) 9.5 (Ishibashi and McMahon, 2002; Blaess et al., 2006), however whether Hh 

signaling is required earlier than this time point in development is not known.  It was also 

shown that the midbrain-hindbrain boundary (MHB), a major signaling center and 

restriction boundary of the anterior neural tube, is perturbed in the absence of Hh 
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signaling (Aoto et al., 2002; Blaess et al., 2006; Bayly et al., 2007).  However, it is not 

known if Hh signaling is important in the establishment or maintenance of the MHB, or 

whether Hh has a role in regulating other boundaries of the midbrain.  The importance of 

Hh signaling in the regulation of compartment boundaries and cell affinities has been 

well documented in the fly wing (Dahmann and Basler, 1999).  These questions were 

investigated utilizing the sonic hedgehog (Shh) and smoothened (Smo) mutant mice 

midbrains where Hh signaling is either attenuated or eliminated respectively.  
 

RESULTS 

Midbrain Arcuate Territories are Arrayed Parallel to the Rostral Floor Plate 

Similar to what is observed in the chick, the mouse ventral midbrain is patterned 

as a set of arcuate territories parallel to the source of Shh at the rFP (Fig. 3.1A-F) 

(Agarwala et al., 2001).  These arcuate territories are distinguished by the expression of 

Phox2a and Isl1 in the most medial or first arc (which gives rise to the oculomotor 

complex neurons), in addition to the more lateral (further away from the source of Shh) 

territories marked by the expression of Pax6 and Evx1, respectively (Fig. 3.1A-F).  A 

cross-section through the ventral midbrain reveals the expression of Shh in the 

ventricular or proliferating layer of the rFP while the arcuate territories clearly mark 

differentiated neurons in the mantle layer (Fig. 3.1C-D).  The most lateral territory 

marking Evx1+ neurons in the developing midbrain, corresponds to the V0 (Evx1+) 

interneurons in the spinal cord, positioned close to the dorsal-ventral (DV) boundary  

within a region that is Pax7-negative (marker of dorsal midbrain; Fig. 3.1G; Agarwala et 

al., 2001; Wijgerde et al., 2002). 
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Figure 3.1:  Mouse ventral midbrain organization.  A-B, E-F:  Wholemounts with 
rostral to the top and ventricular surface facing the viewer.  C-D: Transverse sections 
with ventricular surface to the top.  G:  Embryo in sagittal view with rostral to the right 
and dorsal to the top.  A-B:  Wild-type E12.5 midbrain (A) and a schematic (B) showing 
the ventral midbrain stripes of cell-fates (midbrain arcs) and their relationship to Shh 
expression in the rostral floor plate (rFP).  Here, most of dorsal midbrain (blue, B) has 
been removed to facilitate a viewing of ventral midbrain. Midbrain arcs are labeled 
medial to lateral by the expression of the homeobox (HX) genes Phox2a (1/P2), Pax6 
(P6) and Evx1 (E1) and are arrayed parallel to the rFP source of Shh. The Phox2a+ 
oculomotor complex neurons are obscured in A by the ventricular expression of Shh and 
are shown in the schematic in B and cross sections in C and D.  C-D:  Cross-sections of 
wholemounts shown in A and B (through positions marked by the horizontal lines in A 
and B). The labeling conventions in A-D and the color schemes in B and D are identical.  
E:  Isl1+ labeling marks the oculomotor complex (OMC) neurons of the first arc (1) in an 
E12.5 wholemount.  F:  Expression of homeobox genes, Pax6 (blue) and Evx1 (brown) 
marks arcuate territories lateral to the OMC.  G:  Sagittal view of E12.5 midbrain 
demonstrating that the Pax7-negative/Evx1+ (blue) neurons lie immediately ventral to 
the dorsoventral boundary of the midbrain, here identified by the expression of Pax7 
(brown) in dorsal midbrain.  Abbreviations: 1: first arc; III: third ventricle; E1: Evx1; P2: 
Phox2a; P6: Pax6; HX: Homeobox expression of Phox2a, Pax6, Evx1; FB: forebrain; 
HB: hindbrain; MHB: midbrain-hindbrain boundary; OMC: oculomotor complex; rFP: 
rostral floor plate, TEC: Tectum/dorsal midbrain. 
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Hh Signaling is Necessary for Cell-Fate Specification in the Ventral 
Midbrain 

In the absence of Shh, several ventral cell fate populations are missing in the 

spinal cord (Litingtung and Chiang, 2000).  Similarly, in the midbrain of the Shh-/- mouse 

several ventral cell fates are not specified, including rFP cells marked by Bmp7 and 

Lmx1b expression (Fig. 3.2A-D)  In addition, the midbrain of the Shh-/- mouse lacks cells 

constituting the first midbrain arc (the oculomotor complex) marked by Isl1 expression 

(Fig. 3.2E-H; 3.3K-L).  A subset population of Isl1+ cells normally observed dorsally, 

which denote the mesencephalic trigeminal sensory neurons, are still present although 

expanded rostrally and ventrally in the midbrain of the Shh-/- mouse (Fedtsova and 

Turner, 2001; Blaess et al., 2006).  To confirm the identity of the remaining Isl1+ cells as 

indeed those of the mesencephalic trigeminal sensory neurons and not the oculomotor 

complex, the marker Phox2a, exclusive to the oculomotor neurons in the ventral portion 

of the midbrain was used.  Phox2a expression was found to be completely absent in the 

Shh-/- mouse midbrain (Fig. 3.2I-L).  

 

Although several ventral cell types (V3 interneurons, motor neurons, V2 

interneurons) are absent in the spinal cord in the absence of Shh, some of the 

interneurons located near the DV boundary (V1 and V0) are still specified (Litingtung 

and Chiang, 2000).  In the midbrain of the Shh-/- mouse, the more intermediate cell fate 

(Pax6) is also lost.  However, a portion of the more lateral ventral cell fate (Evx1) is 

spared (Fig. 3.3A-H).  Approximately 25% of the normal Evx1+ cells are present in the  

Shh-/- mouse (p<0.01; Table 1), suggesting that a subpopulation of the Evx1+ neurons 

located at the periphery of the ventral midbrain can be specified in the absence of Shh in 

the midbrain. 



 48 

 

 
 
Figure 3.2:  Medial ventral cell-fate specification in the Shh-/- midbrain.  A-D: 
Wholemounts with rostral to the top and ventricular surface facing the viewer.  E-F, I-J: 
Embryos shown in sagittal view with rostral to the right.  G-H, K-L: Midbrain cross 
sections with dorsal to the top.  Arrowheads in column 2 delineate the midbrain from the 
hindbrain.  The midbrain-hindbrain transition in Shh-/- mouse in this and subsequent 
figures was determined by the expression of Wnt1, Otx2 and Gbx2, the changed shape 
of the ventricle, and the presence of the physical constriction delineating midbrain from 
hindbrain. A-D: Floor plate cells marked by Bmp7 (A-B) and Lmx1b (C-D) are absent in 
the Shh-/- mouse (B, D).  E-H: Ventrally located Isl1+ OMC neurons present in the 
controls (E, G) are absent from the Shh-/- midbrain (F, H).  Dorsal Isl1+ trigeminal 
sensory neurons (arrows E, G) are expanded ventrally and rostrally (arrows, F, H) in the 
absence of Shh. Broken line in F marks the plain of section shown in H. I-L: E10.5 
embryos showing that Phox2a+ expression, present exclusively in the OMC (I, K), is 
completely missing in the Shh-/- midbrain (J, L).  The cross-section in L demonstrates 
that the faint labeling seen in J (*) is outside the midbrain. Abbreviations:  FB: 
forebrain; HB: hindbrain; MHB: midbrain-hindbrain boundary; MB: midbrain; OMC: 
oculomotor complex; rFP: rostral floor plate. 
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It has been shown that SHH has a role in the specification of another ventral cell 

fate, the midbrain dopaminergic neurons (Ye et al., 1998; Blaess et al., 2006; Bayly et 

al., 2007).  We next determined if Shh was necessary for the specification of all midbrain 

dopaminergic neurons.  The expression of Tyrosine Hydroxylase (Th) was absent from 

the Shh-/- mouse (Fig. 3.3I-J).  Markers of dopamine precursor cells (Pitx3 and Lmx1b; 

Smidt et al., 2000; Smidt et al., 2004) are also not observed in the Shh-/- mouse midbrain 

(Fig. 3.3K-L, Fig. 3.2C-D).  

 

Transient specification of ventral midbrain in the absence of Shh  

In the developing neural tube, it is thought that low levels of Hh activity are 

required to restrict the expression of Pax7 to the dorsal neural tube (Ericson et al., 

1996).  The onset of Shh expression in the axial mesoderm, which underlies the 

midbrain early in development, occurs between E7.25 and E8, at which point Shh can be 

observed within the midbrain rFP, as well as the underlying mesoderm (Marti et al., 

1995; Ericson et al., 1996).  We investigated if Shh was required for dorsal restriction of 

Pax7 in the midbrain or if ventral tissue could be specified in the absence of Shh.   

 

Surprisingly, it was found that Pax7 expression was dorsally restricted at E8 (six 

somites) in the Shh-/- mouse midbrain similarly to that observed for wild-type midbrains 

(Fig. 3.4A-B).  A half day later, at E8.5 (10 somites), the expression of Pax7 becomes 

up-regulated in the rostral half of the Shh-/- ventral midbrain compared to wild-type 

ventral midbrains (Fig. 3.4C-D).  The Pax7-negative territory was identified as caudal 

ventral midbrain in view of the fact that the caudal limit of Otx2 expression lies anterior to 

that of Wnt1 at this age (Bally-Cuif et al., 1995; Millet et al., 1996).  Therefore, an Otx2-, 

Wnt1+, Fgf8- region marks the caudal midbrain at this age (Fig. 3.4E-H; Bally-Cuif et al.,  



 50 

 
 
Figure 3.3:  Residual ventral cell-fate specification in the Shh-/- midbrain.  A-B, E,-F: 
Embryos shown in sagittal view with rostral to the right.  C-D, G-H: Midbrain cross-
sections with dorsal to the top.  I-L: Wholemounts with rostral to the top and ventricular 
surface facing the viewer.  Arrowheads delineate the midbrain from the hindbrain.  A-D: 
E10.5 embryos showing that Pax6+ cells (arrow in A) are missing from the Shh-/- 
midbrain (B, D).  Arrow in B marks the residual diencephalon in the Shh-/- embryos. E-H: 
Some Evx1+ neurons are present in the E12.5 Shh-/- midbrain (F, H).  Control embryos 
are shown in E and G. I-J: E12.5 embryos showing that Pitx3 (blue) is absent in the Shh 
mutant midbrain (J) along with Pax6 (brown). Note the Pax6 expression marking the 
diencephalon in J.  K-L: Motor neurons (Isl1+) and dopaminergic neurons (Th+) are 
absent in the Shh-/- midbrain (L), while Isl1 dorsal neurons have moved rostral and 
ventrally (arrow; L).  Abbreviations: FB: forebrain; MB: midbrain; MHB: midbrain-
hindbrain boundary; rFP: rostral floor plate. 
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1995; Millet et al., 1996; Zervas et al., 2004).   However, this ventral territory (Pax7-

negative) in the midbrain cannot be maintained in the absence of Shh signaling.  

Ubiquitous expression of Pax7 was observed throughout the mutant midbrain by E9 (15 

somites; Fig. 3.4I-J).   

 

Initial Induction of Ventral Midbrain in the Shh-/- Midbrain Mouse is Likely to 
be Hh-Independent 

In the absence of Shh activity in the spinal cord, a small portion of the ventral 

tissue is Pax7-negative and thought to be present due to Ihh in the underlying gut 

(Zhang et al., 2001).  This mesodermal expression of Ihh is thought to be the reason 

why V0 and V1 interneurons of the spinal cord are still specified (Pierani et al., 1999).  A 

similar question can be asked in the development of the midbrain; could the spared 

Evx1+ cells be a result of a ventral region initiated by Ihh in the Shh-/- mouse midbrain?  

Early in development, the gut is briefly positioned under the midbrain (Jacobson and 

Tam, 1982) and therefore Ihh derived from the gut could initiate the ventral midbrain 

specification and spared Evx1+ neurons in the Shh-/- mouse midbrain.   

 

Ectopic expression of Ihh was observed in the foregut region of the Shh-/- mouse 

(Fig. 3.5A-D).  However, there was not a simultaneous up-regulation of Ptc1 or Gli1 

expression observed in the foregut or the midbrain of the Shh-/- mouse (Fig. 3.5E-J).  

Ptc1 and Gli1 are transcriptionally regulated by HH and should be expressed in areas 

where HH signaling is occurring.  This suggests that Ihh is not able to compensate for 

Shh in the early induction of ventral tissue in the Shh-/- mouse midbrain.  In addition 

ubiquitous expression of Gli3 (Fig. 3.5K-L), a negative indicator of HH signaling, in the 

midbrain further implicates an Hh-independent mechanism.   
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Figure 3.4: Ventral midbrain is specified but cannot be maintained in the Shh-/-

mouse.  Wholemounts with rostral to the top and ventricular surface facing the viewer.  
A-B:  The expression of Pax7 (blue) is restricted dorsally in the midbrain of the wild-type 
(A) and Shh-/- mouse (B) at E8 (6 somites). Gli1 expression (brown), present in A and 
missing in B, identifies the Shh-/- mouse.  C-D: Pax7 expression in E8.5 (10 somites) 
controls is restricted to the dorsal midbrain (C). Increased Pax7 expression in the rostral, 
but not the caudal portion of the Shh-/- midbrain (D) at E8.5 (10 somites).  The bracket in 
D marks the rostrocaudal extent of the midbrain. E-H:  Otx2 (G; brown) expression in the 
midbrain as well as Fgf8 (E; brown) expression in the MHB help to mark the midbrain 
from the hindbrain and Pax7 (blue) expression in the midbrain in an E8.5 wild-type (E, 
G) and Shh-/- mouse (F, H). I-J: Pax7 expression demonstrating that compared to 
controls (I), the Shh-/- midbrain (J) is completely dorsalized by E9. Abbreviations:  rFP: 
rostral floor plate; MB: midbrain; MHB: midbrain-hindbrain boundary. 
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Figure 3.5:  Ventral midbrain induction in the Shh-/- midbrains is likely to be Hh-
independent.  A-J: Embryos shown in sagittal view, with rostral to the right. K-L:  
Wholemounts with rostral to the top and ventricular surface facing the viewer.  A-D: 
Upregulation of Ihh in the foregut (FG; B, D) of the Shh-/- mouse. Note that Ihh 
expression in the controls (A, C) is confined to the hindgut (HG).  E-J:  Ptc1 (E, G) and 
Gli1 (I) expression in control midbrains flanks the Shh+ region of rFP (Aglyamova and 
Agarwala, 2007).  Note the normal Gli1 and Ptc1 expression domains in the gut.  A 
complete loss of Ptc1 (F, H) and Gli1 (J) expression from the midbrain of the Shh-/- 
mouse.  Note the continued expression of Ptc1 (F) and Gli1 (J) in the mid- (Ptc1) and 
hind-gut (Ptc1, Gli1). K- L: Ubiquitous Gli3 expression in the E8.5 Shh-/- midbrain (L) 
compared to its restricted expression in control littermates (K).  Abbreviations: FG: 
foregut; HB: hindbrain; HG: hindgut; MB: midbrain; MG: midgut; rFP: rostral floor plate. 
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To ensure that Hh signaling is not the mediator of the ventral induction, the Smo-/- 

mouse midbrain was analyzed between E8-E8.5 when ventral tissue (Pax7-negative) 

was observed in the Shh-/- mouse’s midbrain.  The Smo-/- mice are unable to transduce 

any Hh signaling and therefore will unambiguously determine if the initial ventral tissue is 

induced by Hh-dependent or Hh-independent signaling.  The Pax7 expression profile of 

the E8 and E8.5 Smo-/- mouse midbrains are indistinguishable from those observed in 

the Shh-/- mouse midbrain at the identical ages (compare Fig. 3.4 and Fig. 3.6).  The 

combination of all of these results suggests that the dorsal restriction of Pax7 expression 

and the induction of ventral tissue in the Shh-/- and Smo-/- mice midbrains is Hh-

independent.   

 

Ventral Midbrain is Converted to Dorsal Fates in the Absence of Hh 
Signaling 

It has been well documented that Hh signaling regulates cell proliferation and cell 

survival in the developing neural tube (Dahmane et al., 1997; Ishibashi and McMahon, 

2002; Blaess et al., 2006).  The absence of Hh signaling throughout the development of 

the midbrain results in a progressively smaller midbrain size.  To determine if the 

reduction in overall midbrain size and in particular if the loss of ventral midbrain territory 

in the Shh-/- mouse was a result of disrupted cell proliferation or cell  survival, several 

makers of cell cycle and cell death were examined throughout early development.   

 

Analysis began after E8, since at this age the Shh-/- mouse midbrain appears 

normal with respect to dorsal restriction of Pax7 expression, overall midbrain size, and 

cell death.  However, thereafter a progressive reduction in the overall midbrain size of 

the Shh-/- mouse was observed.  The difference between the wild-type and Shh-/- mouse  
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Figure 3.6:  Ventral midbrain induction in the Smo-/- midbrains.  Wholemounts with 
rostral to the top and ventricular surface facing the viewer. A-B: The expression of Pax7 
is restricted dorsally in the midbrain of the control (A) and Smo-/- mouse (B) at E8 (7 
somites). C-D: Pax7 expression is dorsally restricted in the Smo+/? (C) midbrain and is 
rostrally and dorsally restricted in the Smo-/- midbrain (D) at E8.5 (8 somites).  The 
bracket in D marks the rostrocaudal extent of the midbrain.  
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Table 1:   Total Numbers of TUNEL+ and Evx1+ Neurons in Wild-Type and Shh-/- 

Midbrains 

 
 Embryonic 

Age 
 

Mean Cell 
Count/brain  (WT) 

Mean Cell 
Count/brain (Shh-/-) 

% 
Difference* 

p 
Value** 

E8.5 
 

86.7 ± 5.5 196.7 ± 16.0 
 

126.9% <0.017  
TUNEL+ 
cells E9 

 
113.3 ± 11.6 
 

218.0 92.4% <0.023 

Evx1+ 
cells 
 

E12.5 11,631.4 ± 1,587.2 3055.9 ± 283.7 -73.7% <0.014 

* Percent Difference was calculated as follows: (wild-type total cell number - Shh-/- total 
cell number)/ wild-type midbrain x 100.  (For details, see Materials and Methods) 
**determined by Student’s t test. 
 
 
 
 
 

Table 2:  Progressive reduction in the size of the midbrain in the absence of Shh. 

 
Embryonic Age WT (mm2) Shh-/- (mm2) % Difference*

 
p Value** 

E8.5 
 

0.097 ± 0.009 
 

0.073 ± 0.006
 

-24.6% <0.040 

E9 
 

0.432 ± 0.023 
 

0.235 ± 0.017
 

-45.7% <0.018 

E12.5 7.167 ± 0.472 
 

2.060 ± 0.227
 

-71.3% <0.001 

* Percent Difference was calculated as follows: (wild-type midbrain area - Shh-/- 
midbrain)/ wild-type midbrain x 100.  (For details, see Materials and Methods) 
**determined by Student’s t test. 
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overall midbrain size was calculated at E8.5, E9, and E12.5 revealing that the Shh-/- 

mouse midbrain is smaller than its wild-type littermate by 24.6% (p<0.04), 45.7% 

(p<0.02), and 71.3% (p<0.001) respectively (Table 2).   

 

 To investigate the large discrepancy in the total midbrain size between the Shh-/- 

mouse and its wild-type littermate markers of cell cycle, cell death, cell differentiation 

were investigated.  Labeling E8.5, E9, and E10.5 midbrains with Cyclin B2 (a marker of 

G2-M transition of the cell cycle), Cyclin D1 (G1-S transition marker), and 

bromodeoxyuridine (BrdU, S-phase marker) revealed no significant difference in cell 

proliferation between the wild-type and Shh-/- mouse midbrains (Fig. 3.7).  Expression of 

Class III β-Tubulin, a marker of differentiating cells also appears normal in the Shh-/- 

mouse when compared to control littermates (Fig. 3.8).  Therefore, it does not appear 

that Hh-signaling is required for the correct cell proliferation or differentiation in the early 

development of the midbrain and that the reduction in midbrain size is not due to 

abnormal cell cycle regulation.   

 

To investigate cell death, terminal deoxynucleotidyl transferase-mediated 

deoxyuridinetriposphate nick end-labeling (TUNEL, marker of apoptotic cells) was used.  

At E8, no substantial differences in cell death or midbrain area were noted between the 

Shh-/- mouse and their wild-type littermates (Fig. 3.9A-B).  A change in the number of 

apoptotic cells was calculated for E8.5 and E9 midbrains (Table 1).  Labeling was 

observed in both the Shh-/- and its wild-type littermates at E8.5 along the dorsal midline 

of the midbrain, the MHB, rhombomere 1, and the diencephalic-midbrain boundary 

(DMB).  However, an increase of 127% (p<0.02) in apoptotic cells was calculated in the 

Shh-/- mouse midbrain (Fig. 3.9C-F).  Surprisingly, the concentration of apoptotic cells  
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Figure 3.7:  Normal cell proliferation does not account for the decrease in 
midbrain size in the Shh-/- mouse.   A-D, G-H:  Embryos shown in sagittal views with 
rostral to the right.  E-F:  Wholemounts, with rostral to the top and the ventricular surface 
facing the viewer.  I-L: Midbrain cross-sections with dorsal to the top.  A-L: Cyclin D1 (A-
D), Cyclin B2 (E-H) and BrdU (I-L) expression demonstrates normal cell proliferation in 
the midbrain of the Shh-/- mouse at E8.5 (F), E9 (B, J) and E10.5 (D, H, L) compared to 
wild-type littermates (A, C, E, G, I, K).  The strong BrdU labeling (I-L, arrowhead in I) 
along the pial surface of the brain is meningeal. Abbreviations: HB: hindbrain; MB: 
midbrain; MHB: midbrain-hindbrain boundary; rFP: rostral floor plate.  
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Figure 3.8:  Normal cell differentiation occurs in the Shh-/- mouse midbrain. 
Midbrain cross-sections with dorsal to the top.  A-F:  Class III β-Tubulin expression 
appears normal in the Shh-/- mouse midbrain (B, D, F) compared to control littermates 
(A, C, E) at E9.5 (A-B), E10.5 (C-D), and E12.5 (E-F).  Note the loss of the Class III β-
Tubulin negative area in the ventral portion of the Shh-/- mouse midbrain. 
Abbreviations:  RP: roof plate; rFP: rostral floor plate. 
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was observed dorsally and not in the ventral portion of the mutant’s midbrain.  At E9, a 

92% increase (p<0.02) in apoptotic labeled cells was detected primarily in the dorsal 

midbrain of the Shh-/- mouse compared to control midbrains (Fig. 3.9G-J; Table 1).  Yet 

by E10.5 no substantial difference in cell death was noted between the Shh-/- mouse 

midbrains and their wild-type littermates (Fig. 3.9K-L).  These results suggest that Hh-

signaling is required for dorsal midbrain cell survival before E10.5 and that early dorsal 

cell death is the principle cause for the dramatic reduction in the overall midbrain size.  

The absence of ventral cell death between E8 and E9 suggests that the loss of the 

ventralized (Pax7-negative) region of the midbrain in the Shh-/- mouse was due to its 

inability to maintain a ventral fate, instead turning on dorsal cell fates in the absence of 

Hh signaling. 

 

The Midbrain-Hindbrain Boundary is Initiated Correctly but Cannot be 
Maintained without Shh Signaling 

Previously it has been shown that disruptions of Hh signaling can perturb the 

MHB (Aoto et al., 2002; Blaess et al., 2006; Bayly et al., 2007).  To determine if Hh 

signaling affected the establishment or the maintenance of the MHB, several genes that 

mark the boundary between the midbrain and the hindbrain were investigated at several  

time points throughout development.  Early in the development of the neural tube, Otx2 

in the midbrain and Gbx2 in the hindbrain, mutually repress each other resulting in a 

non-overlapping pattern and a properly positioned MHB (Zervas et al., 2004).  As 

shown previously in this chapter, Otx2 and Fgf8 appear to be specified correctly 

independent of one another at E8.5 in the Shh-/- mouse (Fig. 3.4E-H).  The adjacent 

expression patterns of Otx2 and Gbx2 as well as Wnt1 and Fgf8 at E9 implies that a  
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Figure 3.9:  Increased cell death does not account for the loss of the ventral 
midbrain in the Shh-/- mouse.  A-B:  Wholemounts, with rostral to the top.  No 
significant difference in cell death is observed between the Shh-/- midbrain (B) and its 
control (A) at E8 (6 somites).  C-F:  E8.5 (10 somites) embryos in sagittal view with 
rostral to the right (C-D), exhibit an increased cell death in the Shh-/- midbrain (D) along 
the dorsal midline, the DMB, MHB and rhombomere 1, compared to controls (C).  Cross-
sections through the midbrain demonstrate an absence of apoptotic cells within the 
ventral midbrain of the mutant (F) and wild-type (E). G-J:  Sagittal views (G-H) and 
cross-sections (I-J) of the midbrain show increased cell death, particularly at the DMB in 
the Shh-/- at E9 (H) compared to control (G).  Dashed lines in I and J mark the ventral 
limit of the midbrain.  K-L: Embryos shown in sagittal view with rostral to the right.  No 
significant difference in cell death is observed between the Shh-/- midbrain (L) and 
control (K).  Arrowhead marks DMB, where an increase in cell death is still noted. 
Abbreviations: DMB: diencephalic-midbrain boundary; MB: midbrain; MHB: midbrain-
hindbrain boundary; rFP: rostral floor plate; RP: roof plate.  
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spatially restricted and sharply defined MHB is correctly specified in the Shh-/- mouse 

(Fig. 3.10A-D).  In spite of the proper initiation of the MHB in the absence of Shh, the 

MHB appears to become deregulated and broader by E10.5 (Fig. 3.10E-H).  In addition 

Wnt1+ cells can be found scattered several cell diameters away from the MHB (Fig. 

3.10E-F).  Two days later by E12.5, Wnt1 and Fgf8 expression of the MHB is severely 

reduced or completely lost respectively (Fig. 3.10I-L).  These results suggest that Hh 

signaling is not required for the initiation of the MHB but that it is important in its 

maintenance.  However, even though the signaling molecules of the MHB are severely 

perturbed, the caudal limit of the midbrain as shown by Otx2 expression remains sharp 

at E12.5 (Fig. 3.10O-P) and unaffected in the absence of Shh signaling.  Unfortunately 

the expression of Gbx2 is uninformative with regards to the MHB at this age (Fig. 3.10M-

N); however Gbx2 expression is not observed in the Shh-/- mouse midbrain and therefore 

reinforces that the restriction between the midbrain (Otx2) and hindbrain (Gbx2) is Hh-

independent at this age. 

 

Dorsal Gene Expression is Perturbed in the Absence of Shh in the Midbrain 

Examination of multiple dorsal gene expression patterns in the Shh-/- mouse 

midbrain suggests that a simple deregulation of dorsal fates in the absence of Shh (the 

opposing ventral signal) does not occur.  Examination of the most dorsal cell fate, the 

roof plate (RP), showed an expansion of both Gdf7 and Wnt1 expression in the Shh-/- 

mouse midbrain (Fig. 3.11A-F).  Similar to the MHB, scattered Wnt1+ cells were found 

several cell diameters away from the roof plate.  Several other cell types also showed a 

similar deregulation and expansion (Pax7, Gli3 and Isl1 dorsal population of trigeminal 

sensory neurons), which have already been noted earlier in the chapter (Fig. 3.2E-H; 

3.3K-L; 3.4K-L; 3.5K-L).   
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Figure 3.10: The MHB is initially established but cannot be sustained without Shh. 
A-B, M-P:  Embryos shown in sagittal view with rostral to the right. C-L: Wholemounts 
with rostral to the top, ventricular surface facing the reader. A-B: Non-overlapping 
expression of Otx2 (blue) and Gbx2 (brown) shows a spatially coherent MHB 
established in the Shh-/- mouse (B) and wild-type (A). C-D: Wnt1 (blue) and Fgf8 (brown) 
domains are correctly established in the Shh-/- mouse (D) and wild-type (C) at E9.  Note 
that the lost of Wnt1 in the ventral midbrain and the continuous expression of Wnt1 and 
Fgf8 across the ventral midline reflecting a loss of ventral midline structures by this age.  
E-H: Wnt1 (blue) and Fgf8 (brown) expression at the MHB is broadened by E10.5 in the 
Shh-/- mouse (F, H) compared to wild-type (E, G). Inset in E shows Wnt1+ cells scattered 
several cell diameters (arrow) away from the MHB. I-L: Fgf8 (I-J) and Wnt1 (K-L) 
expression in control (I, K) and Shh-/- brains (J, L) demonstrates severe disruption of the 
MHB in the Shh-/- mouse.  A near complete loss of Wnt1 (L) and a complete loss of Fgf8 
by E12.5 (J) is observed.  A morphological constriction can be seen between the 
midbrain and hindbrain in the Shh-/- mutant in J (arrowhead).  M-P: Gbx2 (M-N) and Otx2 
(O-P) expression in the midbrain showing that the sharp boundary formed by Otx2 at the 
wild-type MHB (O) is maintained in the Shh-/- mouse (P) and that Gbx2+ hindbrain cells 
are never seen in the midbrain of wild-type (M) or the Shh-/- (N) mouse.  Arrowheads in 
J, L and N mark the boundary between the midbrain and hindbrain. Abbreviations: HB: 
hindbrain; MB: midbrain; MHB: midbrain-hindbrain boundary; rFP: rostral floor plate. 
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In contrast to the expansion of Wnt1, Gdf7, Pax7, Gli3 and Isl1 already reported, 

a reduction of the expression of Lfng, and Lim2 is observed in the Shh-/- mouse (Fig. 

3.11G-J).  A third pattern was exhibited that contradicts both the simple expansion and 

reduction.  Zic1, a marker of dorsal neural cell fates, was observed to have an increased 

range but lowered expression intensity (Fig. 3.11K-L).  All of the above, taken together 

with previous reports showing a loss of tectal Dbx1 in the Shh-/- mouse midbrain 

(Ishibashi and McMahon, 2002), suggests that Shh plays a complex role in dorsal gene 

expression patterns. 

 

DISCUSSION 

A summary of the results is schematically represented in Figure 8.  Contrary to 

expectation, Pax7 expression was restricted to dorsal tissue very early in development 

of Hedgehog naive midbrains.  Conversion of ventral midbrain (Pax7-negative) into 

dorsal midbrain (Pax7-postive) as observed in both Shh-/- and Smo-/- mouse between E8 

and E9 is summarized in a schematic (Fig. 3.12A-D).  Specification of some ventral 

spinal cord fates in the Shh-/- mouse is thought to be possible due to exposure of Ihh 

from the gut (Zhang et al., 2001).  In the midbrain, the up-regulation of Ihh in the foregut 

of the Shh-/- mouse does position a Hh source under the midbrain early in development 

(Jacobson and Tam, 1982).  However, this up-regulation of Ihh is not accompanied by 

either expression of Gli1 or Ptc1, both positive regulators of Hh signaling (Goodrich et 

al., 1996; Marigo et al., 1996), in the foregut or the midbrain.  Together with an increase 

in Gli3 expression by E8.5 in the ventral midbrain makes it highly unlikely that the 

induction is Hh-dependent, but rather suggesting that it is independent of Hh activity.  

Observing a similar Pax7 expression profile in the Smo-/- mouse to that observed in the 

Shh-/- mouse rules out Hh-dependent mechanisms in the initial specification of ventral  



 65 

 
Figure 3.11:  Disruption of roof plate and dorsal midbrain gene expression 
patterns in the absence of Shh.  A-B, E-F: Free floating embryos shown in dorsal view 
with rostral to the top.  C-D: Midbrain cross-sections with dorsal to the top.  G-L: 
Wholemounts in sagittal view, rostral to the right. A-F: Broadening and disruption of the 
RP markers, Gdf7 (A-D) and Wnt1 (E-F) in the Shh-/- mouse (B, D, F) compared to wild-
type littermates (A, C, E).  Dashed lines in C and D indicate the ventral outline of the 
midbrain.  Arrows in F point to ectopically scattered Wnt1+ cells.  G-J:  Expression of 
Lfng at E9.5 (G-H) and Lim2 at E10.5 (I-J) is reduced in the Shh-/- midbrain (H, J) 
compared to control littermate (G, J).  K-L:  Increased spread and reduced intensity of 
the dorsal marker Zic1 in the E10.5 Shh-/- mouse (J), compared to controls (I). 
Arrowheads in H, J and K delineate the midbrain from the hindbrain in the Shh-/- mice.  
Abbreviations: DMB: diencephalic-midbrain boundary; HB: hindbrain; MB: midbrain; 
MHB: midbrain-hindbrain boundary; RP: roof plate.   
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midbrain tissue.  Conversely the maintenance of this ventral territory does appear to be 

dependent upon Hh, with the induction of dorsal cell types (Pax7) throughout the 

midbrain by E9.   

 

In spite of the entire midbrain turning on dorsal cell fates, some of the most 

ventro-lateral cell fate (Evx1) population is still specified in Shh-/- mouse.  These Evx1+ 

cells are within the mantle or differentiated layer of the midbrain, just beneath the  

dorsalized (Pax7+) progenitor layer (Fig. 3.12E-H).  This raises uncertainties about the 

origin of the signals required to specify these cells in the midbrain.  This study cannot 

differentiate between the possibilities that the Evx1+ cells were specified in the Shh-/- 

mouse midbrain before E9 by Shh-independent ventral signals or if a fraction of the 

Evx1+ cells can be specified by dorsal signals.  A similar requirement of a ventral signals 

has been observed for the ventral most dorsal (Dbx) spinal neurons (Wijgerde et al., 

2002), leading to the speculation that signals from the opposite pole can be important in 

a cells specification. 

 

The spared Evx1+ cells in the Shh-/- mouse exhibit a perturbed spatial 

coherence.  Previous studies have shown that disruption of Hh signaling can lead to the 

perturbation of spatially coherent patterns (Agarwala et al., 2005; Bayly et al., 2007) and 

is attributed to Hh’s ability to regulate cell-affinities (Dahmann and Basler, 1999; Jarov et 

al., 2003; Schlichting et al., 2005).  Given the perturbation of the MHB signaling 

molecules, it is possible that the Evx1+ cells are from the hindbrain.  However, the 

restriction between the midbrain and the hindbrain as well as the continual sharp 

boundary expression of Otx2 makes this possibility improbable.  
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Figure 3.12: Summary of ventral midbrain specification by Shh. Schematic 
representation of wild-type (A-E, G) and Shh-/- (B-D, F, H) midbrains in wholemount (A-
F) and transverse section (G-H).  Wholemounts with rostral to the top and ventricular 
surface facing the viewer. Cross-sections with dorsal to the top and ventral to the 
bottom. A: E8 wild-type showing Shh (tan) at the ventral midline of the midbrain and 
Pax7 (blue) expression dorsally restricted. B-D: The initial specification of ventral 
midbrain (Pax7-negative), occurs without Shh (B-C), but requires Hh signaling by E9 (D). 
The ventral-dorsal transformation occurs in the Shh-/- midbrain rostral to caudal in 
progression, with Pax7 appearing rostrally at E8.5 (C) and ubiquitously by E9 (D). The 
MHB (Fgf8; green) is specified correctly in the Shh-/- midbrain. E: At E12.5, the ventral 
midbrain of wild-type mice is organized into arcuate territories labeled medial to lateral 
by Phox2a (pink) Pax6 (purple) and Evx1 (red). Midbrain arcs are arrayed parallel to Shh 
in the rFP. The expression of Pax7 (blue) continues to be restricted to dorsal midbrain. 
The position of the MHB is indicated by Wnt1 (yellow) and Fgf8 (green) expression. F: 
E12.5 demonstrating the presence of Pax7 throughout the Shh-/- midbrain. The MHB is 
severely perturbed, displaying an absence of Fgf8 and severely reduced and disrupted 
Wnt1 expression. Midbrain size is dramatically reduced. G: Cross-section through the 
wholemount shown in E demonstrates the relationship between ventral midbrain arc-
specific cell-fates, Pax7 and Shh.  Note all Evx1+ neurons are located in the mantle 
layer of ventral midbrain and the restricted expression of Wnt1 in the RP.  H: Cross-
section through the E12.5 Shh-/- midbrain shown in F, displaying the absence of Phox2a 
and Pax6 while sparing 25% of the Evx1+ neurons. The spared Evx1+ neurons are 
obscured from view in the wholemount view shown in F by the ventricular layer 
expression of Pax7. The RP is broadened and disrupted. Abbreviations: MHB: 
midbrain-hindbrain boundary; rFP: rostral floor plate; RP: roof plate; TEC: tectum. 
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In addition to the loss of ventral tissue, the overall midbrain size is dramatically 

reduced in the Shh-/- mouse between E8.5 (~25% smaller) and E12.5 (~90% smaller).  

This loss of ventral tissue and overall midbrain size is not accompanied by ventral cell 

death or a decrease in cell proliferation at any embryonic stage examined.  However it is 

accompanied by a progressive increase in dorsal cell death between E8.5 and E10.5.  

This data suggests that the primary cause of the reduced midbrain size in the Shh-/- 

mouse is due to the death of dorsal midbrain and that the loss of ventral progenitors 

prior to E9 is due to their inability to maintain their ventral identity and instead take on a 

dorsal identity. 

 

Interactions between SHH and FGF8 have been shown to be significant in 

several embryonic systems.  In the development of the vertebrate limb, SHH expression 

from the zone of polarizing activity and FGF8 expression from the apical ectodermal 

ridge are important to maintain each other’s expression indirectly through BMP-mediated 

blockade by Gremlin (Martin, 1995; Khokha et al., 2003).  Therefore, one important 

function of the continual expression of Shh in the vertebrate midbrain appears to be the 

maintenance of signaling molecules emanating from the MHB. 

 

Along with deregulation of the MHB, another signaling center is also disrupted, 

the RP.  As expected in the absence of the opposing signal of Shh ventrally, markers of 

the RP are up-regulated.  However not all dorsal cell fates exhibit a uniform expansion 

as would be predicted.  Several markers (Pax7, Isl1, Gli3) are up-regulated similar to the 

RP (Wnt1, Gdf7), while others are reduced (Lfng, Lim2), or yet display an altered domain 

and intensity of labeling (Zic1).  In addition, the absence of Shh increases cell death 

dorsally and results in the absence of the inferior colliculus (Blaess et al., 2006) leading 
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to the clear possibility that Hh signaling can influence dorsal midbrain patterning.  

Although the PTC1 and PTC2 receptors are not seen in the dorsal midbrain, other 

members of HH signaling are expressed and could lead to direct transduction of HH 

signals in the dorsal midbrain (Aglyamova and Agarwala, 2007). 
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CHAPTER 4   
 

 

Characterization of the expression profiles of the molecules 
involved in BMP signaling in the vertebrate midbrain 

 

 

INTRODUCTION 

Bone morphogenetic proteins (BMP) have been identified as part of the 

transforming growth factor-β (TGF-β) superfamily of proteins.  The TGF-β superfamily of 

proteins contains over 30 structurally related members which have been shown to 

regulate important interactions in embryonic development.  BMPs were first discovered 

as bone inducing agents and although they are expressed and important in inducing 

bone formation during skeletal development they are also observed in many other non-

skeletal tissues during development.  BMPs have now been shown to regulate cell 

division, apoptosis, cell migration and cell differentiation (Hogan, 1996).  BMPs are 

evolutionarily conserved and have significant sequence homology with one another; 

however they are classified into several subgroups based primarily on their structural 

homology.  There are two subgroups of particular interest in development: those that are 

homologous to Drosophila Dpp: BMP2 and BMP4, and those homologous to Drosophila 

60A/Glass Bottom Boat (Gbb): BMP5, BMP6, BMP7, and BMP8.  BMPs are synthesized 
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and processed into mature proteins containing seven conserved cysteines in the 

carboxy-terminal region, which then dimerize into homodimers or heterodimers before 

being secreted from the cell (Hogan, 1996).   

 

BMP Signaling Pathway and Its Modulators 

The transduction of the BMP signal begins with the dimerized BMP ligands 

binding to two different types of single transmembrane serine/threonine receptors, type I 

and type II (Fig. 1.2).  Binding of the ligand to the receptor complex induces the 

constitutively active type II receptor to phosphorylate the type I receptor within a 

serine/threonine domain (Wrana et al., 1994).  The signal is passed on to substrates of 

the type I receptor in the cytoplasm that are recruited to the plasma membrane, the 

receptor-activated Smad proteins (R-Smads; Wrana et al., 1994).  For the BMPs 

signaling pathway, Smad proteins 1, 5 and 8 are those recruited, phosphorylated and 

activated by BMP type I receptors.  These activated R-Smads complex together with a 

second class of Smads called common mediator-Smads (C-Smad), and translocate into 

the nucleus to act as regulators of transcription. 

 

BMP signaling can be altered by many different extracellular and intracellular 

molecules.  Among those are extracellular secreted proteins, Noggin, Chordin, and 

Follistatin, that will bind to BMPs and inhibit their binding to their receptors.  There are 

also BMP regulators that sit at the cell membrane.  BAMBI is a transmembrane protein 

that has sequence homology to BMP receptors, yet lacks the intracellular kinase domain 

making it a natural dominant negative receptor (Onichtchouk et al., 1999).  In addition, 

there are intracellular signals that shape BMP activity.  Inhibitory Smads (I-Smads 6, 7) 

can associate with the activated R-Smads, preventing their binding to the C-Smad and 
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translocating to the nucleus, as well as E3 ubiquitin ligases Smurf1 and Smurf2 (Smad 

specific E3 ubiquitin protein ligase), which mediate the degradation of Smad proteins. 

 

BMP Signaling in Neural Induction 

BMPs are expressed during development in many different types of tissues and 

organs, implicating them in many different roles (Hogan, 1996).  In particular, BMPs 

have been involved in the formation of the nervous system, including neural induction 

and dorso-ventral patterning of the neural tube.  During neural induction in Xenopus, 

BMPs are expressed in the mesoderm and are shown to be involved in the inhibition of 

neurulation of the tissue (Wilson and Hemmati-Brivanlou, 1995).  Where as the inhibition 

of BMP signaling by BMP inhibitors (Noggin, Chordin, Follistatin, etc.) secreted from 

Spemann’s organizer is required for the inhibition of ectoderm induction resulting in the 

default of neuroectoderm induction (Sasai et al., 1995).   

 

Several studies have revealed roles of BMP antagonism in regulating closure of 

the neural tube.  The closure of the neural tube is triggered by the creation of hinge 

points along the ventral midline as well as dorsal lateral hinge points (Colas and 

Schoenwolf, 2001).  Although the molecular signals that regulate cell shape changes at 

the hinge points remain largely unknown, a recent report shows that BMP inhibition 

possible by Noggin underlies the regulation of the dorsal lateral hinge points during 

neural tube closure (Ybot-Gonzalez et al., 2007).  Exencephaly and spina bifida defects 

are observed in mice mutant for the BMP antagonist, Noggin.  These neural tube defects 

are caused by increased BMP activity as a consequence of decreased BMP antagonism 

(Stottmann et al., 2006; Ybot-Gonzalez et al., 2007). 
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BMP Signaling in Dorsal Neural Tube Patterning 

In addition to specifying ectodermal cells for neural fates, BMPs have also been 

shown to be involved in tissue patterning of various embryonic systems.  BMP proteins, 

like SHH, are morphogens and are thought to act over a distance in a concentration 

dependent manner.  Mutation in the decapentaplegic (dpp; homologue to BMP2 and 

BMP4) gene is Drosophila, causes early patterning defects along the dorso-ventral axis 

(Ray et al., 1991).  Similarly, in the early development of the Xenopus, BMPs regulate 

dorso-ventral patterning of the mesoderm by opposing the patterning signal from the 

organizer region (Schmidt et al., 1995).  In vertebrates, BMPs have mainly been studied 

later in development and are thought to be important in the neural cell-fate specification 

of the dorsal neural tube and the inhibition of the spread of the ventral signal of Sonic 

Hedgehog (SHH) from the floor plate (Liem et al., 1995).  Several BMPs are expressed 

in the non-neural ectoderm and as the neural tube closes they are expressed in the 

dorsal midline, roof plate (RP).  Genetic ablation of the roof plate after it was correctly 

formed in embryonic mice results in a neural tube that loses the dorsal third interneurons 

of the spinal cord (Lee et al., 2000).  More specifically, inhibition of BMPs by ectopic 

Noggin in the developing dorsal spinal cord leads to the loss of roof plate cells (Nguyen 

et al., 2000) and dI1 interneurons (marked by LIM homeodomain transcription factors 

LH2A [Lhx2] and LH2B [Lhx9]), while the dI2 interneuron population (marked by of Isl1) 

was expanded dorsally (Chesnutt et al., 2004).  Ectopic expression of an activated BMP 

receptor ventrally in the developing spinal cord transformed ventral cell-types into ones 

that are found normally more dorsally in the neural tube (Timmer et al., 2002).  In 

addition to the role BMPs play in the development of the spinal cord, they have been 

shown to be important in the neural development of the forebrain, as well as the 



 75 

cerebellum/hindbrain (Arkell and Beddington, 1997; Furuta et al., 1997; Golden et al., 

1999; Chizhikov et al., 2006).   

 

BMP Signaling in Ventral Cell-Fate Specification of the Anterior Neural 
Tube 

Although in the spinal cord, BMPs are thought to specify dorsal cell types and 

inhibit SHH’s ability to specify ventral cell types, BMPs have an additional role in the 

rostral diencephalon and hindbrain that is different.  Subjacent to the presumptive 

diencephalon, BMPs are expressed in the prechordal mesoderm along with SHH (Dale 

et al., 1997).  The cooperative signaling of BMP7 and SHH specifies rostral ventral 

midline cells instead of caudal floor plate cells in a temporally regulated manner by 

chordin, a BMP antagonist (Dale et al., 1997; Dale et al., 1999).  In the ventral hindbrain, 

the temporal regulation of BMP7 and SHH leads to the correct specification of floor plate 

cells (Arkell and Beddington, 1997).  BMP7 expression is extinguished prior to the 

appearance of SHH, however if BMP7 is prolonged SHH expression will be suppressed, 

suggesting that BMP7 is capable of interfering with SHH gene expression in the FP and 

may be responsible for the delay in the development of the hindbrain FP (Arkell and 

Beddington, 1997).  In the midbrain, BMPs have been shown to be important in the 

survival and differentiation of the ventrally specified dopaminergic neurons (Jordan et al., 

1997; Reiriz et al., 1999).   

 

Given the diverse range of actions of BMPs at different axial levels, 

understanding of BMP function must depend upon where and when BMPs, their 

antagonist and effectors are expressed.  The timing of BMP signaling molecules 

expression and that of their endogenous inhibitors may contribute to understanding the 
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role BMPs play in patterning the midbrain.  In the midbrain, cell fates are organized 

ventrally into longitudinal stripes or midbrain arcs arrayed parallel to the rostral floor 

plate source of SHH.  Each midbrain arc expresses different homeobox transcription 

factors and the midbrain nuclei have been shown to develop within the context of the 

arcs (Agarwala et al., 2001; Agarwala and Ragsdale, 2002; Sanders et al., 2002).  

Therefore to understand how BMP signaling might be regulated in the midbrain and 

influence its development and patterning, in situ hybridizations and immunostaining of 

members of its signaling pathway have been carried out.  In this study, the expression 

patterns of several BMP family members, BMP extracellular antagonists, BMP effector 

proteins, and genes transcriptionally regulated by BMPs were analyzed.   

 

RESULTS 

Expression profiles of several BMPs, their antagonist, and downstream effector 

molecules were examined.   

 

Several BMPs are Expressed in the Developing Midbrain and are 
Temporally and Spatially Restricted  

BMP2 

BMP2 is a homologue of the Drosophila gene, dpp, known to be important in the 

body pattern formation of the drosophila at several distinct stages of development.  In 

vertebrates, BMP2 has been shown to be important in the development of many different 

tissues, from the limb and bones to the heart and gut (Lyons et al., 1995; Zhang and 

Bradley, 1996).  In the developing chick midbrain, BMP2 has a very specific temporal 

and spatial expression pattern.  BMP2 mRNA is first expressed in the midbrain around 

Hamburger and Hamilton stage (H&H) 10 (Fig. 4.1A, B), with cells expressing BMP2 
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creating stripes that outline the midline of the midbrain, which is designated by the 

absence of PAX6 expression.  PAX6 is used as a marker of the diencephalon at this 

stage of development (Fig. 4.1A-C).  From H&H10 through E3 (H&H18), BMP2 

expression becomes more defined.  Its expression is shown to circumscribe the midbrain 

floor plate laterally, following the contours of SHH expression in the rostral floor plate as 

it changes from a linear band at the midline to a shape with a broadened rostral 

expression at H&H14 (Fig. 4.1 C-F; Aglyamova and Agarwala, 2007).  Expression of 

BMP2 is observed lateral to SHH's expression until at least H&H20 (late embryonic day 

(E) 3), however by E4, BMP2 expression is no longer seen in the midbrain (data not 

shown).  The spatial relationship of SHH and BMP2 expression is thus similar to that 

found in the drosophila imaginal disk, where dpp is expressed in a band of cells adjacent 

to the posterior expression of hh (Ingham and Fietz, 1995).  BMP2 is never found to be 

expressed in the dorsal midbrain at any developmental time point that was investigated 

during this study (data not shown).   

 

BMP4  

Bmp4 is the most widely expressed Bmp gene throughout the development and 

adult life of a mouse and therefore should play important roles in embryogenesis (Zhao, 

2003).  BMP4, like BMP2 is a homologue of the Drosophila gene, dpp.  The two BMP 

proteins share over 90% identity at the amino acid level and have been shown to be 

functionally interchangeable in many biological systems (Zhao, 2003).  Early in 

development, Bmp4 is expressed in the primitive streak and is shown to be important in 

the specification of early mesoderm (Chapman et al., 2002).  It’s absence leads to the 

death of null mutant embryos during gastrulation (Winnier et al., 1995).  Later in  
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Figure 4.1:  BMP2 expression circumvents SHH expression in the ventral 
midbrain.  Whole-mount view with rostral to the top and ventricular surface facing the 
viewer.  A: BMP2 mRNA is not yet expressed in the midbrain at H&H8. Note PAX6 
(brown) expression marks the diencephalon in A-C. B:  By H&H10, BMP2+ cells are 
observed as two lateral strips in the ventral midbrain.  C-F:  BMP2 expression becomes 
arcuate shaped at H&H14 (C), H&H16 (D), and E3 (H&H18; E, F) as the midbrain floor 
plate becomes expanded rostrally as seen with SHH expression (brown; F). 
Abbreviations:  FB: forebrain; MB: midbrain; rFP: rostral floor plate. 
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development BMP4, is one of the main BMP molecules that has been implicated in 

dorsal-ventral patterning of the spinal cord, where BMP4 is expressed in the dorsal 

midline of the neural tube and surface ectoderm (Liem et al., 1995; Furuta et al., 1997; 

Nguyen et al., 2000).  However in the chick developing midbrain, BMP4, appears to 

never be expressed from as early as H&H 8 through embryonic (E) day 5 (Fig. 4.2; data 

not shown).  Even though BMP4 is not expressed in the midbrain during development it 

is observed in the eye and roof plate of the hindbrain.  However there are several other 

BMP molecules that are expressed in a specific and dynamic manner.   

 

BMP5 

A second subclass of BMPs, homologous to Drosophila 60A, is present in the 

developing midbrain.  Among the molecules of this subclass investigated were BMP5, 

BMP6 and BMP7.  BMP5 and BMP7 have previously been shown to be expressed in the 

anterior neuroectoderm and important in the proper development of the diencephalon 

(Furuta et al., 1997).   

 

In the midbrain, a more dynamic expression pattern is observed for BMP5 and 

BMP7 when compared to the other BMPs so far examined.  BMP5 mRNA is observed 

in the neural folds before the midbrain is closed dorsally (at H&H8) however once the 

dorsal neural tube is closed and the dorsal midline is formed, the expression of BMP5 

encompasses the dorsal midbrain (Fig. 4.3A-B).  By H&H13, the expression of BMP5 

begins to become confined to the roof plate, while expression begins to be observed at 

the midbrain-hindbrain boundary (MHB; Fig. 4.3C).  This expression pattern continues 

to be refined throughout development, with the expression of BMP5 mRNA along the 

ventral midline by H&H16 (Fig. 4.3D), as well as both the rostral portion of the second  
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Figure 4.2:  BMP4 is not expressed in the developing midbrain.  A: Midbrain whole-
mount view with rostral to the top and ventricular surface facing the viewer.  BMP4 
expression is not observed in the developing midbrain at H&H8, but is in the neural fold 
of what will become the hindbrain.  B-D:  Midbrain whole-mount sagittal view with rostral 
to the right.  Expression of BMP4 mRNA is not observed in the chick midbrain at H&H13 
(B), E3 (C), or E5 (D).  Abbreviations:  FB: forebrain; HB: hindbrain; MB: midbrain. 
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arc and the caudal portion of interarc 2/3 in the midbrain by E4 (Fig. 4.3E).  This 

expression pattern is very defined by E5, BMP5 is observed along the dorsal midline, 

ventral midline, MHB, rostral half of the second arc, and the caudal half of interarc 2/3 

(as defined by the coexpression of BMP5 and PAX6, marking the territory lateral to the 

second arc; Fig. 4.3F-G). 

 

BMP6  

BMP6 is expressed along with other BMPs along the dorsal midline and has 

been shown to be important during the development of the mouse diencephalon (Furuta 

et al., 1997).  To investigate if BMP6 may have a role in the development of the 

midbrain, BMP6 mRNA expression was characterized through several important 

patterning stage of the embryonic chick midbrain.  In this study, BMP6 mRNA 

expression is first observed at H&H8, as a light mosaic expression throughout the 

midbrain (Fig. 4.4A).  Its expression continues in this manner until E5 when an increased 

concentration of BMP6 can be seen along the midline, as well as the MHB (Fig. 4.4).  

BMP6 is also expressed along the dorsal midline throughout the developmental time 

period investigated (data not shown). 

 

BMP7  

The final member of the BMP family of signaling molecules examined was BMP7.  

The addition of BMP7 to the developing spinal cord results in the induction of dorsal 

neural markers (Liem et al., 1995).  Previous studies have shown that BMP7 mRNA is 

present in the prechordal plate endoderm beginning in a wedge after neural induction 

(H&H5), while by H&H6 the expression is detected within the rostral boundary between 

neural and non-neural tissue of the embryo (Chapman et al., 2002).  Later in  
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Figure 4.3: BMP5 expression in the midbrain is dynamic between E1 and E6.  
Midbrain whole-mount view with rostral to the top and ventricular surface facing the 
viewer.  A: BMP5 is expressed in the neural folds of H&H8- embryo.  B:  By H&H10, 
BMP5 expression is found in only the dorsal midbrain.  C:  Expression of BMP5 become 
refined to the dorsal midline (data not shown), while expression becomes visible at the 
MHB at H&H13.  D:  BMP5 expression is observed at the ventral midline and the MHB at 
E3.  E-H:  BMP5 is present in the rostral portion of the second arc and the caudal portion 
of interarc 2/3 (note PAX6 expression in brown; G), more refined at the MHB, and 
expression continues at the ventral midline at E4-E6.  Abbreviations: 2: arc2; 2/3: 
interarc 2/3; FB: forebrain; MB: midbrain; MHB: midbrain-hindbrain boundary; rFP: 
rostral floor plate. 
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Figure 4.4: BMP6 expression between E1 and E5 of the chick midbrain.  Whole-
mount view with rostral to the top and ventricular surface facing the viewer.  A-C:  BMP6 
mRNA is expressed as a light mosaic at all developmental time points investigate H&H8 
(A), H&H10 (B), and E5 (C).  Increased concentration of BMP6 is observed at the 
midline and MHB at E5 (C). Abbreviations:  MB: midbrain; MHB: midbrain-hindbrain 
boundary; rFP: rostral floor plate. 
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 development when the neural tube is being patterned, BMP7 is expressed in the dorsal 

neuroectoderm, notochord and foregut of the developing vertebrate embryo (Lyons et 

al., 1995; Furuta et al., 1997).  BMPs along with SHH are expressed in the prechordal 

mesoderm of the developing diencephalon (Dale et al., 1997) and their cooperative 

signaling specifies rostral ventral midline cells instead of caudal floor plate cells (Dale et 

al., 1997; Dale et al., 1999).  The expression pattern of BMP7 could suggest its role in 

the developing midbrain. 

 

In the developing midbrain, mosaic expression of BMP7 was observed along the 

ventral midline at the earliest stage investigated (H&H8-; Fig. 4.5A).  BMP7 expression 

along the ventral midline becomes strongly expressed by H&H9-10, and is shown to be 

expressed in the midline and the notochord similar to SHH, as can be observed in whole 

mount and transverse section (Fig. 4.5B-C; E-F).  As SHH expression begins to expand 

more laterally (H&H13) into a more lateral portion of the floor plate, BMP7 remains more 

medially restricted marking what can be referred to as the medial portion of the floor 

plate (Fig. 4.5D).  BMP7 expression, as SHH, marks the ventricular layer of the floor 

plate, this restriction of BMP7 to the ventricular layer of the medial floor plate remains 

throughout the remainder of the examined developmental time course.  Around the 

embryonic time point of E2.5 (H&H15; Fig. 4.5G-H), BMP7 mRNA expression, while still 

concentrated along the medial portion of the floor plate, becomes expressed lightly 

throughout the rest of the midbrain.  This ubiquitous light expression throughout the 

midbrain continues through E3 (H&H18; Fig. 4.5I), when BMP7 begins to be expressed 

robustly in the roof plate (data not shown), and midbrain-hindbrain boundary (MHB), in 

addition to the floor plate.  By E3.5 the ubiquitous light expression is no longer  
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Figure 4.5:  BMP7 expression between E1 and E5 of the chick midbrain.  A-B, D, F-
G, I-L: Whole-mount view with rostral to the top and ventricular surface facing the 
viewer.  C, E, H, M-N: Transverse cross-section view through the midbrain with the 
ventricular surface to the top.  A:  BMP7 expression is seen along the midline of the 
midbrain during neurulation.  B-E:  BMP7 expression is seen in the floor plate and 
notochord along with SHH (brown; D-E).  F:  BMP7 remains in the medial portion of the 
floor plate as SHH (brown) expands laterally.  G-I: BMP7 is concentrated in the medial 
floor plate, while a ubiquitous expression throughout the midbrain appears at E3 (G-I).  
J-N:  BMP7 becomes concentrated along the medial floor plate and MHB by E4 (J), E5 
(K, M).  SHH (brown) expression marks the entire floor plate region (L, N). 
Abbreviations:  FB: forebrain; lFP: lateral floor plate; MB: midbrain; MHB: midbrain-
hindbrain boundary; mFP: medial floor plate; rFP: rostral floor plate.  
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observed, while the expression of BMP7 in the three main signaling centers of the 

midbrain (RP, MHB, and FP) continues throughout the developmental time periods that 

were investigated (E4-E6; Fig. 4.5). 

 

BMP2, 5, 6 and 7  

 By examining the expression patterns of these individual BMP signaling 

molecules seen above one can observe that their expression patterns are not completely 

redundant.  To begin to investigate how BMPs may be involved in the development of 

the midbrain it is first important to understand their expression profile as a family.  

Investigating the expression patterns of BMP2, 5, 6, and 7 simultaneously, we observe 

early on in development H&H9- (right after neural tube closure) that BMPs are 

expressed in the roof plate, floor plate, and notochord (Fig. 4.6A).   Their expression 

becomes ubiquitous similar to BMP7 expression by late E2 although higher 

concentrations do remain at the roof plate and floor plate (Fig. 4.6B).  BMP expression in 

the roof plate and floor plate is in the ventricular layer, while the expressions of BMPs 

lateral to the floor plate are weak in the ventricular layer and strong in the mantel or 

differentiated layer at E5 (Fig. 4.6C-D). 

 

Inhibitors of BMP Signaling are also Expressed in the Developing Midbrain 

The signaling pathway mediated by the members of the BMP signaling family is 

known to be regulated by numerous antagonists (Hogan, 1996).  Therefore the 

presence of BMP expression alone is not a true indicator of BMP signaling in the 

developing midbrain.  There are several inhibitors of BMP signaling that are also  
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Figure 4.6: Combination of BMP2, 5, 6 and 7 through E1.5 to E5.  Cross-section 
through the midbrain, with dorsal to the top and ventral to the bottom.  A:  BMPs are 
expressed in the midbrain signaling centers the roof plate, floor plate and notochord.  B:  
By E3, BMPs are ubiquitously expressed throughout the midbrain with higher 
concentrations at the roof plate and floor plate.  C-D:  BMP expression is concentrated in 
the ventricular layer of the roof plate and floor plate, while BMPs are also found in the 
intermediate layer between the ventricular and differentiation layers.  Abbreviations: 
rFP: rostral floor plate; RP: roof plate. 
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expressed in the midbrain throughout development.  Of particular interest are the 

extracellular antagonists, whose expression patterns may address the potential 

modification of the BMP signal in the midbrain.  To examine the possibility of the signals 

of BMP family members being modulated three endogenous extracellular antagonists 

were examined:  Chordin, Noggin, and Follistatin. 

 

Chordin  

Chordin is one of the first BMP antagonists expressed in the developing 

midbrain.  Chordin begins to be observed in chick embryos at stage XII (Khaner et al., 

1985) in the midline epiblasts cells and then in Hensen’s node and the ingressing axial 

mesendoderm as gastrulation continues in the early chick embryo (Chapman et al., 

2002).  In studying early patterning of the chick midbrain, Chordin expression can be 

seen in the notochord as the neural tube is closing dorsally (H&H8-; Fig. 4.7A, D).  As 

neurulation ends and the three main brain vesicles are forming (H&H10), Chordin 

expression encompasses a large portion of the ventral midbrain as well as the 

underlying notochord (Fig. 4.7B, E) before its expression becomes refined.  At H&H14, 

when SHH expression begins to expand laterally in the rostral midbrain (Aglyamova and 

Agarwala, 2007), the expression of Chordin mRNA in the ventral midbrain appears more 

restricted, with transcripts found along the ventral midline in addition to two stripes, one 

on either side of the floor plate (Fig. 4.7C, F).  This expression pattern becomes more 

defined as development of the chick progresses to E3 with Chordin mRNA remaining in 

the medial portion of the FP and the lateral strips which are positioned just lateral to the 

expression of SHH in the FP (Fig. 4.7G-H).  At this stage in development (E3), it appears 

from their similar lateral positioning to SHH, that Chordin and BMP2 are expressed in the 

same territory (compare Fig. 3.1F and Fig. 4.7H).  The expression of Chordin becomes 
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caudally restricted in both the floor plate and lateral stripes in the midbrain as 

development reaches E5 (Fig. 4.7I-K).  At this point, transcripts are only observed along 

the midline of the ventral midbrain, the MHB, and in the caudal half of interarc 2/3.  Upon 

cross-section Chordin expression can be seen in the ventricular layer where BMPs are 

normally being expressed (Fig. 4.7K).  Chordin expression was never observed in dorsal 

midbrain through the developmental stages investigated (data not shown). 

 

Follistatin 

Follistatin was originally identified to bind and inhibit another member of the TGF-

β family of molecules, Activin (Nakamura et al., 1990).  However, since then it has been 

demonstrated that Follistatin is also able to bind several members of the BMP subfamily, 

including BMP2, 4, and especially BMP7 (Yamashita et al., 1995; Iemura et al., 1998).  

Therefore its expression pattern in the midbrain was also determined.  During the 

stages of midbrain patterning that were investigated in this study, Follistatin transcript is 

never observed in the ventral midbrain or the roof plate.  Nonetheless it does have a 

dramatic expression pattern in the dorsal midbrain from H&H7 to E6.  At stage 7, 

Follistatin expression is observed in the majority of the neural plate with exception to the 

notochord (Fig. 4.8A), this expression pattern continues through neurulation while the 

neural folds come together dorsally, closing the neural tube (H&H8+: Fig. 4.8B).  After 

the dorsal neural tube has closed (~H&H9), the midbrain appears to be devoid of 

Follistatin expression while some transcript continues to be expressed in the 

diencephalon (Fig. 4.8C).  As development of the midbrain progress, Follistatin 

expression increases in a rostral to caudal movement in the dorsal midbrain.  At stage 

13, Follistatin mRNA is observed in the most rostral portion of the dorsal midbrain, while 

in half a day Follistatin transcript has encompassed more than half of rostral dorsal  
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Figure 4.7:  Chordin expression between E1 and E5 in the chick midbrain.  A-C, G-
J: Whole-mount view with rostral to the top and ventricular surface facing the viewer.  D-
F, K:  Cross-section through the midbrain with the ventricular surface to the top.  A, D:  
H&H8 chick with Chordin expression in the underlying mesoderm, notochord.  B, E: 
Chordin expression marks a large portion of ventral midbrain at H&H10.  Note the 
Chordin expression in the notochord in E.  C, F:  Chordin becomes refined to the medial 
portion of the FP and two lateral stripes. G-H:  Expression of Chordin is concentrated at 
the medial FP, and two arcs juxtaposed to the expression of SHH (brown; H) in the FP at 
E3.  I:  E4 embryos express Chordin in the medial portion of the FP and the two lateral 
arcs.  J-K:  By E5, Chordin is downregulated in the rostral midbrain.  Expression is found 
along the ventral midline, the MHB, and caudally in interarc 2/3.  Note in cross-section, 
Chordin is located in the ventricular layer.  Abbreviations:  2/3: interarc 2/3; MB: 
midbrain; MHB: midbrain-hindbrain boundary; nch: notochord; rFP rostral floor plate. 
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 midbrain (Fig. 4.8D-E).  The entire dorsal midbrain is Follistatin positive when the 

embryo reaches embryonic day 4 (Fig. 4.8F).  At this point the expression of Follistatin 

begins to decrease in a rostral to caudal movement.  This leads to the expression of 

Follistatin being observed as a ring at the dorsal-ventral boundary with no expression 

seen in the dorsal most rostral portion of the midbrain at E5 (Fig. 4.8G-H).  The ring of 

Follistatin at the dorsal-ventral boundary disappears by E6, leaving only a small portion 

of caudal dorsal midbrain Follistatin positive.   

 

Noggin 

Noggin is a secreted polypeptide that was first discovered in Spemann's 

organizer in Xenopus (Smith and Harland, 1992).  Noggin has been shown to have a 

high affinity for BMP2 and BMP4, resulting in blocking them from binding and activating 

their receptors (Zimmerman et al., 1996).  Noggin, similar to Chordin, is expressed in the 

node (H&H4) and the ingressing mesendoderm (H&H5) early in development (Chapman 

et al., 2002).  In the early development of the midbrain, Noggin can be observed in the 

neural plate with an increased concentration in the underlying mesoderm (Fig. 4.9A, D).  

After neurulation has been completed and the neural tube has closed dorsally, Noggin 

becomes expressed along the ventral midline, as well as the notochord and roof plate 

(Fig. 4.9B-C, E-F; data not shown).  By E3, Noggin mRNA transcript is no longer 

concentrated along the floor plate but is instead expressed ubiquitously throughout the 

ventral midbrain (Fig. 4.9G-H).  Concentrated expression continues along the roof plate 

(data not shown).  This ubiquitous expression pattern remains unchanged until E5, when 

Noggin appears concentrated in the roof plate and dorsal tissue, while only lightly 

expressed in an arcuate pattern ventrally (Fig. 4.9I). 
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Figure 4.8:  Midbrain Follistatin expression from E1-E5.  A-B: Whole embryo dorsal 
view with rostral to the top.  C, H: Whole-mount view with rostral to the top and 
ventricular surface facing the viewer. D-G:  Whole embryo sagittal view with rostral to the 
right.  A:  Variable levels of Follistatin can be seen rostro-caudally throughout the neural 
plate.  B:  As the neural tube closes, Follistatin is expressed in the dorsal neural tube, 
except for the roof plate.  C:  By H&H10, Follistatin is not observed in the midbrain; 
however it can be seen in the diencephalon.  D:  Follistatin expression begins in the 
rostral portion of the dorsal midbrain at H&H13.  E:  By E3, half of the dorsal midbrain is 
Follistatin positive.  F:  The entire dorsal midbrain expresses Follistatin by E4.  G-H:  In 
E5 embryos, Follistatin expression becomes down regulated rostrally.  Note a ring of 
Follistatin remains at the dorsal ventral boundary.  Abbreviations:  DMB: diencephalic-
midbrain boundary; FB: forebrain; HB: hindbrain; MB: midbrain; rFP: rostral floor plate; 
RP: roof plate. 
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Figure 4.9:  Noggin expression between E1 and E5 of the chick midbrain.  A-C, G-I: 
Whole-mount view with rostral to the top and ventricular surface facing the viewer.  D-F:  
Cross-section through the midbrain with dorsal to the top and ventral to the bottom.  A, 
D:  Noggin expression is seen throughout the neural plate, with an increased 
concentration in the underlying mesoderm.  B-C, E-F:  By H&H10 (B, E) through H&H13 
(C, F) Noggin is concentrated in the FP, RP, and notochord.  G-H:  Noggin expression 
becomes diffuse by E3 (G) continuing through E4 (H).  I:  Noggin is concentrated in the 
RP and dorsal tissue, while lightly expressed in an arcuate pattern ventrally.  
Abbreviations:  nch: notochord; np: neural plate; mes: mesoderm; MHB: midbrain-
hindbrain boundary; rFP: rostral floor plate; RP: roof plate. 
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Modulators of BMP Signaling 

BMP1/Tolloid 

Along with several traditional BMP signaling molecules (BMP2, 3, and 4), BMP1 

was also found in the original screen for bone-inducing proteins (Wozney et al., 1988).  

However, BMP1 is not part of TGF-β superfamily of signaling molecules, but has 

structural homology to the astacin family of metalloproteinases.  Another zinc 

metalloproteinases, Tolloid has been shown to antagonize the activity of Chordin 

(Marqués et al., 1997).  In several studies, Tolloid has been demonstrated to function in 

dorso-ventral patterning through it’s ability to cleave Chordin and thus release BMP 

proteins from an inactive complex in fruit-flies, zebrafish, and frogs (Blader et al., 1997; 

Marqués et al., 1997; Piccolo et al., 1997).  BMP1 has a similar structure to Tolloid and 

they have been shown to be derived from the same genetic locus through alterative 

splicing (Reynolds et al., 2000).  Investigating if BMP1 or Tolloid may affect BMP activity 

in the development and patterning of the midbrain, we examined their expression 

patterns from H&H6 through E5 (BMP1 mRNA probe also detects Tolloid mRNA 

expression).  At stage 6, there is a mosaic expression of BMP1/Tolloid throughout the 

neural plate (Fig. 4.10A, D).  As development continues (H&H8-10), expression of 

BMP1/Tolloid remains throughout the midbrain however an increased concentration of 

transcript can be observed along the ventral midline (Fig. 4.10B-C, E-F).  By E3 

BMP1/Tolloid expression becomes ubiquitous through the midbrain with reduced 

concentration at the midline (Fig.4.10G).  E4-E5 exhibit BMP1/Tolloid expression in an 

arcuate pattern.  
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Figure 4.10:  BMP1/Tolloid expression between E1 and E5 of the chick midbrain.  
A-C, G-I: Whole-mount view with rostral to the top and ventricular surface facing the 
viewer.  D-F:  Transverse cross-section view through the midbrain with dorsal to the top.  
A, D:  A light mosaic expression of BMP1/Tolloid in the neural plate.  B-C, E-F:  By 
H&H8 (B, E) through H&H10 (C, F) BMP1/Tolloid becomes concentrated in the FP.  G:  
BMP1/Tolloid expression along the midline is reduced, the mosaic expression remains 
throughout the midbrain by E3.  H-I:  BMP1/Tolloid is expressed in a light pattern in the 
ventral midbrain by E4.  I: BMP1/Tolloid expression is concentrated in the lateral portion 
of the floor plate and in an arcuate pattern.  Abbreviations:  np: neural plate; MB: 
midbrain; mes: mesoderm; MHB: midbrain-hindbrain boundary; rFP: rostral floor plate. 
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Downstream Effector Molecules of BMP signaling  

MSX1/MSX2 

The MSX1 and MSX2 genes (muscle segment homeobox genes), members of 

the Msh homeobox gene family, are induced in regions where BMP signaling is active 

and are considered to be transcription targets of BMP signaling in the neural tube (Liem 

et al., 1995; Barlow and Francis-West, 1997).  Over expression of MSX1 or MSX2 can 

mimic multiple distinct phenotypes attributed to BMP signaling (Liu et al., 2004).  Utilizing 

MSX1 and MSX2 as possibly read outs of BMP signaling, their expression patterns were 

examined in the developing midbrain.  In the midbrain, MSX2 is coexpressed with MSX1 

dorsally, however, only MSX1 transcript is observed ventrally at any time point that was 

investigated.  Therefore, only MSX1 expression was characterized in this study.  Early in 

development at stage 8, MSX1 can be found in the neural folds (Fig. 4.11A).  As the 

neural tube closes (H&H9) expression becomes detected throughout the dorsal midbrain 

(Fig. 4.11B).  The dorsal expression becomes refined and by E2.5 (H&H15) MSX1 is 

expressed in the roof plate and the dorsal territory just lateral to the roof plate (Fig. 

4.11C; data not shown).  Ventral expression of MSX1 can also be observed being at 

E2.5, when stripes are expressed along the lateral edge of medial portion of the floor 

plate, marked by BMP7 and SHH expression (Fig. 4.11C-I).  As development continues, 

the ventral expression of MSX1 becomes rostrally decreased between E3 and E6 (Fig. 

4.11D-I).   
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Figure 4.11:  MSX1 expression between E1 and E6 of the chick midbrain.  A-G, I: 
Wholemount view with rostral to the top and ventricular surface facing the viewer.  H:  
Transverse cross-section view through the midbrain with dorsal to the top and ventral to 
the bottom.  A: MSX1 is expressed in the neural folds of an H&H8 embryo.  B: By 
H&H9, MSX1 expression is found in only the dorsal midbrain.  C-E: Ventral expression 
of MSX1 is observed as two stripes along the lateral edge of medial portion of the floor 
plate by E2.5 (C) continuing through E3 (D, E), as shown by coexpression of SHH 
(brown, E).  F-H:  By E5, the ventral expression of MSX1 is restricted to the caudal half 
of the midbrain at the lateral edge of the medial expression of BMP7 (brown, G).  H:  
Cross-section through the midbrain shows the dorsal expression of MSX1 in the RP and 
more lateral tissue, as well as the ventral expression in the medial region of the floor 
plate.  I:  By E6, MSX1 is expressed just along the MHB. Abbreviations:  FB: forebrain; 
MB: midbrain; mFP: medial floor plate; MHB: midbrain-hindbrain boundary; rFP rostral 
floor plate; RP: roof plate; tec: tectum. 
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Phosphorylated SMAD Proteins 1, 5, and 8 

The signaling cascade of BMPs has been well studied and several downstream 

signaling proteins have been identified.  The BMP signaling pathway is activated when 

BMPs bind to their type I and type II serine/threonine kinase receptors on the cells 

surface (Wine-Lee et al., 2004).  The activation and phosphorylation of the receptors 

pass on the signal to receptor-activated Smad proteins (R-Smads).  These R-Smads 

dimerize with a common-mediator Smad (C-SMAD4) which results with their ability to 

translocated into the nucleus and regulate transcription of target genes (Hogan, 1996b; 

Chen et al., 1998; Kishigami and Mishina, 2005).  The R-Smads that are associated with 

BMP signaling are SMADS 1, 5, and 8 (Chen et al., 1998).  Utilizing an antibody that 

recognizes the phosphorylated forms of SMAD1/5/8, we were able to visualize a more 

complete picture of where BMPs might be signaling in the midbrain during development.   

 

The expression of pSMAD1/5/8 was investigated from stage 4 through E5 in the 

developing midbrain.  From the first time point that was investigated (H&H4), 

pSMAD1/5/8 is detected in a mosaic expression throughout the neurectoderm (Fig. 

4.12A).  Transverse cross-section reveals the majority of the expression is along the 

epiblast (Fig. 4.12D).  This mosaic expression profile continues throughout the time 

neurulation (Fig. 4.12B-C, E-F).  By E2.5, the mosaic expression of pSMAD1/5/8 can be 

seen along the ventricular surface, as well as the mantle layer, with an increase in 

concentration at the first arc (Fig. 4.12G, J).  The pattern of detection of pSMAD1/5/8 at 

E2.5 continues through E5 (Fig. 4.12H-I, K-L).  This broad expression of pSMAD1/5/8 

throughout the midbrain suggests that BMPs may have more ubiquitous effects in 

midbrain development than just patterning dorsal cell-fates.  
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Figure 4.12:  Phosphorylated SMAD 1/5/8 expression in the developing chick 
midbrain.  A-C, G-I: Wholemount view with rostral to the top and ventricular surface 
facing the viewer.  D-F, K-L:  Cross-section through the midbrain with ventricular surface 
to the top.  J: Cross-section through the midbrain with dorsal to the top and ventral to the 
bottom.  A-F:  pSMAD1/5/8 is expressed puctated throughout the neuroectoderm 
concentrated along the ventricular surface at H&H4 (A, D), H&H6 (B, E), and H&H8 (C, 
F).  G-L:  At E2.5 (G, J), E3 (H, K), and E5 (I, L) mosaic expression of pSMAD1/5/8 is 
observed along the ventricular surface and the mantle layer, with an increase in 
concentration at the first arc. Arrow marks cells basal at the first arc.  Abbreviations:  
ec: ectoderm; mes: mesoderm; MHB: midbrain-hindbrain boundary; nch: notochord; np: 
neural plate; rFP: rostral floor plate; RP: roof plate.   
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DISCUSSION 

Patterning and development of the early embryo is a dynamic progression that 

involves numerous genes.  In particular, most of the genes and molecular mechanisms 

involved in the development of the midbrain are still not well understood.  One family of 

molecules, the Bone Morphogenetic Proteins (BMP), has had relatively few previous 

studies of its role in the developing vertebrate midbrain.  Knowing the expression profiles 

of the BMP pathway molecules could provide an insight into their role if any in the 

patterning and development of the midbrain.  This study provides detailed analysis of 

BMP signaling molecules, their antagonists, as well as genes important to the overall 

signaling cascade of BMPs during early development of the chick midbrain.  Analysis of 

BMP signaling molecules reveals that BMPs, as well as their antagonists are expressed 

in the three main signaling centers of the midbrain and are poised to directly influence 

the patterning and subsequent neurogenesis of the midbrain nuclei.   

 

BMP Pathway Molecules are in Position to Influence Dorsal Midbrain 
Development 

Several BMPs are expressed in the neural folds and then later on in the newly 

formed dorsal signaling center, the roof plate.  The cells of the roof plate are generated 

from multipotent precursors in the neural folds and are a result of interaction between 

neural tissue and non-neural ectoderm. The expression of BMPs in this region and the 

roof plate once it is created is similar to that observed in the development of the more 

caudal neural tube, spinal cord, suggesting a similar role in the development of the roof 

plate and dorsal cell fates (Timmer et al., 2002; Chizhikov and Millen, 2004a).  After the 

initial cell-fate specification, BMPs in the roof plate could be involved in axon guidance 
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similar to their repellent action in the spinal cord that establishes the initial ventral 

trajectory of commissural axons (Butler and Dodd, 2003). 

 

Extracellular antagonist of BMP molecules are also expressed in the developing 

midbrain.  Follistatin, an extracellular antagonist of BMP molecules, is observed in an 

increasing rostral to caudal expression patterning in the dorsal midbrain except for the 

roof plate.  This type of expression profile is similar to that of Hes5, and therefore 

suggests a role in establishing the rostro-caudal polarity of the retinotopic map used for 

guidance of the retinal fibers (Nakamura et al., 1994; Kimura et al., 2004).  Noggin is 

also expressed in the dorsal midbrain, in the roof plate.  Noggin is therefore positioned to 

affect and refine early BMP signaling along the dorsal roof plate.   

 

Downstream effector molecules give more of a clear picture as to where BMP 

signaling is actually occurring in the developing midbrain.  Phosphorylated SMAD 

proteins 1, 5, and 8 (pSMAD1/5/8) recognize total canonical BMP signaling, while MSX 

genes have previously been characterized as a transcriptional target of BMP signaling 

(Bach et al., 2003; Liu et al., 2004).  Both pSMAD1/5/8 and MSX expression is observed 

in the neural folds and then in the majority of the dorsal portion of the midbrain, similarly 

to that observed in the spinal cord.  Overexpression of the MSX genes has been shown 

to phenocopy Bmp signaling and cell-fate specification in the dorsal neural tube (Bach et 

al., 2003; Liu et al., 2004).   
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BMP Pathway Molecules are Position in Ventral Midbrain to Influence SHH 
Signaling 

In the development of the Drosophila wing, hh’s expression in the posterior cells 

is required to induce dpp signaling (Tanimoto et al., 2000b).  In the vertebrate, the dpp 

homologue, BMP2 expression is found to outline the floor plate expression of SHH, 

throughout the early stages of development known to be important in cell fate 

specification (Bayly et al., 2007).  This positioning could allow the two signaling 

molecules to influence each other.  SHH signaling could induce BMP2 expression in 

order to therefore have BMP2 modulate HH-dependent specification of ventral midbrain 

fates, similar to that observed in the fly (Capdevila and Guerrero, 1994; Ingham and 

Fietz, 1995; Zecca et al., 1995; Tanimoto et al., 2000a).  On the other hand, BMP2 could 

be positioned to antagonize SHH signaling, possibly limiting its range of action, and the 

expansion of floor plate similar to the spinal cord (Patten and Placzek, 2002), or inhibit 

its ability to progress through the cell cycle as observed in cerebellar granule cells (Rios 

et al., 2004).   

 

BMP Pathway Molecules Expressed in the Floor Plate of the Midbrain with 
SHH 

Several BMPs are expressed in the ventral signaling center, the floor plate, along 

with SHH during the development and patterning of the vertebrate midbrain.  From the 

earliest stages investigated BMP7 is expressed in the floor plate.  Throughout 

development BMP7 is continual expressed in the medial portion of the floor plate with 

SHH, even as SHH expression expands to include a more lateral floor plate position.  As 

development continues, several other BMPs (BMP5 and BMP6) begin to be expressed 

in a narrow strip of the ventral midline.  The coexpression of BMP7 and Shh throughout 
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development suggest a possible cooperative signaling similar to that observed in the 

rostral diencephalon, which results in the specification of the rostral diencephalic ventral 

midline cells (Dale et al., 1997; Dale et al., 1999).  The narrow expression of BMPs 

along the ventral midline occurs after most ventral cell-fates are thought to have been 

specified (Bayly et al., 2007), and therefore imply that the midline may be important in 

the guidance of later developing axons.   

 

In addition to BMP molecules, several of their antagonists are also expressed in 

the ventral midbrain.  Noggin is observed along the ventral midline early in development 

and therefore able to influence BMP signaling early (E1-E2.5) in the floor plate.  Like 

Noggin, Chordin is expressed in the floor plate from the earliest time investigated in this 

study.  As development progresses Chordin is observed in the medial portion of the floor 

plate (BMP7+) and along the edge of the expression of SHH, similar to BMP2.  These 

expression patterns position Chordin to regulate BMP signaling in the floor plate and 

BMP2’s lateral stripe.  Although Chordin is an antagonist to BMPs, in Drosophila it is 

also required to allow Dpp to be diffused (Eldar et al., 2002).  The BMP activation 

gradient is thought to be set by BMP ligands, BMP inhibitors, an accessory protein, and 

a protease which cleaves the inhibitors (Eldar et al., 2002).  The protease, BMP1/Tolloid, 

which cleaves Chordin, is expressed ubiquitously in the midbrain, able to influence 

Chordin and therefore the range BMPs can signal.     

 

Downstream effectors of the BMP pathway are also observed in the ventral 

midbrain.  Both MSX1 and pSMAD1/5/8 are observed in the lateral edge of the medial 

portion of the floor plate (BMP7+), suggesting that BMPs may be important in the 

regulation of the medial and/or lateral portions of the floor plate.  In addition, 
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pSMAD1/5/8 is observed as a mosaic expression along the ventricular surface of the 

presumptive midbrain H&H4.  This expression along the ventricular surface continues 

throughout midbrain development.  pSMAD1/5/8 is also found in the mantle layer by E5.  

This expression of activated R-Smad proteins (pSMAD1/5/8) implies a more universally 

role for BMP signaling in the development of the midbrain. 
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CHAPTER 5 
 

 

Bone Morphogenetic Protein Signaling is Required for the 
Specification of a Subregion of Floor Plate and the Regulation of 

Midbrain Size and Shape 

 

 

INTRODUCTION 

Bone Morphogenetic Proteins (BMPs) have been shown to be important during 

development to regulate many critical signals at several different stages and in different 

regions.  They are involved in cell fate specification, cell proliferation, cell differentiation 

and axon guidance (Liu and Niswander, 2005).  BMPs are secreted signaling proteins 

that elicit their effect by binding to a serine/threonine protein kinase receptor complex 

composed of BMP type I and BMP type II receptors (Fig. 1.2).  The BMP pathway can 

activate a canonical downstream effector, the SMAD proteins that regulate transcription 

of target genes (Feng and Derynck, 1996; Shi and Massague, 2003) or a non-canonical 

downstream effector.   

 

BMPs can activate other signaling cascades other than SMAD-mediated 

transcription.  There are several non-canonical pathways of BMP signaling that have 
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recently been described.  BMPs can activate signal through TGF-β-activated kinase1 

(TAK1), a member of the MAPK Kinase Kinase family.  TAK1 can then activate JNK or 

p38 MAPK through MAPK kinase 4 or MAPK kinase 3 or 6, respectively (Engel et al., 

1999; Yamaguchi et al., 1999; Hu et al., 2004).  BMP receptors have also been shown to 

directly interact with LIM kinase 1 (LIMK1; Fig. 1.2; Foletta et al., 2003; Lee-Hoeflich et 

al., 2004).  LIMK1, a downstream effector of the Rho GTPases, Cdc42, has been shown 

to bind to LIM binding domains on the cytoplasmic tail of BMPRII receptor.  Upon BMP 

binding LIMK1 is activated and signals to actin-depolymerizing factor (ADF)/cofilin to 

regulate actin dynamic in dendrite morphogenesis and stability.  Both of the canonical 

and non-canonical BMP signaling pathways can be modulated in different ways, 

including by extracellular antagonist proteins, such as Noggin, Chordin, Follistatin, and 

Gremlin. 

 

BMP signaling is required to form the dorsal midline and positively influences the 

regulation of dorsal cell type (Liem et al., 1995; Furuta et al., 1997; Nguyen et al., 2000; 

Timmer et al., 2002; Fernandes et al., 2007).  Neurulation or folding of the neural plate to 

produce a closed neural tube is initiated by the creation of hinge points (Colas and 

Schoenwolf, 2001).  These hinge points are created through a number of coordinated 

cell behaviors occur.  These include cell cycle, cell death, cell shape changes (wedging), 

and cell rearrangements (Schoenwolf, 1991). A recent study shows that BMP inhibition 

underlies the regulation of the dorsal lateral hinge points during the closure of the 

anterior neural tube (Ybot-Gonzalez et al., 2007).  Embryos lacking Noggin exhibited 

elevated BMP signaling in dorsal tissues during neurulation, and died perinatally with 

spina bifida and exencephaly (Stottmann et al., 2006).  Therefore proper regulation of 

BMP signaling is needed for the closure and fusion of the neural tube.   
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As the neural plate fuses dorsally and segregates from the non-neural ectoderm, 

the neural crest are derived and migrate away to form many diverse cell populations 

(Selleck and Bronner-Fraser, 1995).  BMPs are not only involved in the specification of 

neural crest but have been shown to be important in their epithelial-to-mesenchymal 

transition (EMT) and subsequent migration (Liem et al., 1995; Liu et al., 2004; Shoval et 

al., 2007).  The transformation of cells during EMT is dependent on dynamic actin 

cytoskeleton (Pollard and Borisy, 2004).  It has previously been demonstrated that BMPs 

regulate actin cytoskeleton in the morphogenesis of dendrites (Foletta et al., 2003; Eaton 

and Davis, 2005), and therefore could control EMT by regulating the cell’s actin 

cytoskeleton. 

 

In addition to BMP’s role in the dorsal midline and neural crest specification, BMP 

signaling has a crucial role during the subsequent patterning of the dorsal neural tube.  

BMP signaling has been shown to be critical in the establishment of dorsal cell-fates in 

the spinal cord, hindbrain, and forebrain.  In the development of the spinal cord, several 

BMP proteins (Bmp2, Bmp4, Bmp5 and Bmp7) are secreted from the surface ectoderm 

and the newly formed dorsal signaling center, the roof plate, while Shh is expressed in 

the ventral signaling center, the floor plate (Liem et al., 1995).  Opposing concentration 

gradients established by BMPs and Shh is though to pattern the neural tube along the 

dorso-ventral axis (Jessell, 2000).  Null mutants of BMPs are difficult to study due to 

their role in gastrulation, truncated anterior phenotype, and overlapping expression 

patterns.  For example, BMP4 null mutant mice die during gastrulation, Bmp5 and Bmp7 

expression overlaps considerably and therefore individual mutant do not show defects, 
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while double mutants result in an anterior truncation (Dudley et al., 1995; Luo et al., 

1995; Furuta and Hogan, 1998; Solloway and Robertson, 1999).  

 

BMP signaling has been studied in the patterning of the dorsal spinal cord.  

Disruption of the roof plate through genetic ablation results in the loss of the dorsal third 

of all interneuron subtypes of the spinal cord (Lee et al., 2000).  The addition of BMPs 

can induce dorsal cell types in neural cultures (Liem et al., 1995), while the inhibition of 

BMP signaling by ectopic Noggin leads to a loss of roof plate, as well as the most dorsal 

interneuron population, dI1, at the same time as the dI2 interneuron population was 

expanded dorsally (Nguyen et al., 2000; Chesnutt et al., 2004).  These studies 

demonstrate the concentration dependence of BMP signaling in the correct specification 

of dorsal cell types. 

 

In more recent studies, BMP signaling has been shown to be important in neural 

development of the ventral cell-fates in the forebrain and cerebellum/hindbrain.  The 

ability of the rostral diencephalic ventral midline cells to be specified instead of caudal 

floor plate cells requires the correct temporal cooperative signaling between SHH and 

BMP7 (Dale et al., 1999).  In ventral hindbrain the disappearance of BMP7 precedes the 

appearance of SHH, so that if the expression of BMP7 is prolonged, SHH expression will 

be suppressed (Arkell and Beddington, 1997).  BMPs are also known to coordinate with 

other key developmental pathways such as Fibroblast Growth Factors (FGFs) in 

regulating cell proliferation and patterning (Ohkubo et al., 2002) 

 

In the midbrain, several BMPs and their antagonists are strongly expressed in 

the roof plate as well as the floor plate (see Chapter 4).  The expression of several 



 111 

BMPs and their antagonist ventrally in the floor plate along with SHH, indicates that 

BMPs may influence SHH-dependent cell-fate specification.  In addition, expression of 

activated SMAD1/5/8 is mosaic throughout the midbrain, suggesting a more ubiquitous 

regulation (see Chapter 4).  To study the role of BMPs in the development of the 

midbrain, BMP signaling was manipulated using in vivo electroporations in select regions 

of the developing chick midbrain.  BMPs dorsally appear to have a role in some cell-fate 

specification; however their role in ventral patterning of the midbrain is more complex. 

BMP blockade appears to be required for the differential patterning of subregions of the 

rostral floor plate as well as in the bending and shaping of the neural tube, but not in 

specifying ventral midbrain neural fates.  Finally, BMP signaling appears to be a critical 

regulator of cell proliferation and differentiation possibly via its control of Notch-Delta 

signaling. 

   

RESULTS 

In this study, we manipulated BMP signaling through the use of in ovo 

electroporation of NOGGIN, BMPRIADN, BMP4, or BMPR1ACA in the developing chick 

midbrain. 

 

BMP Blockade Reduces Midbrain Size and Alters its Shape  

BMP signaling has been shown to either stimulate cell death, cell proliferation, or 

promote cell cycle exit and differentiation in a cell type specific manner (Hogan, 1996).  

In the midbrain, the blockade of BMP signaling results in a dramatic reduction in its 

overall size, while an increase in BMP signaling does not affect midbrain size (Fig. 5.1A-

C).  However, upon cross-section of the midbrains with abnormal BMP signaling, several  
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Figure 5.1:  BMPs regulate midbrain size and shape.  A-C:  Embryos shown in 
sagittal views with rostral to the right.  D-I: Midbrain cross-sections with dorsal or 
ventricular surface to the top.  A-C: Misexpression of NOGGIN (C) dramatically reduces 
the size of the midbrain, while BMP overexpression (A) is not significantly different than 
control (B).  D-F: NOGGIN electroporation (F) results in kinking of the ventral tissue.  
Ectopic BMP (D) flattens ventral tissue compared to the normal curvature of ventral 
midbrain (E).  G-I: Overexpression of BMPs (G) has no effect of pSMAD1/5/8 
expression, while a decrease is observed after NOGGIN electroporation (I) reveals a 
decrease in BMP signaling compared to control (H).  Abbreviations: HB: hindbrain; MB: 
midbrain; rFP: rostral floor plate. 
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abnormalities can be observed including a malformation of the overall midbrain shape 

(Fig. 5.1D-I).  Ectopic BMP signaling results in a flattening of the rostral floor plate ~66% 

of the time.  While a decrease in BMP signaling creates ectopic hinging ~70% of the 

time.  The use of NOGGIN to antagonize BMP signaling is seen by a decrease in 

pSMAD1/5/8 expression on one side of a misshapen midbrain (Fig. 5.1G-I).  This 

suggests that although Noggin may be blocking SMAD dependent BMP signaling, the 

overall tissue shape changes appear not to be cell autonomously dependent on the 

BMP-SMAD canonical pathway. 

 

NOGGIN Misexpression Suppresses Roof Plate and Dorsal Cell-Fates 

BMP molecules have been shown to be important in the specification of dorsal 

cell types (Liem et al., 1995).  Blocking BMP signaling in the spinal cord causes a loss of 

the roof plate, as well as dorsal interneurons (Nguyen et al., 2000; Chesnutt et al., 

2004).  In the midbrain a similar result is observed when NOGGIN is ectopically 

expressed dorsally.  Several dorsal cell types are absent or significantly reduced after 

BMP blockade.  The roof plate, marked by WNT1, BMP7, and LMX1B has all been lost 

after NOGGIN electroporations (Fig. 5.2A-F).  ZIC1, a marker of a subset of dorsal 

neural cells, including neural crest, is also drastically reduced (Fig. 5.2E-F).  BMP 

blockade caused a decrease in the total dorsal midbrain as observed by PAX7 

expression, a marker of all dorsal cells except the roof plate (Fig. 5.2G-H).  The 

decrease in dorsal cell types in the midbrain after BMP blockade confirms that dorsal 

BMP signaling establishes dorsal cell fates in the midbrain. 
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Figure 5.2: NOGGIN misexpression results in a loss of roof plate and dorsal cell-
fates.  A-B, E-F: Midbrain cross-sections with dorsal to the top.  C-D: Free-floating 
embryos seen in a top-down view, rostral to the top. G-H: Embryos in sagittal views with 
rostral to the right.  A-D: NOGGIN electroporations (B, D, F) but not EGFP 
electroporations (A, C, E) results in the suppression of roof plate markers (LMX1B, 
brown; BMP7, blue: A-B; WNT1, blue: C-D; WNT1, brown: E-F).  E-H: Decrease of ZIC1 
(blue; F) and PAX7+ (brown; H) dorsal territories in NOGGIN electroporated brains (F, 
H) compared to EGFP electroporated controls (E, G). Abbreviations: FB: forebrain; HB: 
hindbrain; MB: midbrain; rFP: rostral floor plate; RP: roof plate. 
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BMP Signaling does not Affect Ventral Cell-Fate Specification 

Ventral patterning has been well studied in the vertebrate spinal cord, where 

SHH is known to pattern the ventral cell-types (Chiang et al., 1996; Wijgerde et al., 

2002).  Gain and loss of function studies have shown that Hedgehog is both necessary 

and sufficient for cell-fate specification in the spinal cord (Chiang et al., 1996; Briscoe 

and Ericson, 1999; Zhang et al., 2001).  SHH has also been shown to be necessary and 

sufficient for ventral midbrain cell-fate specification (Agarwala et al., 2001; Blaess et al., 

2006; Bayly et al., 2007).  However, as shown in Chapter 4, BMPs are also expressed in 

the ventral midbrain throughout early stages of development known to be important for 

ventral cell-fate specification (Bayly et al., 2007).  Specifically, several BMPs are shown 

in the ventral signaling center, the floor plate, along with SHH.  Therefore we asked if 

BMPs played a role in the specification of ventral cell-fates.  To our surprise, BMPs do 

not appear to be involved in ventral cell-fate specification of the midbrain.  

Overexpression and blockade of BMP signaling does not effect the expression of SHH in 

the floor plate or the homeobox genes that help mark the midbrain cell fates (PHOX2A 

and PAX6; data not shown; Fig. 5.3A-B).   

 

The medial territory in the midbrain gives rise to several important nuclei: the 

oculomotor complex, red nucleus and midbrain dopaminergic neurons (Agarwala and 

Ragsdale, 2002).  BMPs do not appear to contribute to the specification of any of these 

either the oculomotor complex, marked by PHOX2A and ISL1 or the red nucleus marked 

by BRN3A (Fig. 5.3A-F).  However, upon cross-section there appears to be a disruption 

in the positioning of the cell populations in the ventricular-pial axis (Fig. 5.3E-F).  

Previous reports have suggested that BMPs play a role in the development of  
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Figure 5.3: BMPs do not specify midbrain ventral cell fates.  A-D: Wholemounts, 
with rostral to the top and ventricular surface faces the viewer. E-H: Midbrain cross-
section, ventricular surface to the top. A-B: Normal ventral cell-fate specification is 
observed accompanied by size regulation in the ventral midbrain following NOGGIN (B) 
compared to controls (A).  Midbrain cell fates are assayed by homeobox gene 
expression of PHOX2A (blue) and PAX6 (blue) and SHH (brown).  C-F: Markers of the 
OMC (ISL1; brown) and RN (BRN3A; blue) are specified correctly; however appear 
misorganized in cross-section (F) due to midline kinking after NOGGIN electroporation 
(D, F).  G-H: Dopaminergic neurons (TH) are unaffected after BMP blockade (H). 
Abbreviations: 1: arc 1; HX: homeobox gene expression of PHOX2A and PAX6; MDA: 
midbrain dopaminergic neurons; MHB: midbrain-hindbrain boundary; OMC: oculomotor 
complex; P6: PAX6; rFP: rostral floor plate; RN: red nucleus; tec: tectum. 



 117 

dopaminergic neurons (Reiriz et al., 1999; Stull et al., 2001).  Blocking BMP signaling 

with ectopic NOGGIN does not appear to affect TYROSINE HYDROXYLASE (TH) 

expression in the ventral midbrain (Fig. 5.3G-H).  Although BMPs do not appear to be 

important in the specification of most ventral cell-fates in the midbrain, a change in the 

shape and increase in the thickness of the neuroepithelium of the ventral midbrain is 

apparent upon cross-section.  This change in shape and thickness may be occurring 

through a compression along the mediolateral axis of the tissue.  

 

BMP Blockade Results in an Expansion of the Medial Portion of the Floor 
Plate 

Although BMPs are not required for the specification of ventral arcuate territories, 

the presence of BMPs in the medial portion of the floor plate indicates that BMPs have a 

role in the regulation of midbrain floor plate specification.  The floor plate is an epithelial 

group of cells positioned in the ventral neural tube of vertebrates.  Floor plate functions 

as a signaling center, which is important in the specification of several neuronal 

subtypes (Echelard et al., 1993; Marti et al., 1995; Chiang et al., 1996; Schäfer et al., 

2007) during early embryonic development.  Previous studies in the diencephalon 

reveal specifically the requirement of BMPs in the specification of rostral floor plate cells 

(Dale et al., 1999), suggesting that ventral BMPs in the midbrain may regulate the 

specification of midbrain floor plate cells.  To investigate BMP signaling on floor plate 

specification of the midbrain, electroporations using NOGGIN were carried out along the 

rostral floor plate.  BMP blockade does not appear to affect the overall expression of 

SHH in the midbrain floor plate (Fig. 5.3A-B; Fig. 5.4A-D); however an expansion of 

medial region of the floor plate (DISP1+; LMX1B+; BMP7+) occurs (Fig. 5.4A-H).  Along  
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Figure 5.4: NOGGIN misexpression results in an expansion of the medial region of 
the floor plate.  A-B, E-F: Wholemounts, with rostral to the top and ventricular surface 
faces the viewer. C-D, G-H: Midbrain cross-section, ventricular surface to the top. A-D: 
Expansion of medial floor plate region, identified by DISP1 (blue) at E6, following 
NOGGIN electroporation (B, D).  Normal DISP1 expression in the medial floor plate is 
shown in the EGFP electroporated control in B and D. Arrows show the extent of DISP1 
expression. Note the ectopic DISP1 cells (arrowhead) in the differentiation layer. E-H: 
Expansion of DISP1 and LMX1B markers of the medial floor plate is observed after BMP 
blockade (F, H).  Note the ventral delaminated cells in the lumen (arrowhead). 
Abbreviations: lFP: lateral floor plate; mFP: medial floor plate; MHB: midbrain-hindbrain 
boundary. 
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Figure 5.5:  Medial floor plate markers are significantly expanded after NOGGIN 
electroporation compared to EGFP controls. Student’s t-test p<0.05. 
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the medial region of the floor plate, DISP1 is required for the movement of HH protein 

from where it is synthesized and is essential for proper HH signaling to occur (Kawakami 

et al., 2002).  Where as, LMX1B is known to be important for the early development of 

the midbrain dopaminergic neurons (Smidt et al., 2000).  However, as discussed above, 

the decrease in BMP signaling does not affect ventral cell-fate specification, included the 

expression of TH in the mature dopaminergic neurons.  The expansion of the medial 

region of the floor plate can be better observed in cross-section, taking into account the 

distorted curvature of the ventral midbrain.  Measurements of the DISP1 and LMX1B at 

the medial floor plate reveals an expansion of 18% (p<0.03) and 23% (p<0.05) 

respectively, while the SHH+ territory is not significantly altered (Fig. 5.5; data not 

shown).  These results taken together imply that the change in medial region of the floor 

plate is not important in ventral cell-fate specification, but perhaps the overall expression 

of the medial and lateral floor plate regions especially SHH is what is important. 

 

BMP and SHH do not Appear to Influence Each Other in the Patterning of 
the Ventral Midbrain 

HH and BMP signaling molecules are expressed in locations relative to one 

another that would allow for their signaling pathways to interact.  The expression of both 

SHH and BMPs in the ventral midbrain suggests a possible interaction between the two 

signaling pathways.  A combination of SHH overexpression and BMP blockade did not 

exhibit any synergistic or suppressive effects.  The manipulation appears to exhibit 

results similar to both a SHH overexpression and a BMP blockade alone.  The ventral 

midbrain cell-fates were expanded as observed with ectopic SHH and the overall shape 

of the midbrain was altered as found after NOGGIN electroporation (Fig. 5.6).   
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Figure 5.6:  BMP blockade and HH signaling do not influence one another. 
Wholemounts, with rostral to the top and ventricular surface faces the viewer.  A:  
Ectopic SHH along the ventral midline results in an expansion of LMX1B (brown) 
expression at the MHB and an expansion of PHOX2A (blue) and PAX6 (blue) territories 
away from the midline.  B-C:  Overexpression of SHH and NOGGIN results in the 
individual characteristics of each manipulation.  Overexpression along the midline results 
in a decrease in the overall size of the midbrain and an expansion of HH-dependent cell 
fates away from the ectopic SHH source whether it is along the midline (B and C) or 
along the MHB (C).  Abbreviations:  1: first arc; HX: homeobox gene expression of 
PHOX2A and PAX6; MHB: midbrain-hindbrain boundary; P6: PAX6; rFP: rostral floor 
plate. 
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Therefore, in the developing ventral midbrain, SHH and BMP signaling pathways do not 

appear to be interacting with one another but possibly working in parallel.  

 

Midbrain Shape and Cytoarchitecture are Severely Perturbed After BMP 
Manipulation 

Tissue remolding is usually caused by a change in cellular rearrangement and 

morphogenesis (Schoenwolf, 1991; Pilot and Lecuit, 2005).  The regulation of BMP 

signaling is important during neurulation and neural tube closure (Hogan, 1996b; 

Stottmann et al., 2006; Ybot-Gonzalez et al., 2007).  The inhibition of BMPs in the 

mouse neural tube by Noggin, has been shown to regulate the molecular mechanisms 

involved in the formation of the dorsal lateral hinge points leading to the proper closure 

of the anterior neural tube (Ybot-Gonzalez et al., 2007).  In the midbrain, the disruption 

of proper BMP signaling results in either a flattening of the tissue ventrally resulting from 

an overexpression of BMP or ectopic kinking and a severe grooving at the midline with 

BMP signaling is blocked with NOGGIN overexpression (Fig. 5.1D-F; Fig. 5.7A-B).  

These disruptions can occur quickly.  Embryos stained for F-actin with Phalloidin and the 

cell nuclei with DAPI (4',6-diamidino-2-phenylindole) reveal a disruption in the normal 

pseudostratified morphology of the chick neuroepithelium only six hours after NOGGIN 

electroporation (Fig. 5.7C-F).  The apical F-actin distribution is increased at the kinks 

along the midline and disrupted where clusters of cells delaminate into the lumen.  

Observations of individual cell shapes reveal that after BMP blockade, the cells become 

round in shape versus the normal elongated shape found in the pseudostratified 

epithelium (Fig. 5.7G-H).  This suggests that BMP signaling may contribute to the control 

of cellular and therefore tissue architecture in normal midbrain development. 
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Figure 5.7: Midbrain shape and cytoarchitecture severely perturbed following BMP 
blockade.  Cross-sections through the midbrain with dorsal to the top. A-B: Phalloidin 
staining shows that compared to controls (A), NOGGIN electroporated brains (B) display 
severe “grooving” of the ventral midline and disrupted pseudostratifed morphology. C-D: 
Phalloidin immunostaining shows that compared to controls (C), the epithelial 
architecture of the midbrain is severely perturbed following NOGGIN electroporations 
(D).  Note the presence of disruption of apical F-actin (arrowhead). E-F: DAPI staining 
reveals delamination of cells into the lumen of the midbrain (F; arrow) after NOGGIN 
electroporation. G-H: High magnification images of Phalloidin immunostaining showing 
that the normal cell-shape seen in control midbrains (G) is altered following NOGGIN 
electroporations (H). Abbreviations: rFP: rostral floor plate; RP: roof plate. 
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BMP Blockade Increases Neural Crest Cell Specification and Migration 

The fusion of the neural plate dorsally leads to its separation from the non-neural 

ectoderm and the specification of the neural crest cells.  These cells are thought to be 

derived from a medium concentration of BMPs (Selleck and Bronner-Fraser, 1995).   

Blocking of BMPs, with NOGGIN, lead to an increase in the amount of SOX10+ neural 

crest cells (Fig. 5.8A-F).  These electroporation occurred in stage 8 embryos before the 

neural tube has fused dorsally and collected six hours later.  This increase in the amount 

of neural crest cells was accompanied by an increase in their rate of migration away 

from the midline.  In cross-section, the amount of SOX10+ cells and the distance these 

cells are from the dorsal midline can be observed significantly increased (Fig. 5.8E-F).  

These results suggest that by blocking BMPs dorsally we are possibly converting non-

neural ectoderm into neural crest cells. 

 

BMP Signaling Regulates N-Cadherin Leading to Cell Delamination 

As previously observed, cell shape change and disrupted cytoarchitecture can 

lead to a massive delamination of cells in embryos after NOGGIN electroporation.  

BMPs have been shown to be important in the regulation of cell shape changes that 

occur in epithelial-to-mesenchymal transitions of neural crest cells (Sakai et al., 2006; 

Shoval et al., 2007).  Blocking BMPs with NOGGIN in the dorsal midbrain and then 

observing changes in neural crest after six hours showed a large number of cells 

delaminating into the lumen.  These delaminating cells were SOX10+, a marker of neural 

crest, and WNT1+, a marker of midbrain at this stage (Fig. 5.8E-F).  These cells appear 

to be deregulated from their prior state and pushed into the lumen of the midbrain and 

are subsequently programmed to die.  The cells in the lumen are TUNEL+ (Fig. 5.8G-H), 

a marker of cells undergoing apoptotic cell death.  The delamination of cells can occur  
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Figure 5.8: BMP blockade increases neural crest cells and leads to massive cell 
delamination of affected cells.  A-D:  embryos shown in dorsal view, rostral to the top.  
E-H: Midbrain cross-sections with dorsal to the top.  A-F: H&H8 embryos electroporated 
with EGFP (A, C, E) showing ubiquitous WNT1+ (brown) labeling of the midbrain and 
SOX10 (blue) labeling of neural crest. Midbrain electroporated with NOGGIN (B, D, F) 
were examined at stages matched with the control embryos. BMP blockade leads to an 
increase in neural crest cells (B, D), an increase in their migration rate away from the 
dorsal midline (B, D, F; arrowheads mark the farthest migration point) and massive 
delamination of WNT1+ and SOX10+ cells into the lumen of the midbrain (F).  G-H: 
Compared to control electroporations (G), massive death of delaminating cells and of 
cells on the electroporated (right; arrow) side of NOGGIN electroporated embryos (H). 
Abbreviations: FB: forebrain; MB: midbrain; rFP: rostral floor plate; RP: roof plate. 
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into the lumen at later stages as well as from lateral or even ventral tissue (Fig. 5.4H).  In 

addition, cells normally found in the ventricular layer can also be observed to have 

delaminated into the mantle layer among differentiated cells (Fig. 5.4D; Fig. 5.11E).  This 

delamination and subsequent death of cells may partially explain the reduction of the 

overall brain size.   

 

The epithelial-to-mesenchymal transition of the migrating neural crest have been 

shown to be regulated by changes in cell adhesion molecules, such as Cadherins 

(Nakagawa and Takeichi, 1998; Shoval et al., 2007).  Therefore, the delamination of 

cells into the lumen may be caused by BMPs regulation of Cadherins.  Changes in N-

CADHERIN mRNA expression levels were observed after BMP manipulation (DS. Eom 

and S. Agarwala, unpublished data).  In the developing midbrain, blocking BMP 

signaling increased N-CADHERIN mRNA levels, while over expression of BMP signaling 

decreased N-CADHERIN mRNA levels (DS. Eom and S. Agarwala, unpublished data).  

At a protein level, N-Cadherin, which is normally restricted to the apical surface, appears 

to have lost its polarity in cells that no longer display a normal pseudostratified structure 

and elongated shape after BMP signaling blockade (Fig. 5.9A-D).  These cells without 

polarized N-Cadherin have delaminated into the lumen of the midbrain.  However, over 

expression of BMPs does not appear to affect the protein level or distribution of N-

Cadherin along the apical surface (data not shown).  This suggests a threshold of BMP 

signaling is needed to control cell adhesion and a decrease of BMP signal can lead to a 

disruption of cellular architecture, delamination and death. 
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Figure 5.9: BMP signaling regulates N-Cadherin distribution.  Midbrain cross-
sections with dorsal to the top.  A-D: Disruption of N-Cadherin (NCAD) polarity at the 
apical surface and in cells delaminating into the lumen following NOGGIN 
electroporation (B, D). EGFP electroporated control (A, C) does not affect NCAD 
expression. Images C and D are higher power images of the A and B.  Abbreviations: 
L: lumen; rFP: rostral floor plate; RP: roof plate. 
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BMP Blockade Leads to an Increase in Cellular Proliferation and 
Differentiation 

The thickening of the neuroepithelium observed upon transverse cross-

sectioning of the midbrain can be a result of deregulated cell proliferation and/or 

differentiation.  This option was investigated through the use of markers of the different 

stages of the cell cycle.  Expression levels of cell cycle progression markers, CYCLIN 

D1 (G1-S phase) and CYCLIN B2 (G2-M phase) appear to be unaffected after BMP 

blockade (data not shown).  However, phospho-histone H3, a marker of cells in mitosis, 

surprising revealed that blocking BMPs with NOGGIN decreased the number of cells in 

mitosis (Fig. 5.10A-C).  This decrease in cell proliferation was accompanied by an 

increase of cellular differentiation after BMP blockade.  A marker of neuronal cells that 

have left the cell cycle, HuC, was observed to be increased along the neuroepithelium.  

Surprisingly, there were also HuC+ cells in the differentiated layer of the rostral floor 

plate (Fig. 5.10C-D).  There are no HuC+ cells observed at the floor plate after EGFP 

electroporations.  The expression of Class III β-tubulin, another marker of differentiated 

neurons in the mantle layer appears increased along the rostral floor plate (Fig. 5.11C-

D) after BMP blockade, where normally very few differentiated cells are observed.  In 

addition, the proneural marker, CASH1, was decreased along the rostral floor plate after 

NOGGIN electroporation (Fig. 5.10E-F).  This type of premature differentiation 

phenotype is usually a result of disruption of the Notch-Delta signaling pathway. 
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Figure 5.10:  BMPs regulate cell proliferation and differentiation.  A-B:  Midbrain 
cross-sections with dorsal to the top.  C-D: Cross-sections with ventricular surface to the 
top.  E-F: Wholemounts, with rostral to the top and ventricular surface faces the viewer. 
A-B: Phospho-histone H3 (pHH3) expression displays a decrease in proliferation after 
NOGGIN electroporation (B) compared to EGFP controls (A).  C-D:  Increase in the 
neural marker HuC throughout the neuroepithelium and at the rFP (white arrow) after 
NOGGIN electroporation (D) compared to control (C).  White dashed lines mark the 
ventricular surface.  E-F: CASH1 (blue) a marker of proneural cells is decreased along 
the rostral floor plate after NOGGIN electroporation (F) compared to control (E).  No 
change was observed in PHOX2A (brown).  Abbreviations: 1: first arc; rFP: rostral floor 
plate; RP: roof plate. 
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BMPs Regulate Notch-Delta Signaling 

 Notch is a well-known cell surface protein that can promote both cell cycle 

progression and mitotic arrest and differentiation (Beatus and Lendahl, 1998; Morrison et 

al., 2000; Roux et al., 2003; Guentchev and McKay, 2006). Twenty-four hours after 

NOGGIN electroporation, an increase in NOTCH1 expression was observed especially 

along the floor plate region where at E3 little NOTCH1 expression is normally observed 

(Fig. 5.11A-B).  At E5, NOGGIN electroporated brains still exhibit this increase in 

NOTCH1 expression in the ventricular layer (Fig. 5.11C-D).  The increase of NOTCH1 

expression along the rostral floor plate was accompanied by an increase in the 

expression of the Notch ligand SERRATE1 after BMP blockade (Fig. 5.11F-G).    

 

An increase of BMP signaling after an over expression of BMP4 ventrally results 

in a decrease in the NOTCH1 labeling of the ventricular surface (data not shown).  This 

decrease is best noted at the floor plate and along the side of the midbrain that has lost 

the normal curvature of the ventral tissue (data not shown).  This decrease in the 

ventricular layer was not accompanied by any change in the differentiated layer.  

Expression of Class III β-tubulin appears to be the same as control electroporated brains 

(data not shown).  Taken together, these results suggest that an increase in NOTCH1 

and SERRATE1 in the medial region of the floor plate (where BMPs are normally 

expressed; see Chapter 4) are causing cells to stop proliferating and differentiate 

prematurely through their ability to regulate the Notch-Delta signaling pathway.  
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Figure 5.11: BMP signaling affects Notch-Delta signaling molecules.  A-B: Midbrain 
cross-sections, dorsal to the top.  C-F: Midbrain cross-sections, ventricular surface on 
top. A-D: NOTCH1 expression (blue) is observed increased at the rostral floor plate after 
NOGGIN electroporation (B, D), and class III beta-Tubulin (IIIb TUB; brown; D) is 
increased at the rFP (arrowhead) compared to controls (A, C). The black arrow in E 
notes NOTCH1+ cells in the differentiated layer.  Inset is a higher magnification.  Note 
the disruption of the cytoarchitecture in (B).  E-F: Increase in SERRATE1 expression is 
observed along the ventral midline after NOGGIN electroporation (F) compared to EGFP 
controls (E).  Abbreviations: rFP: rostral floor plate; RP: roof plate. 
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DISCUSSION 

In this chapter the role of BMPs in the development and specification of the 

midbrain was investigated.  This study focuses on the cellular and molecular 

mechanisms controlled by BMP signaling in the vertebrate midbrain.  BMP signaling was 

manipulated by in vivo electroporation of NOGGIN, BMPR1Adn, BMP4, or BMPR1Aca in 

select regions of the developing chick midbrain.  Results of this study suggest that the 

primary role of BMPs in the midbrain is to regulate tissue and epithelial morphology 

through a control of cell adhesion molecules.  The consequences of altered tissue and 

epithelial morphology include reduced cell survival, altered tissue shape and size, and a 

positional loss of dorsal cell fates possibly resulting from delamination and the ultimate 

removal of dorsal cell fates from the neural tube.  BMPs regulation of Notch-Delta 

signaling at the midline of the ventral midbrain may contribute to the correct specification 

of the medial versus lateral floor plate regions.   

 

Several BMPs are expressed in the non-neural ectoderm, and as the neural tube 

closes they are then expressed in the dorsal midline, roof plate. After the tissue is 

established to be neural, studies have shown that BMP signaling positively influences 

the regulation of dorsal cell types (Liem et al., 1995; Furuta et al., 1997; Nguyen et al., 

2000; Timmer et al., 2002).  BMP blockade resulted in a loss of roof plate (WNT1, 

LMX1B and BMP7) and a simultaneous reduction in several dorsal cell-fates (PAX7, 

ZIC1).  Surprising, blocking BMPs also resulted in an increase of the dorsal cell-fate of 

neural crest cells.  This may have occurred by converted the non-neural ectoderm into 

more neural crest cells as the dorsal midline was fusing.  In vertebrate spinal cords 

BMPs are thought to be important in the neural induction of the dorsal neural tube and to 
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inhibit the spread of the ventral signal of Sonic Hedgehog (SHH) from the floor plate 

(Liem et al., 1995).  In the midbrain, several BMPs are also expressed ventrally in the 

floor plate along with SHH.  However, the down-regulation of BMPs does not alter the 

normal midbrain pattern of longitudinal stripes (arcs) and the cell-fates associated with 

each arc were correctly specified.  The lack of an expansion of ventral midbrain cell-

fates in the NOGGIN electroporated brains suggests that BMPs are not acting as a 

morphogen, specifying different cell fates at increasing concentrations.  The unaltered 

ventral cell-fates did however appear perturbed in their overall width and shape of 

ventral tissue of the developing midbrain.   

 

The folding of the neural plate to produce a closed neural tube is triggered by the 

a number of coordinated cell behaviors (Colas and Schoenwolf, 2001).  Molecular 

signals that regulate cell shape changes at the hinge points remain largely unknown.  

BMP inhibition possible by Noggin underlies the regulation of the dorsal hinging during 

neural tube closure (Ybot-Gonzalez et al., 2007).  The non-canonical pathway for BMP 

signaling through LIM kinase 1 (LIMK1) and Cdc42, bound to the cytoplasmic tail of 

BMPRII receptor (Foletta et al., 2003; Lee-Hoeflich et al., 2004) is described to regulate 

actin dynamics. Blockade of BMP signaling results in an overall reduction in the size of 

the midbrain and a significant change in its shape.  The altered tissue shape change 

resembles ectopic hinge points and BMPs ability to affect cell shape changes (rounded 

cell instead of the normal elongated shape found in the pseudostratified midbrain; DS 

Eom, unpublished).  The blocking of BMPs also leads to severe delamination of dorsal 

cells into the lumen of the neural tube.  The delaminating cells were identified as neural 

crest (SOX10+) and generic midbrain (WNT1+) cells.  BMPs are known to be important 

in the specification and subsequent migration of neural crest away from the neural tube 
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(Liem et al., 1995; Liu et al., 2004; Shoval et al., 2007).  The migration of the neural crest 

occurs by a change in Cadherin expression (Nakagawa and Takeichi, 1998).  BMPs 

have been previously shown to regulate N-Cadherin’s inhibition of neural crest migration 

(Shoval et al., 2007).  Delaminated cells observed in the lumen of the midbrain after 

BMP blockade expressed altered N-Cadherin expression.  An alteration in N-Cadherin 

has been previously shown to result in cells losing their pseudostratified morphology and 

migrate away from the neural tube (Hong and Brewster, 2006; Shoval et al., 2007).  The 

delaminated cells are subsequently eliminated through programmed cell death.  

Therefore, the loss of dorsal fates and the absence of consequent expansion of ventral 

cell fates may be due to the loss of dorsal tissue through death and not a change in the 

BMP concentration gradient.  

 

BMP blockade resulted in an increase of NOTCH1, SERRATE1, and 

differentiated cells (HuC+), while decreasing cell proliferation (pHH3+) and CASH1, in 

the medial region of the floor plate where BMPs are normally expressed.  These results 

suggest a role for BMPs in the regulation of Notch-Delta signaling in the ventral 

midbrain.  The resultant alteration of Notch-Delta signaling may contribute to the 

proliferation and specification of medial and lateral floor plate.   
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CHAPTER 6  

 

 

Notch Signaling is Required for Proper Floor Plate Specification 
of the Vertebrate Midbrain and Spinal Cord 

 

 

INTRODUCTION 

Neuronal diversity is a main feature of the vertebrate nervous system in which 

progenitor cells are mainly generated in the ventricular layer of the neural tube before 

differentiating and migrating basally into the mantle layer with other differentiated 

neurons.  Neurons are specified differently depending on their spatial positions by many 

signaling molecules (Liem et al., 1995; Chiang et al., 1996; Briscoe and Ericson, 1999; 

Agarwala et al., 2001; Zhang et al., 2001; Timmer et al., 2002; Chizhikov et al., 2006).  

Specialized epithelial structures of cells along the dorsal and ventral midlines form the 

roof plate and floor plate, which are important sources of these signaling molecules 

(Goulding et al., 1993; Matise et al., 1998; Patten et al., 2003; Chizhikov and Millen, 

2004b; Chizhikov et al., 2006).   

 

The floor plate cells are characterized by a cuboidal shape and expression of 

specific genes.  In the mouse spinal cord Shh is restricted to the innermost cells of the 

floor plate, while FoxA2 is broader (Marti et al., 1995; Odenthal et al., 2000).  Combined 
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with shape differences, this leads to the definitions of medial floor plate (mFP) and 

lateral floor plate (lFP; Schäfer et al., 2007).  The induction of floor plate cells is different 

in varying species and possibly varies along the anterior-posterior axis.  Medial floor 

plate is thought to be derived from the node and integrated into the midline, while lateral 

floor plate is neuroectoderm derived.  However in mice, all floor plate cells appear to be 

derived from the neuroectoderm (Placzek and Briscoe, 2005).  Floor plate cells are 

thought to be induced by Shh in the mouse and chicken (Patten et al., 2003), while in 

zebrafish Shh only induces lFP, while Nodal may induce mFP (Sampath et al., 1998; 

Patten et al., 2003; Tian et al., 2003).  Although Shh is important in lFP induction, Notch-

Delta signaling has been shown important to regulate its formation versus mFP in 

zebrafish (Schäfer et al., 2007).   

 

Notch-Delta signaling (Fig. 1.3) is normally known to regulate neurogenesis in 

vertebrates.  It maintains the balance between differentiating and proliferating cells by 

lateral inhibition, where differentiating neural cells inhibit the differentiation of their 

uncommitted neighbor cells.  The Notch-Delta pathway is an evolutionarily conserved 

signaling mechanism that plays a critical role in cell-fate decisions and pattern formation 

(Beatus and Lendahl, 1998).  Notch is a transmembrane receptor protein that is 

activated by transmembrane ligand proteins (Delta and Serrate).  The physical 

interaction between the ligand and the receptor results in the proteolytic cleavage and 

endocytosis of the Notch extracellular domain into the ligand’s cells.  The ligand is 

processed and endocytosed to produce an intranuclear fragment.  The intracellular 

domain of Notch is endocytosed by the receptor-bearing cells and processed further by 

γ-secretase-like activity resulting in the release and nuclear translocation of the Notch 

intracellular domain (NICD).  The ligand and receptor endocytosis has been shown to be 
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ubiquitination-triggered by E3 ubiquitin ligases, Neuralized and Mind bomb (Mib).  

Abolishing MIB1 activity in mice severely reduces Notch signaling by inhibiting the 

generation of the NICD (Barsia et al., 2005).  In this study we use the Mib mutant mouse 

to study the effect Notch-Delta signaling has on floor plate specification and the 

subsequent patterning of the vertebrate midbrain and spinal cord.   
 
 

RESULTS 

Notch Signaling is Required for Proper Floor Plate Specification 

In the chick hindbrain and spinal cord, Notch signaling has been shown to be 

important to maintain floor plate cells (Roux et al., 2003).  While in the zebrafish, Notch-

Delta signaling has been investigated and shown to regulate the development of the 

lateral floor plate.  The Notch-Delta signaling mutant (Mib1) in zebrafish, resulted in a 

loss of lateral floor plate in comparison to medial floor plate (Schäfer et al., 2007).  In the 

Mib-/- mouse, the medial portion of the floor plate, marked by Bmp7 and Lmx1b, appears 

to be specified normally (Fig. 6.1E-F, I-J).  Expression of Shh and FoxA2 is also 

specified; however a larger FoxA2+;Shh- area is observed suggesting a reduction in Shh 

expression (Fig. 6.1A-B).  A two color in situ hybridization of Shh and Bmp7 reveals that 

Shh+;Bmp7- cells which mark lateral floor plate are severely reduced compared to 

Shh+;Bmp7+ cells of the medial floor plate (Fig. 6.1I-J).  Cross-section of the midbrain 

reveals a disruption in the neuroepithelium consistent with a disruption of neurogenesis, 

and the premature differentiation of neurons (Barsia et al., 2005; Fig. 6.1).  In addition 

the normal curvature of the ventral tissue is absent in the Mib1 mutants, resulting in a flat 

ventral midbrain (Fig. 6.1).   
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In the spinal cord, although the medial floor plate expression of Lmx1b is 

observed in the Mib-/-, the expression of Shh is absent from the floor plate, however it 

does remain in the underlying notochord (Fig. 6.1C-D, G-H, I-J).  Although Bmp7 is not 

expressed in the floor plate of the spinal cord, it is normally observed in the notochord; 

however, the notochord expression of Bmp7 is also lost in the Mib-/-.  This suggests that 

Notch has differential regulation of Shh in rostral and caudal floor plates.  However the 

specification of medial floor plate in both midbrain and spinal cord is not affected. 

  

Ventral Cell-Fate Specification is Determined by Shh Expression in Floor 
Plate 

The difference in the ability Notch-Delta signaling has on ventral cell-fate 

specification has been investigated in the midbrain and spinal cord.  In both the midbrain 

and spinal cord, Shh signaling appears to be functional.  Ptc1, a transcriptional target of 

Hh signaling, is observed to be expressed correctly in both the midbrain and the spinal 

cord.  In the midbrain, the oculomotor neurons marked by Phox2a appear to be specified 

correctly.  However, in the spinal cord, the Phox2a+ motor neurons and the V3 

interneuron progenitors marked by Nkx2.2 are absent, while the intermediate spinal cord 

expression of Pax6 does not appear to be decreased in the Mib-/- mouse.  Therefore, in 

the midbrain, Notch-Delta signaling decreases the lateral expression of Shh but does not 

hinder ventral cell-fate specification.  However in the spinal cord, ventral cell-fates can 

not be specified in the deficiency of Notch-Delta signaling and the absence of Shh in the 

floor plate.   
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Figure 6.1: Notch-Delta signaling required for proper specification of lateral floor 
plate.  E10 mouse embryos. A-B, E-F, I-J: Midbrain cross-section, with dorsal to the top. 
C-D, G-H, K-L: Spinal cord cross sections with dorsal to the top.  A-D: Midbrain (A-B) 
and spinal cord (C-D) floor plate is marked with FoxA2 (brown) and Shh (blue) in wild-
type embryos (A, C). In Mib-/- mice (B, D) Shh expression appears to be decreased 
compared to FoxA2 in the midbrain (B).  In the spinal cord (D) FoxA2 (brown) is still 
observed in the floor plate while Shh (blue) only expressed in the notochord.  E-H: 
Medial floor plate marker Lmx1b (blue) expression appears normal in the Mib-/- midbrain 
(G) compared to wild-type (H).  In the spinal cord (G-H), Lmx1b (blue) is still expressed 
in the floor plate, while Shh (brown) is only observed in the notochord of the Mib-/- mice 
(H). I-L: Shh expression (brown) that does not overlap with Bmp7 (blue) is lost in the 
Mib-/- midbrain (J, L).  In the wild-type (I, K) Bmp7+ and Shh+ territory is the medial floor 
plate, while Bmp7- and Shh+ marks lateral floor plate. In the spinal cord (K-L), Shh 
(brown) is lost in the floor plate, but remains in the notochord, while Bmp7 normally 
expressed in the notochord is lost in the Mib-/- mice (L). Abbreviations: nch: notochord; 
FP: floor plate; rFP: rostral floor plate; RP: roof plate. 
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Figure 6.2:  Notch-Delta signaling required for some spinal cord ventral cell-fate 
specification.  A-B, E-F, I-J: Wholemounts, with rostral to the top and ventricular 
surface faces the viewer.  C-D, G-H, K-L, M-N:  Spinal cord cross sections with dorsal to 
the top.  A-D: No change in Ptc1 expression between wild-type (A, C) and Mib-/- mice (B, 
D) in the midbrain (A-B) or spinal cord (C-D).  E-H:  Phox2a (blue) expression in the 
wild-type (E, G) and Mib-/- mice (F, H) appears normal in the midbrain (E-F) but lost in 
the spinal cord (G-H).  Pax6 (brown) expression is still specified in the spinal cord of the 
wild-type (G) and Mib-/- mice (H).  I-L:  Ventral expression of Nkx2.2 (blue) in the 
midbrain (I-J) and spinal cord (K-L).  Expression of Nkx2.2 is lost in the Mib-/- mice spinal 
cord (L). Note the expression of Shh only in the notochord and not in the floor plate of 
the Mib-/- mice.  Abbreviations:  nch: notochord; rFP: rostral floor plate.
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DISCUSSION 

The floor plate is an important signaling center that can specify neurons in the 

ventral neural tube and guide outgrowing axons.  It has been shown that the floor plate 

consists of an inner located medial floor plate and an outer positioned lateral floor plate.  

Notch-Delta dependent lateral inhibition has been involved in neural specification at 

different stages of development.  In the chick spinal cord, Notch signaling has been 

shown to regulated the character of floor plate cells and not contribute to its 

neurogenesis; however Notch signaling does play a role in the organization and 

patterning of the neural tube (Roux et al., 2003).  Although Notch signaling inhibits the 

neurogenesis of the floor plate, it is required for the formation of the lateral floor plate 

and not the medial floor plate (Schäfer et al., 2007).   

 

In this study, Notch-Delta signaling was investigated in the Mib-/- midbrain and 

spinal cord.  Notch-Delta signaling was observed to be important in the regulation of 

lateral and medial floor plate.  In the midbrain, the expression of medial floor plate 

markers (Bmp7 and Lmx1b) appears unchanged without Notch-Delta signaling, however 

a reduction of Shh expression and the lateral floor plate was observed.  Compare this to 

the complete loss of Shh from the floor plate of the spinal cord.  The ability of Notch 

signaling to control the expression of Shh was also shown in the floor plate of the 

Xenopus neural tube.  The results found in this study suggest that Notch-Delta signaling 

can control Shh expression completely in the caudal vertebrate floor plate as expected.  

However, in the rostral floor plate of the midbrain, Notch-Delta signaling appears to only 

regulate the floor plate’s ability to elaborate and specify a more lateral region.   
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The development of distinct neurons along the dorsoventral axis in vertebrates 

depends on Shh secreted from the floor plate (Echelard et al., 1993; Marti et al., 1995; 

Chiang et al., 1996).  During neurulation, distinct concentrations of Shh induce and 

repress transcription factors leading to the specification of neuronal progenitor domains.  

Therefore the reduced concentration of Shh found in the Mib-/- mice, may contribute to a 

reduction of ventral cell-fates.  The consequences of reduced Shh expression were then 

investigated in the midbrain and spinal cord.  Hh signaling appears to be functioning 

correctly in both the ventral midbrain and spinal cord, by the correct expression of its 

transcriptional target, Ptc1.  As expected from Ptc1 expression, ventral cell-fates are 

also specified correctly in the midbrain.  Surprising, in the spinal cord these ventral cell-

fates are lost, however the remainder of a Pax6-negative territory ventrally implies that a 

low concentration Hh-signaling is still occurring.  The above results suggest that Notch-

Delta signaling regulates the expression of Shh and therefore effects Hh-dependent 

ventral cell-fate specification differently along the anterior posterior axis.   
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CHAPTER 7 
 

 

Discussion and Conclusion 

 

 

The development of the brain in vertebrates has been a great challenge to study 

due to its structural and functional complexity.  The vertebrate central nervous system 

develops from a simple epithelial sheet of undifferentiated cell progenitors through 

complex cellular and molecular mechanism.  These mechanisms are controlled in a very 

specific temporal and spatial manner to give rise to an array of nuclei with their own 

precise characteristic properties.  The generation of different nuclei begins with the initial 

specification of a cell’s fate.  This fate can be determined through a cell’s position 

relative to signaling centers in the neural tube during development. The establishment of 

the signaling centers or organizers is not well understood.  However, the dorsal signaling 

center, the roof plate, appears to be established by Bmp signaling from the epidermal 

ectoderm inducing Lmx1a and other co-factors that regulate the induction of the roof 

plate (Chizhikov and Millen, 2004a).  While, the establishment of the ventral signaling 

center, the floor plate, occurs from signals and possibly cells that emanate from the 

underlying mesoderm.  Studies indicate that SHH is required for floor plate induction 

(Matise et al., 1998; Wijgerde et al., 2002), however, there has been attention played to 
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a requirement for the transforming growth factor-β family member Nodal (Hatta et al., 

1991; Tian et al., 2003).  After the establishment of these signaling centers or organizers 

within the neural tube through interactions with non-neural tissue, they secrete powerful 

signaling molecules.  Thus depending on the distance a cell is positioned from the 

signaling source will determine the combination of transcription factors that progenitor 

cells will express, serving as a genetic code for cell-fate specification.  In this thesis, the 

establishment of the dorsal and ventral signaling centers and how their secreted 

signaling molecules instruct the cellular and molecular identity of a cell was investigated 

in the developing vertebrate midbrain.   

 

Hedgehog Signaling is Critical in the Patterning and Development of the 
Ventral Midbrain 

In the midbrain, SHH is able to specify the entire ventral arcuate pattern and the 

nuclei that these arcs will later give rise to in a concentration and position dependent 

manner (Agarwala et al., 2001; Agarwala and Ragsdale, 2002).  Studies done to 

examine the necessity of HH signaling were performed in the chick and mouse midbrain 

to reveal that indeed HH signaling is not just sufficient but is also necessary for the 

proper specification of these ventral cell fates (Blaess et al., 2006; Bayly et al., 2007).  

These studies have only been able to examine the necessity of HH signaling in ventral 

cell-fate specification and development primarily after embryonic day (E) 9.5 (Ishibashi 

and McMahon, 2002; Blaess et al., 2006).   

 

In this study, it was shown that ventral midbrain territories are present in the 

absence of HH signaling, but become progressively dorsalized in a rostral to caudal 

sequence between E8 and E9.  This early ventral midbrain does not die in the absence 
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of Shh, but rather can not maintain its ventral identity.  Although without Shh, the 

midbrain arc patter is disrupted, at least one ventral cell-fate (Evx1) is specified.  Finally, 

dorsal gene expression patterns are altered in an inconsistent manner without the 

opposing ventral signals.   

 

Very early in the specification of the midbrain when Shh expression is observed 

in the axial mesoderm and begins to be expressed in the floor plate of the midbrain 

(~E8).  Surprising, Pax7 (a marker of dorsal tissue) is expressed correctly in the dorsal 

half of the wild-type and Hedgehog naive (Shh-/-) midbrains.  The expression of Pax7 

has been shown to be inhibited by Shh concentrations about four-fold lower than that 

required for repression more intermediate cell-fates (Liem et al., 2000).  While, in the 

absence of Shh signaling an expansion of Pax7 expression is normally observed 

(Meyera and Roelink, 2003).  Therefore, the restriction of Pax7 in the absence of Shh 

signaling suggests that the initial induction of ventral tissue is Shh-independent.  

However, a conversion of this initial ventral midbrain (Pax7-negative) into dorsal 

midbrain (Pax7-postive) is observed in a rostral to caudal fashion in both the Shh-/- 

mouse between E8 and E9.  This suggests that the induction of ventral midbrain territory 

is not dependent upon Shh signaling while its maintenance is dependent.  Even though 

an up-regulation of Ihh is observed in the foregut of the Shh-/-, no simultaneous 

expression of Gli1 or Ptc1 was detected in the foregut or the midbrain.  In addition the 

increase of Gli3, in the ventral midbrain makes it improbable that the induction is HH-

dependent, but rather suggests a HH-independent mechanism in action.  In agreement 

with the above findings, a similar Pax7 expression profile was observed in the early 

midbrain of the Smo-/- mouse to that of the Shh-/- mouse, thus ruling out a HH-dependent 

mechanism in the initial specification of ventral midbrain tissue.  These results, suggest 
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a HH-independent mechanism at work, such as Nodal signaling from the notochord, to 

initiate ventral territory (Sampath et al., 1998).  Nodal signaling has been implicated in 

the floor plate induction in the chick and zebrafish, while a hypomorphic Nodal allele in 

the mouse exhibits a reduction in shh expression (Sampath et al., 1998; Heyer et al., 

1999; Patten et al., 2003).  Conversely, the maintenance of this ventral territory does 

appear to be dependent upon Hh signaling, with the induction of dorsal cell types (Pax7) 

throughout the midbrain by E9.  Although ventral tissue is initially induced without Shh, 

floor plate markers (Bmp7 and Lmx1b) are not, suggesting that Shh does have a role in 

the specification of the midbrain floor plate. 

 

Although the entire midbrain turned on dorsal cell fates, some Evx1+ cells were 

still specified in Shh-/- mouse.  These Evx1+ cells are the most lateral cell population in 

the ventral midbrain and when expressed are found within the mantle or differentiated 

layer of the midbrain.  Since Evx1 expression is observed later in the development of the 

midbrain, these ventral cells are first observed when the entire midbrain is dorsal in 

character (Pax7+).  Therefore these Evx1+ cells could have been specified prior to E9 

by SHH-independent ventral signals or specified by dorsal signals.  A similar necessity 

for a ventral signal to aid in the dorsal specification is observed for the dorsal Dbx spinal 

interneurons (Wijgerde et al., 2002), leading to the speculation that molecules from the 

opposite signaling center can positively influence cell-fate specification. 

 

Shh Influences Dorsal Patterning in the Developing Midbrain 

In the Shh-/- mouse, the loss of ventral tissue is accompanied by an overall 

reduction in the size of the midbrain between the developmental stages investigated 

(E8.5 [~25% smaller] and E12.5 [~90% smaller]).  This loss of ventral tissue and overall 
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midbrain size is not accompanied by ventral cell death or a decrease in cell proliferation, 

but by a progressive increase in dorsal cell death.  This data suggests that the primary 

cause of the reduced midbrain size in the Shh-/- mouse is due to the death of dorsal 

midbrain and that the loss of ventral progenitors prior to E9 is due to their inability to 

maintain their ventral identity and instead take on a dorsal identity. 

 

As expected in the absence of Shh signaling ventrally, the opposing signals of 

the roof plate are expanded.  Several markers (Pax7, Isl1, and Gli3) are up-regulated 

and expanded into more ventral territory similar to markers of the roof plate (Wnt1 and 

Gdf7).  However not all dorsal cell fates exhibit this uniform expansion as would be 

predicted by the spinal cord model (Jessell, 2000). Some dorsal markers are reduced 

(Lfng and Lim2), while yet another displays an altered domain and intensity of labeling 

(Zic1).  In addition, the absence of Shh increases cell death dorsally and ultimately 

results in the absence of the inferior colliculus by E18.5 (Blaess et al., 2006) leading to 

the clear possibility that HH signaling can influence dorsal midbrain patterning.  Although 

the PTC1 and PTC2 receptors are not seen in the dorsal midbrain, other members of HH 

signaling are expressed and could lead to transduction of HH signals in the dorsal 

midbrain (Aglyamova and Agarwala, 2007). 

 

BMP Pathway Molecules are in Position to Influence Dorsal Midbrain 
Development 

Several BMPs are expressed in the neural folds and then later in the newly 

formed dorsal signaling center, the roof plate.  The cells of the roof plate are generated 

from multipotent precursors in the neural folds and are a result of interaction between 

neural tissue and non-neural ectoderm. The expression of BMPs in this region and the 
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roof plate is similar to that observed in the developing, spinal cord, suggesting a similar 

role in the development of the roof plate and dorsal cell fates (Timmer et al., 2002; 

Chizhikov and Millen, 2004a).  Noggin, a BMP antagonist, is also expressed in the 

dorsal midbrain, in the roof plate.  Noggin is therefore positioned to affect and refine 

early BMP signaling along the dorsal roof plate.   

 

Molecules downstream in the BMP pathway provide a clearer image as to where 

BMP signaling might actually be occurring in the developing midbrain.  Phosphorylated 

SMAD proteins 1, 5, and 8 (pSMAD1/5/8) serve as a readout of canonical BMP 

signaling, while MSX genes have previously been characterized as a transcriptional 

target of BMP signaling (Bach et al., 2003; Liu et al., 2004).  Both pSMAD1/5/8 and MSX 

expression is observed in the neural folds and then in the majority of the dorsal portion 

of the midbrain, similar to that observed in the spinal cord.  MSX genes has been shown 

to phenocopy Bmp signaling and cell-fate specification in the dorsal neural tube (Bach et 

al., 2003; Liu et al., 2004).   

 

To investigate the role of BMPs in the roof plate and their effect on dorsal 

patterning, a BMP antagonist, Noggin, was ectopically expressed in dorsal midbrain.  By 

blocking BMPs dorsally either before (H&H7-8) or after the roof plate was formed 

(≥H&H9), the loss of the roof plate was observed.  This loss of roof plate was 

accompanied by a reduction of several dorsal cell-fates, confirming BMPs role in the 

patterning of the dorsal midbrain.  
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BMP Pathway Molecules are Position in Ventral Midbrain to Influence SHH 
Signaling 

Several BMPs and Their Antagonists are Expressed in the Floor Plate of the 
Midbrain with SHH 

Several BMPs are expressed in the ventral signaling center, the floor plate, along 

with SHH during the development and patterning of the vertebrate midbrain.  From the 

earliest stages investigated BMP7 is expressed in the floor plate.  Throughout 

development BMP7 is expressed in the medial portion of the floor plate with SHH, even 

as SHH expression expands to include a more lateral floor plate position.  As 

development continues, several other BMPs (BMP5 and BMP6) begin to be expressed 

in a narrow strip of the ventral midline.  The coexpression of BMP7 and SHH throughout 

development suggests a possible interaction similar to that observed in the rostral 

diencephalon, which results in the specification of the rostral diencephalic ventral midline 

cells (Dale et al., 1997; Dale et al., 1999).  The narrow expression of BMPs along the 

ventral midline occurs after most ventral cell-fates are thought to have been specified 

(Bayly et al., 2007), and therefore imply that the midline may be important in the 

guidance of later developing axons.   

 

In addition to BMP molecules, several of their antagonists are also expressed in 

the ventral midbrain.  Noggin is observed along the ventral midline early in development 

and therefore able to influence BMP signaling early (E1-E2.5) in the floor plate.  Like 

Noggin, Chordin is also expressed in the floor plate from the earliest time investigated in 

this study.  As development progresses Chordin is observed in the medial portion of the 

floor plate (BMP7+).  The position of Chordin would also allow it to regulate BMP 

signaling in the floor plate.  Although Chordin is an antagonist to BMPs, its homolog in 

Drosophila it is required to allow Dpp to be diffused (Eldar et al., 2002).  The BMP 
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activation gradient is thought to be set by BMP ligands, BMP inhibitors, an accessory 

protein, and a protease which cleaves the inhibitors (Eldar et al., 2002).  The protease, 

BMP1/Tolloid, which cleaves Chordin, is expressed ubiquitously in the midbrain, able to 

influence Chordin and therefore the range BMPs can signal.     

 

Disruption of BMP Signaling Does Not Affect Midbrain Ventral Cell-Fate 
Specifications 

The expression of several BMPs and their antagonist ventrally in the floor plate 

along with SHH, suggests that BMPs may regulated SHH dependent cell-fate 

specification.  However, a down-regulation or an increase in BMP signaling in ventral 

midbrain does not alter the normal midbrain pattern of arcuate territories, nor does it 

affect the specification of midbrain nuclei (ISL1 [OMC], BRN3A [RN], or TH [MDA]).  

These results indicate that BMPs do not have a role in the specification of the HH-

dependent ventral cell-fates in the midbrain (Agarwala et al., 2001; Agarwala and 

Ragsdale, 2002; Blaess et al., 2006; Bayly et al., 2007; Fogel et al., 2008).   

 

BMP Signaling Influences the Specification of the Medial Portion of the Floor Plate 

Previous studies in the diencephalon have shown that the specification of the 

rostral floor plate cells requires BMP signaling (Dale et al., 1997; Dale et al., 1999).  In 

the ventral midbrain, the expression of downstream effectors of the BMP pathway is also 

observed.  Both MSX1 and pSMAD1/5/8 are observed in the lateral edge of the medial 

portion of the floor plate (BMP7+), suggesting that BMPs may be important in the 

regulation of the medial versus lateral portions of the floor plate.   

 



 151 

To investigate the role of BMP signaling in the specification of midbrain floor 

plate cells, in vivo electroporation of NOGGIN was performed along the ventral midline 

of the developing embryo.  This blockade did not affect the overall expression of SHH in 

the midbrain floor plate, however the medial region of the floor plate which is 

characterized by the expression of DISP1, LMX1B and BMP7, was expanded laterally 

along the ventricular layer.  DISP1 is essential for HH signaling, it is required in HH+ 

cells for the transport of the HH protein from where it is synthesized (Kawakami et al., 

2002); while, LMX1B is important for the early development of the midbrain 

dopaminergic neurons (Smidt et al., 2000).  However, as discussed early, the 

manipulation of BMP signaling did not affect ventral cell-fate specification, including the 

expression of TH of the dopaminergic neurons.  This increase of the medial region of the 

floor plate did not affect the expression of SHH in the floor plate; therefore implying that 

the medial region of the floor plate is increased at the expense of the lateral floor plate 

region (SHH+; DISP-; LMX1B-; BMP7-).  

 

Early Shh does not Affect the Cell Cycle, While BMPs Regulate Cell 
Proliferation and Differentiation 

HH signaling is known to accelerate progression through the cell cycle in many 

model systems (Roy and Ingham, 2002).  Observations during development of the Shh-/- 

mouse showed an increase in the thickness of the neuroepithelium, while the size of the 

lumen and the overall midbrain decreased.  However, investigating the role of SHH early 

in development using the Shh-/- mouse, showed no change in cell cycle targets (Cyclin 

D1 or Cyclin B2) or BrdU.  The expression of Class III β-Tubulin, marking differentiated 

neurons also appears unaffected in the Shh-/- mouse.  Therefore, it does not appear the 
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HH-signaling is required for cell proliferation or differentiation in the early development of 

the midbrain. 

 

BMPs have also been shown to affect the cell cycle and cell differentiation 

(Chesnutt et al., 2004; Rios et al., 2004).  BMPs coordinate pattern information and the 

stimulation of proliferation in the embryonic spinal neural tube (Chesnutt et al., 2004).  In 

the development of granule neurons of the cerebellum, BMPs are able to prevent Shh-

induced proliferation, allowing granule neuron differentiation (Rios et al., 2004).  Upon 

cross-section of NOGGIN manipulated midbrains, the neuroepithelium is observed to be 

thicker than control midbrain.  However, the expressions of cell cycle progression 

markers are also unaffected.  Phospho-histone H3 (pHH3) was used to mark cells 

undergoing mitosis.  After BMP blockade the amount of cells undergoing mitosis 

(pHH3+) were decreased.  Surprisingly, the ventricular layer, marked by NOTCH1, was 

observed to be increased after NOGGIN electroporation and decreased after BMP over 

expression.  This increase in NOTCH1 expression after BMP blockade was 

accompanied by an increase in the Notch ligand, SERRATE1, along the floor plate 

region.  In the chick hindbrain and spinal cord, and inhibition of Notch signaling by Delta 

and Serrate causes a loss of floor plate cells and an increase of neurons (Roux et al., 

2003).  The expression of differentiated neurons was also increased in the floor plate of 

the midbrain after BMP blockade.  Class III β-Tubulin and HuC+ cells can be seen in the 

differentiated layer underlying the floor plate in NOGGIN electroporated midbrains, while 

the proneuronal marker, CASH1, is decreased along the rostral floor plate.  Taken 

together these results suggest that BMPs can influence cell proliferation and 

differentiation possibly through controlling the Notch-Delta signaling in the developing 

midbrain. 
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Notch-Delta Signaling is Required for Proper Floor Plate Specification 

The Notch-Delta signaling pathway is critical in regulating neural cell diversity 

through the mechanism of lateral inhibition and cell-to-cell communication (Beatus and 

Lendahl, 1998).  Notch-Delta signaling is activated once physical interaction between the 

ligand and receptor results in the proteolytic cleavage and endocytosis of the proteins 

(Beatus and Lendahl, 1998; Zolkiewska, 2008).  The endocytosis of the receptor and 

ligand proteins depends on ubiquitination by ubiquitin E3 ligases, Mind bomb (Mib) or 

Neuralized (Gupta-Rossi et al., 2004; Le Borgne et al., 2005).  Previous work in the 

zebrafish and frog has shown that Notch-Delta signaling directs the distribution of cells 

at the time of gastrulation, determining the number of cells that will become floor plate 

cells as opposed to notochord cells (Lopez et al., 2003; Latimer and Appel, 2006).   

 

Notch-Delta signaling has also been shown to be important in the regulation of 

floor plate specification.  In the chick spinal cord, a decrease in Notch signaling resulted 

in a loss of cell expressing floor plate markers (Roux et al., 2003).  While, a zebrafish 

Notch-Delta signaling mutant (Mib1) displays a loss of lateral floor plate in comparison to 

medial floor plate (Schäfer et al., 2007).   Investigating Notch-Delta signaling in the 

mouse midbrain, lead to a similar result.  In the midbrain of the Mib1-/- mouse the floor 

plate appears to fail to elaborate resulting in a decrease of the lateral region (Shh+; 

Lmx1b-; Bmp7-) compared to the medial region (Shh+; Lmx1b+; Bmp7+).  This change 

in floor plate specification, however, did not affect the overall specification of ventral cell-

fates in the ventral midbrain.  These results are similar to that observed after BMP 

blockade with NOGGIN electroporation in the chick midbrain, again suggesting that BMP 

and Notch-Delta signaling are influencing one another in the developing midbrain.   
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Notch-Delta Signaling Affects Spinal Cord Cell-Fate Specification 
Differently than Midbrain Cell-Fate Specification 

In the spinal cord, disruption of the Notch-Delta signaling pathway leads to a loss 

of Shh expression in the floor plate although the medial floor plate was correctly 

specified.  The loss of Shh in the floor plate did not appear to affect Hh-signaling by the 

expression of its transcriptional target Ptc1.  However, a loss of the most ventral cell-

fates (Phox2a and Nkx2.2) was observed, while a Pax6-negative territory still remained 

ventrally.  These results suggest that the Shh from the notochord can only specify those 

ventral cell-fates that require a low concentration of Hh-signaling but not those that 

require a high concentration.  Therefore, taken together, Notch-Delta signaling can 

regulate the expression of Shh and ventral cell-fate specification differently along the 

anterior-posterior axis of the developing neural tube. 

 

BMPs Affect Midbrain Shape and Cytoarchitecture 

Although BMP signaling showed to have minor effects on midbrain ventral cell-

fate specification, a trend of tissue shape changes was observed indicating BMPs may 

be involved in cellular changes in the developing midbrain.  Tissue remolding has been 

shown to be caused by cellular rearrangements and morphogenesis (Schoenwolf, 1991; 

Pilot and Lecuit, 2005).  The ubiquitous mosaic expression of pSmad1/5/8 suggests a 

more global effect of BMP signaling in midbrain development and patterning than that 

suggested by the spatially and temporally dynamic expression of the MSX genes.   

 

In the midbrain, the disruption of proper BMP signaling resulted in either the 

flattening (BMP over expression) or a kinking (BMP blockade) of the normal curvature of 

the ventral tissue.  F-actin (Phalloidin) and nuclear (DAPI) staining reveals that the 
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normal pseudostratified morphology of the neuroepithelial cells is lost after BMP 

blockade with NOGGIN electroporation, resulting in the cells changing from their normal 

elongated shape to a shape smaller and more rounded. 

 

In this study, it was observed that this cell shape change and disruption of 

cytoarchitecture can lead to a delamination of cells into the lumen or from the ventricular 

layer into the mantle layer of the midbrain.  BMPs are known to be important in neural 

crest specification and migration (Liem et al., 1995; Liu et al., 2004; Shoval et al., 2007).  

Cells treated with BMP molecules express markers of neural crest (SLUG+) and 

migrating neural crest (HNK+; Liem et al., 1995).  The induction of neural crest cells also 

leads to the expression of other transcription factors such as Sox8, Sox9, and Sox10.  

These genes are expressed in the premigratory neural crest cells as well as continual 

through neural crest migration (Cheng et al., 2000).  Blocking BMPs in the dorsal 

midbrain usually leads to a massive delamination of cells from the dorsal midline. The 

cells delaminating into the lumen are SOX10+ (neural crest marker) and WNT1+ 

(midbrain marker).  Ectopic expression of SOX10 causes neural tube cells to undergo an 

epithelial-to-mesenchymal transition (EMT) and migrate away from the dorsal level of the 

neural tube (McKeown et al., 2005).  The EMT transition of neural crest has been shown 

to be regulated by BMPs influence of cell adhesion molecules (Nakagawa and Takeichi, 

1998; Shoval et al., 2007).  N-Cadherin, a cell adhesion molecule, is normally expressed 

strongly by neuroepithelial cells and upon cell migration, it is removed from the cell 

junctions (Nakagawa and Takeichi, 1998).  An overexpression of N-Cadherin leads to a 

failure of the premigratory neural crests to migrate away from the neural tube 

(Nakagawa and Takeichi, 1998).  After BMP blockade, N-Cadherin protein appears to 

have lost its polar expression in the cell junctions and is observed increased throughout 
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the cells that have become round in shape and delaminated into the lumen.  These cells 

appear to not be able to migrate properly and are therefore observed in the lumen and 

subsequently programmed to die.  Delamination of cells can occur at later stages and 

from lateral or ventral tissue.  Ventricular cell markers have been observed ectopically in 

the differentiated cell layer.  This suggests that BMP signaling controls cell-to-cell 

adhesion and disruption of this property can lead to disruption of the tissues cellular 

architecture and increased delamination.   

 

The delamination and subsequent death of cells may partially explain the 

reduction of the overall brain size as well as the lost of dorsal cell-fates.  However, the 

lack of corresponding increase or expansion of ventral cell-fates in NOGGIN 

electroporated brains, similar to what is observed in the spinal cord where more dorsal 

cell fates are lost while more ventral fates are shifted dorsally in the neural tube 

(Chesnutt et al., 2004).  This suggests that BMPs are not acting as a morphogen in the 

midbrain, specifying different cell-fates at increasing concentrations as suggested by 

previous spinal cord data (Nguyen et al., 2000; Chizhikov and Millen, 2004b, a; Wine-

Lee et al., 2004; Yamauchi et al., 2008).   

 

BMP and SHH Appear independent of One Another in the Developing 
Midbrain 

In the development of the vertebrate embryo, Hh and BMP signaling molecules 

are expressed in positions that allow for these signaling pathways to interact either in a 

synergistic or suppressive role.  The expression of both SHH and BMPs in the ventral 

midbrain suggests a possible interaction between the two signaling pathway.  In the 

developing ventral diencephalon, SHH and BMP7 act cooperatively to specify the ventral 
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midline cells (Dale et al., 1997).   However, in the midbrain, manipulation of BMPs alone 

does not appear to affect HH-dependent cell-fates.  A combination of SHH 

overexpression and BMP blockade did not appear to exhibit any synergistic or 

suppressive effects.  The manipulation appears to exhibit results similar to both a SHH 

overexpression and a BMP blockade alone.  The ventral midbrain cell-fates were 

expanded as observed with ectopic SHH and the midbrain size and shape was altered 

as found after BMP blockade.  Therefore, in the developing ventral midbrain SHH and 

BMP do not appear to be interacting but working in parallel.   
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