
 
 

 
 
 
 

Regulation of neural progenitor survival by Shh and BMP  
in the developing spinal cord 

 

by 
 

YŀǘŀǊȊȅƴŀ YǳȋƳƛŎȊ-Kowalska 
 

June, 2023 
 
 

 

 

 
 

A thesis submitted to the  
Graduate School 

of the  
Institute of Science and Technology Austria 
in partial fulfillment of the requirements  

for the degree of  
Doctor of Philosophy 

 

 
Committee in charge: 

Beatriz Vicoso, Chair 
Anna Kicheva 

Simon Hippenmeyer 
Elly Tanaka 

 
 
 
 
 

 
  



 
 

 
 
 
 
 
 

  



 
 

¢ƘŜ ǘƘŜǎƛǎ ƻŦ YŀǘŀǊȊȅƴŀ YǳȋƳƛŎȊ-Kowalska, titled Regulation of neural progenitor survival by 
Shh and BMP in the developing spinal cord, is approved by: 
 
 
 
 

Supervisor: Anna Kicheva, ISTA, Klosterneuburg, Austria 
 
 

 Signature:                                                       
       
 
 

Committee Member: Simon Hippenmeyer, ISTA, Klosterneuburg, Austria 

 

 
  Signature:                                                             

 
 
Committee Member: Elly Tanaka, IMP, Vienna, Austria 
 

 
  Signature:                                                             

                                 

 

Defense Chair: Beatriz Vicoso, ISTA, Klosterneuburg, Austria 
 
 
 Signature:                                                             
 

 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

Signed page is on file 
  



 
 

ϭ ōȅ YŀǘŀǊȊȅƴŀ YǳȋƳƛŎȊ-Kowalska, June, 2023 
 

CC BY-NC-ND 4.0 The copyright of this thesis rests with the author. Unless otherwise 
indicated, its contents are licensed under a Creative Commons Attribution-Non Commercial-
No Derivatives 4.0 International License. Under this license, you may copy and redistribute 
the material in any medium or format on the condition that you credit the author, do not use 
it for commercial purposes and do not distribute modified versions of the work. 

 
ISTA Thesis, ISSN: 2663-337X 

 
 

I hereby declare that this thesis is my own work and that it does not contain other ǇŜƻǇƭŜΩǎ 
work without this being so stated; this thesis does not contain my previous work without this 
being stated, and the bibliography contains all the literature that I used in writing the 
dissertation. 
 

I declare that this is a true copy of my thesis, including any final revisions, as approved by my 
thesis committee, and that this thesis has not been submitted for a higher degree to any other 
university or institution. 
 
I certify that any republication of materials presented in this thesis has been approved by the 
relevant publishers and co-authors. 
 

 
Signature: _______________________ 

 
YŀǘŀǊȊȅƴŀ YǳȋƳƛŎȊ-Kowalska 

 

June, 2023 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Signed page is on file 

https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/


 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

  



v 
 

Abstract 

Morphogens are signaling molecules that are known for their prominent role in pattern 
formation within developing tissues. In addition to patterning, morphogens also control tissue 
growth. However, the underlying mechanisms are poorly understood. We studied the role of 
morphogens in regulating tissue growth in the developing vertebrate neural tube. In this 
system, opposing morphogen gradients of Shh and BMP establish the dorsoventral pattern of 
neural progenitor domains. Perturbations in these morphogen pathways result in alterations 
in tissue growth and cell cycle progression, however, it has been unclear what cellular process 
is affected. To address this, we analysed the rates of cell proliferation and cell death in mouse 
mutants in which signaling is perturbed, as well as in chick neural plate explants exposed to 
defined concentrations of signaling activators or inhibitors. Our results indicated that the rate 
of cell proliferation was not altered in these assays. By contrast, both the Shh and BMP 
signaling pathways had profound effects on neural progenitor survival. Our results indicate 
that these pathways synergise to promote cell survival within neural progenitors. Consistent 
with this, we found that progenitors within the intermediate region of the neural tube, where 
the combined levels of Shh and BMP are the lowest, are most prone to cell death when 
signaling activity is inhibited. In addition, we found that downregulation of Shh results in 
increased apoptosis within the roof plate, which is the dorsal source of BMP ligand 
production. This revealed a cross-interaction between the Shh and BMP morphogen signaling 
pathways that may be relevant for understanding how gradients scale in neural tubes with 
different overall sizes. We further studied the mechanism acting downstream of Shh in cell 
survival regulation using genetic and genomic approaches. We propose that Shh 
transcriptionally regulates a non-canonical apoptotic pathway. Altogether, our study points 
to a novel role of opposing morphogen gradients in tissue size regulation and provides new 
insights into complex interactions between Shh and BMP signaling gradients in the neural 
tube.   
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Chapter 1. Introduction  

During development, organs undergo extensive growth and morphogenetic changes 
to achieve the correct size and morphology required for their function. This is achieved 
through tightly controlled developmental programs, however, the mechanism regulating 
them is poorly understood. One remarkable example of this highly stereotypical organ growth 
is the vertebrate central nervous system. During development, the neural tube must generate 
the right number of different neuronal subtypes at the correct positions in order to form fully 
functional neural circuits. Thus, the neural tube is an excellent model system for studying the 
mechanisms coordinating tissue growth (Kuzmicz-Kowalska & Kicheva, 2020). 

 Cell specification during neural tube development is orchestrated by morphogen 
signaling gradients. Along the dorsoventral (DV) axis of the spinal cord, ventrally produced 
Sonic hedgehog (Shh) and dorsally produced Bone Morphogenetic Proteins (BMPs) and Wnts 
form anti-parallel gradients of activity (Fig. 1). In response to these signals, an elaborate 
pattern of neural progenitor domains is established through the combinatorial expression of 
distinct transcription factors (Sagner & Briscoe, 2019). These morphogen pathways have also 
been implicated in directly controlling neural progenitor proliferation, survival and 
differentiation (Kuzmicz-Kowalska & Kicheva, 2020; Ulloa & Briscoe, 2007). However, the 
precise contribution of these signaling pathways and the temporal requirements for their 
activities in this regulation are poorly understood. This hinders our understanding of how 
neural tube growth is controlled and coordinated with pattern specification. 

 In this study, we address the role of Shh and BMP morphogens in the regulation of 
neural tube growth. In particular, we focus on their individual and joint contribution to the 
regulation of neural progenitor survival and we investigate how morphogens coordinate cell 
survival regulation with pattern formation. We also discuss the downstream mediators of 
their activities within the cell survival machinery.  

 To provide a comprehensive introduction and motivation for our research, we first 
introduce neural tube growth and morphogenesis with the main focus on dorsoventral 
pattern formation in response to morphogen gradients. We discuss the evidence for the role 
of morphogens in the regulation of neural tube growth to introduce Aims 1 and 2. We then 
provide background on the main mechanisms of apoptosis and examine the role of apoptosis 
in neural development.   
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Fig. 1. Opposing morphogen gradients specify the dorsoventral pattern of the spinal cord 
Schematic representation of a transverse section through the spinal cord. A striped pattern of neural 
progenitor domains (pd1-6, p0-p2, pMN, pV) forms along the DV axis in response to opposing 
gradients of morphogens. Shh is secreted from the notochord (NC) and the floorplate (FP), while BMPs 
and Wnts are produced by the roof plate (RP) in an inter-dependent manner. Antiparallel morphogen 
gradients regulate the spatial expression of downstream transcription factors (TFs) in a time- and 
concentration-dependent manner. Combinatorial expression of these TFs determines distinct 
progenitor domains (boxes on the right, only selected examples of domain-specific TFs are shown). 
Upon terminal differentiation, progenitors give rise to corresponding neuronal subtypes in the mantle 
zone (dark grey). 

1.1. Neural tube growth and morphogenesis 

 In vertebrate development, the spinal cord originates from the posterior part of the 
developing neural tube. Neural tube formation, which in mammals occurs through primary 
neurulation, begins with the specification of a flat epithelium - the neural plate (Sutherland, 
2016), that is derived from a population of bi-potent neuromesodermal progenitors (NMPs) 
located between the caudal lateral epiblast and the node streak border (Gouti et al., 2015). 
As the vertebrate embryo extends along the anterior-posterior (AP) axis, the descendants of 
NMPs are progressively incorporated either into the elongating neural plate or the adjacent 
paraxial mesoderm (Henrique et al., 2015). Over time, the neural plate epithelium thickens 
and becomes increasingly pseudostratified. At the same time, the neural plate bends at the 
ventral midline and closes to form a closed neural tube.   

 Over the course of its first three days of development, the neural tube undergoes 
extensive growth along the DV and AP axes in response to inductive signals. Posterior 
gradients of Wnt and Fibroblast growth factor (FGF) morphogens are opposed by the gradient 
of retinoic acid (RA) to regulate embryo elongation in the AP direction together with the 
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maintenance of the NMP pool (Gouti et al., 2015). As NMPs differentiate into neural 
progenitors and form the neuroepithelium, they respond to the ventral gradient of Shh and 
dorsal gradients of BMPs and Wnts to specify their DV identity. In this way, the neural 
epithelium progressively acquires its characteristic DV organization of neural progenitor 
domains (Lai et al., 2016) (Fig. 1).  

The neural epithelium is composed of highly proliferative progenitor cells. Once 
progenitor identities become stably specified, progenitor cells exit the cell cycle, as they 
terminally differentiate into neurons, and delaminate basally towards the mantle layer 
(Kasioulis & Storey, 2018). Thus, the overall growth of the developing spinal cord depends on 
the tight coordination of highly dynamic processes of cell fate specification, cell proliferation, 
cell survival and terminal differentiation. At the same time, the spinal cord undergoes AP axis 
elongation in coordination with the neighbouring tissues (e.g. somitic mesoderm). 

1.1.1 The dorsoventral pattern of the developing spinal cord 

 In the developing neural tube of amniotes, a highly conserved, striped pattern of 
neural progenitor domains is established along the DV axis. This pattern forms in response to 
morphogens that are secreted from the opposing poles of the tissue. Shh protein is secreted 
from the notochord and the floor plate (FP) and forms a ventral to dorsal gradient. BMPs and 
Wnts are produced by the dorsal ectoderm and the roof plate (RP). BMPs and Wnts are 
produced in an inter-dependent manner and establish dorsal to ventral activity gradients 
(Briscoe & Small, 2015; Sagner& Briscoe, 2019). Antiparallel gradients of Shh and BMP 
signaling activities regulate the spatial expression of downstream transcription factors in a 
time- and concentration-dependent manner (Balaskas et al., 2012; Jessell TM, 2000; Tozer et 
al., 2013; Zagorski et al., 2017). In turn, the combinatorial expression of these transcription 
factors determines distinct neural progenitor domains (p3, pMN, p2-p0, pd1-6)(Alaynick et 
al., 2011) (Fig. 1). As development progresses, progenitors residing within these domains, 
differentiate into molecularly distinct subsets of neurons that build the circuitry characteristic 
of the spinal cord (Lai et al., 2016).  

 Patterning within the ventral neural tube relies mainly on the gradient of Shh activity. 
Shh signaling is initiated by the binding of Shh to the Patched1 (Ptch1) receptor, which allows 
for derepression of the transmembrane protein Smoothened (Smo). Downstream of Smo, Shh 
signal relies on the activity of the Gli family of transcription factors. In the absence of Shh, 
Gli2 and Gli3 proteins are proteolytically processed into repressor forms (GliR), whereas 
binding of Shh allows for the formation of full-length Gli1-3 activators (Fig. 2A) (Briscoe & 
Thérond, 2013). Studies using mouse mutants demonstrated that Gli2 functions as the main 
activator in the Shh pathway, whereas Gli3 is responsible for the repressor activity (Litingtung 
& Chiang, 2000; Matise et al., 1998). In the absence of Shh, the ventral cell types of the neural 
tube (FP, p3 and pMN) are not specified and the neural progenitors adopt intermediate and 
dorsal identities (Chiang et al., 1996; Litingtung & Chiang, 2000). Analysis of Gli3 mutants 
revealed that Gli3R is important for correct positioning and establishment of ventral and 
intermediate domain boundaries (Persson et al., 2002). Consistent with this, pMN, p2 and p1 
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domains are restored upon concomitant removal of Gli3 in the ShhNull background, albeit in 
an intermixed way (Litingtung & Chiang, 2000). With time, the dynamics of Gli activity 
downstream of Shh undergoes temporal adaptation and progressively decreases to 
background levels by embryonic day 11.5 (E11.5) (Cohen et al., 2015).  

 While the specification of ventral cell types in response to Shh has been extensively 
studied, the roles of BMPs and Wnts in the specification of dorsal progenitor domains are less 
well understood (Andrews et al., 2017; Ulloa & Martí, 2010). Several BMP ligands are 
expressed in the RP region, including Bmp4, Bmp6, Bmp7 and Gdf7, but the requirement for 
specific ligands in the specification of dorsal cell fates can vary and depends on the species 
(Andrews et al., 2017; Liem et al., 1997). BMP ligands form a complex with type I and type II 
BMP receptors to induce the phosphorylation and activation of the main BMP effectors: 
Smad1, Smad5 and Smad8 transcription factors (Fig. 2B). Phosphorylated Smads 1/5/8 bind 
to Smad4 and the complex translocates to the nucleus to directly control target gene 
expression (Bond, 2012). Along with BMP ligands, Wnt1 and Wnt3a ligands and the Wnt 
canonical pathway have been associated with patterning activities in chick and mouse 
embryos (Muroyama et al., 2002). Activation of the canonical pathway leads to the 
stabilization of ̡ -catenin allowing its binding to Tcf/Lef transcription factors and subsequent 
regulation of Wnt pathway targets. In the absence of Wnt ligands, glycogen synthase kinase-
оʲ όD{YȤ3 )̡ mediates ̡ -catenin degradation by the proteasome (Steinhart & Angers, 2018) 
(Fig. 2C).  

 

 

Fig. 2. Shh, BMP and Wnt signal transduction in vertebrates 
A. In the absence of Shh, Ptch1 inhibits Smo (the activator of the pathway). This results in proteolytic 
processing of full-length Gli2 and Gli3 transcripts (GliFL) into the Gli repressor form (GliR). GliR inhibits 
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the expression of Shh target genes, e.g. Ptch1 and Gli1. Upon Shh binding, Ptch1 no longer represses 
Smo. This promotes the formation of Gli2 and Gli3 activators (GliA). GliA after translocating to the 
nucleus activates transcription of Shh targets. B. BMP ligand binds to two distinct BMP receptors (type 
I and type II). The receptor+BMP complex initiates a signal transduction cascade through the 
phosphorylation of Smad1/5/8 proteins. Activated pSmad1/5/8 can then form a complex with Smad4 
which triggers nuclear translocation and allows for transcriptional regulation of BMP target genes. 
Inhibitory Smad6 competes with Smad1/5/8 for activation by the BMP receptors.  C. In the absence of 
²ƴǘΣ ʲ-catenin is targeted for proteasomal degradation by a complex consisting of GSKȤ3 ,̡ APC, Axin, 
Dishevelled and CK1 proteins. Once the Wnt ligand binds to the ²ƴǘ ǊŜŎŜǇǘƻǊ CǊƛȊȊƭŜŘΣ ʲ-catenin 
becomes stabilized and translocates to the nucleus, where it can co-regulate Tcf/Lef transcription. 

 Although the RP acts as a key signaling center secreting dorsal morphogens, many 
details behind its specification remain elusive (Chizhikov & Millen, 2004b; Rekler & Kalcheim, 
2021). BMP signaling originating from the adjacent surface ectoderm has been associated 
with the early induction of both RP and neural crest (NC) cells (Liem et al., 1995). Furthermore, 
lineage tracing studies have indicated that the RP and NC cells are derived from a common 
progenitor population (Bronner-Fraser & Fraser, 1988). However, little is known about 
molecular mediators or the spatiotemporal control of their segregation (Nitzan et al., 2016; 
Ofek et al., 2021). Importantly, genetic experiments have underlined the requirement for RP 
and RP-derived BMP signaling in the specification of the most dorsal progenitor domain (pd1) 
(Lee et al., 2000; Liem et al., 1997; Millen et al., 2004; Wine-Lee et al., 2002). Some evidence 
suggests that exposure to the Wnt pathway may also be necessary to establish the pd1 
domain (Muroyama et al., 2002). Nonetheless, how the remaining dorsal domain boundaries 
are determined remains unclear.  

  In the middle of the DV axis, the specification of intermediate progenitor domains 
(pd5-6 and p0-p1) requires low levels of Shh and BMP activities. These domains are 
characterized by the expression of the transcription factors Dbx1 and 2 (Pierani et al., 1999; 
Wijgerde et al., 2002; Zagorski et al., 2017). Direct measurements of Shh and BMP gradients 
have proven to be challenging, thus transcriptional reporters (GBS-GFP and pSmad1/5/8) 
have been used as read-outs of morphogen activity (Balaskas et al., 2012; Zagorski et al., 
2017). However, the detection sensitivity of these reporters may hinder our understanding of 
how far along the DV axis Shh and BMP gradients reach from their respective sources. It is 
possible that very low concentrations of these morphogens can be present even at very 
distant positions.  

1.1.2 Neural tube growth 

  The neural tube pattern is specified at the same time as the tissue continues to grow. 
Embryonic neural tube growth involves a balanced and well-coordinated regulation between 
cell proliferation, cell growth, cell cycle exit and terminal neuronal differentiation, and cell 
survival. Between days 8.5 and 9.5 (E8.5-E9.5) of mouse embryonic development, the size of 
the neural tube is mainly determined by spatially uniform cell proliferation of the neural 
progenitor cells, while cell death levels remain very low (Kicheva et al., 2014). After E9.5, the 
proliferation rate begins to decline and the progenitor cell cycle lengthens, while terminal 
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differentiation rates increase in a domain-specific manner (Kicheva et al., 2014; Molina et al., 
2022; Wilcock et al., 2007).  

  Considerable progress has been made in comprehending how neural progenitor 
division and cell cycle progression are controlled and coordinated with cell fate specification 
and neuronal differentiation (Bénazéraf et al., 2006; Lobjois et al., 2004; Molina & Pituello, 
2017). However, there is still much to uncover regarding the specific factors that influence 
processes involved in tissue growth. Our understanding of how morphogen signaling, tissue 
mechanics, and other mechanisms regulate the initial size of progenitor pool, cell 
proliferation and cell survival, changes in cell size and shape, cellular rearrangements and 
tissue anisotropy remains limited (Kuzmicz-Kowalska & Kicheva, 2020). How tissue-scale cues, 
such as morphogen gradients, are integrated by individual cells at the molecular level and 
what is the exact contribution of distinct cellular processes to the final spinal cord size are 
some of the key questions which remain unanswered. Moreover, the mechanisms by which 
the size of the neural tube might be sensed and corrected are poorly understood. Further 
studies are required to gain insights into the feedbacks and cross-interactions that enable 
coordinated growth of the neural tube.  

1.2. The role of morphogens in the regulation of tissue growth 

 In many developing tissues, morphogens that control cell fate specification have also 
been shown to regulate tissue growth. This dual role of morphogens raises the intriguing 
possibility that they act as coordinators of growth and pattern formation and thus ensure the 
reproducibility of tissue development within a species (Dekanty & Milán, 2011; Kuzmicz-
Yƻǿŀƭǎƪŀ ϧ YƛŎƘŜǾŀΣ нлнлΤ {ŜǊǊŀƴƻ ϧ hΩCŀǊǊŜƭƭΣ мффтΤ ¦ƭƭƻŀ ϧ .ǊƛǎŎƻŜΣ нллтύ. However, how 
this coordination between cell fate specification and tissue growth occurs is not clear. This 
question is also relevant in the context of the developing spinal cord, where several lines of 
evidence show that morphogen signaling affects tissue growth. Below we discuss the current 
state of the knowledge and identify open questions and challenges in addressing the role of 
Shh, BMP and Wnt pathways in the regulation of neural tube growth. 

1.2.1 The role of Shh signaling in the regulation of neural tube size 

 Previous studies in mouse and chick embryos reported that perturbations in Shh 
signaling result in changes in the overall size of the spinal cord. ShhNull mutant mice die 
perinatally and exhibit severe developmental abnormalities that include a substantial 
reduction in body size and cyclopia, the absence of ventral progenitor domains and a 
reduction of the neural tube size at the level of the spinal cord (Chiang et al., 1996). Mice 
homozygous for Shh::GFP fusion knock-in allele (ShhGFP/GFP or ShhHypo) are hypomorphic for 
Shh signaling (Chamberlain et al., 2008). In ShhHypo embryos, the neural progenitor pattern is 
ventrally shifted, while the neural tube size is decreased (Zagorski et al., 2017). No defects in 
proliferation have been reported for ShhNull and ShhHypo mutants, while high levels of 
apoptosis have been observed at E9.5 in the neural tube and somites of ShhNull embryos 
(Borycki et al., 1999; Litingtung & Chiang, 2000). Consistent with this, the removal of the 
notochord and floor plate in chick embryos induces extensive neural progenitor apoptosis 
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and a smaller neural tube size, which can be rescued by supplying an exogenous source of 
Shh (Charrier et al., 2001; van Straaten & Hekking, 1991). Altogether, these studies suggest 
that Shh regulates neural progenitor survival. 

 In contrast, gain-of-function mouse studies have shown that overactivation of Shh 
signaling causes neural tube overgrowth. For instance, removal of one copy of the Patched 1 
gene (Ptch1), Shh receptor and a negative regulator of the pathway, produces mice that are 
viable, have larger neural tubes and develop medulloblastomas (Goodrich et al., 1997). 
Furthermore, genetic deletion of the Shh antagonist Hh interacting protein 1 (Hhip1) in a 
Ptch1 heterozygous background leads to a further increase in neural progenitor numbers and 
overall neural tube size (Jeong & McMahon, 2005). In these studies, the underlying cause of 
the overgrowth phenotype was not identified and it might be due to changes in cell 
proliferation or survival. Further experiments suggested a role for Shh in regulating 
proliferation by using dorsal ectopic expression of Shh (Rowitch et al., 1999) and 
overactivation of Shh signaling in chick and mouse embryos (Cayuso et al., 2006; Hynes et al., 
2000; Iulianella & Stanton-Turcotte, 2019). However, these strong perturbations could induce 
ectopic activation of the dorsal morphogens (BMP or Wnt), for example by affecting the RP. 
This leaves open the possibility that the increase in cell proliferation upon these perturbations 
could in part result from the activity of dorsally derived signals. Consistent with this, genetic 
ablation experiments with targeted expression of diphtheria toxin (Lee et al., 2000) or 
disruption of the Lmx1a gene (Chizhikov & Millen, 2004a; Millonig et al., 2003) demonstrated 
that RP (or RP-originating morphogens) play a role in the regulation of neural tube growth. 
Thus, the exact contribution of Shh to the regulation of progenitor proliferation needs further 
investigation.  

1.2.2 Dorsal morphogens and neural tube growth 

 The Wnt canonical pathway has been shown to promote neural progenitor 
proliferation. Overgrowth of the spinal cord accompanied by increased progenitor 
proliferation and decreased neuronal differentiation has been associated with the 
overactivation of Wnt signaling in mouse and chick embryos (Chesnutt et al., 2004; Dickinson 
et al., 1994; Megason & McMahon, 2002; Zechner et al., 2003). Conversely, loss-of-function 
studies have shown that deletion of Wnt1 and Wnt3a or ̡ -catenin in mouse embryos results 
in the reduction of the neural progenitor population and neural tube size (Ikeya et al., 1997; 
Muroyama et al., 2002; Zechner et al., 2003). The effects of Wnt signaling on neural 
progenitor survival remain largely speculative and seem to depend on the timing of 
perturbation and/or analysis (Ille et al., 2007; Megason & McMahon, 2002; Zechner et al., 
2003; T. Zhao et al., 2014). 

 Several lines of evidence dispute the contribution of BMP signaling to the regulation 
of neural tube growth. Overexpression of constitutively active type I BMP receptor b 
(BMPR1b) or BMP transcriptional effector Msx1 in chick embryos at early stages (HH10-12) 
results in a decreased size of the electroporated neural tube side together with increased 
apoptosis, reduced proliferation and repressed neuronal differentiation (Y. Liu et al., 2004). 



 
 

 

8 
 

 

Interestingly, constitutive activation (ca) of BMPR1b in transgenic mouse embryos likewise 
induces neural progenitor apoptosis (between E9.5-E12.5), while at later developmental 
stages promotes neuronal differentiation (Panchision et al., 2001). This suggests that 
overactivation of BMP signaling has a negative effect on progenitor survival early in 
development (before E11/HH20). Consistent with this, overactivation of BMP signaling 
through genetic removal of the BMP antagonists Noggin and Chordin in mouse embryos 
results in a markedly decreased neural tube size along with increased apoptosis of dorsal 
progenitors and neural crest cells, without reported changes in progenitor proliferation 
between E9 and E10.5 (Anderson et al., 2006; McMahon et al., 1998). 

 By contrast, the overexpression of BMP7 and/or BMP4 in chick embryos has been 
reported to promote cell proliferation at later stages of development (HH25) (Andrews et al., 
2017). Transgenic murine expression of caBMPR1a was also found to increase progenitor 
proliferation rates (Panchision et al., 2001). However, it is difficult to ascertain whether BMP 
directly affects cell proliferation as these perturbations can also affect the size of the RP and 
Wnt activity; for instance, in caBMPR1a embryos, the Wnt1 expression domain becomes 
acutely expanded (Panchision et al., 2001).  

 Analysis of the effects of the removal of individual or multiple BMP ligands has proven 
to be challenging. Deletions of single genes coding for individual ligands oftentimes generate 
negligible phenotypes (Solloway & Robertson, 1999). On the other hand, BMP signaling plays 
an important regulative role before neurulation. Consistent with this, simultaneous 
disruption of several BMP ligands (Solloway & Robertson, 1999; G. Q. Zhao, 2003) or a full 
knockout of Bmpr1a causes embryonic lethality around gastrulation (Mishina et al., 1995). 
Later in embryonic development, loss of BMP signaling upon conditional deletion of Bmpr1a 
and concurrent global removal of Bmpr1b does not affect mouse progenitor survival or neural 
tube growth (Wine-Lee et al., 2002). Similarly, loss of BMP7 function in chick and mouse 
embryos does not induce apoptosis or change neural tube size (Le Dreau et al., 2012). By 
contrast, in the developing mouse cortex, loss of Bmp7 results in decreased proliferation and 
cell survival (Segklia et al., 2012). Thus, the requirement for BMP signaling in the regulation 
of neural progenitor survival or differentiation remains elusive and might depend on the 
developmental stage or the temporal dynamics of BMP signaling. 

1.2.3 Coordinated regulation of neural tube growth by morphogens 

 The evidence discussed in the previous sections suggests that Shh, Wnts and BMPs 
can affect neural tube size, however, several factors hinder understanding of the precise 
contribution of each of these morphogens. Previous studies analysed how perturbations in 
morphogen signaling affect neural tube growth at particular developmental time points. 
However, it is possible that the effects of morphogens activities on progenitors change over 
time, reflecting changes in cell-intrinsic and tissue-wide contexts, which could modulate the 
ΨǊŜǎǇƻƴǎŜ ŎƻƳǇŜǘŜƴŎŜΩ ƻŦ ƛƴŘƛǾƛŘǳŀƭ ŎŜƭƭǎΦ Lƴ ǘƘƛǎ ǿŀȅΣ ŘȅǎǊŜƎǳƭŀǘƛƻƴ ƻŦ ŎŜƭƭ ŎȅŎƭŜ ǇǊƻƎǊŜǎǎƛƻƴ 
could lead to cell death or neural differentiation depending on the developmental stage or 
the duration of the perturbation, as observed upon BMP overactivation (Panchision et al., 
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2001). Cellular competence could also be regulated by the sequence in which a cell receives 
different signals. It remains to be elucidated whether all progenitors can respond to any of 
the morphogens irrespective of their DV position, or rather dorsal and ventral cells interpret 
their respective dorsal or ventral gradients to regulate tissue growth.  

 Our understanding of how the Shh, Wnt and BMP pathways contribute to neural tube 
growth is further clouded by evidence of their mutual interactions at different levels of the 
signaling cascades (Ulloa & Briscoe, 2007; Ulloa & Martí, 2010). Shh transcriptional activity 
mediated via Gli proteins has been suggested to upregulate the expression of Tcf3/4 
transcription factors, which are required for ̡-catenin-dependent activation of Wnt target 
genes (e.g. cyclin D1 gene) (Alvarez-Medina et al., 2009). In addition, mouse mutant studies 
demonstrated that Wnt signaling is reduced in ShhNull embryos and can be rescued upon 
concurrent deletion of Gli3 in ShhNull; Gli3Null mutants. Hence, Gli3R has been proposed to 
downregulate canonical Wnt signaling, moreover, in vitro assays suggest that Gli3R can 
directly interact with ̡ -catenin (Ulloa et al., 2007). By contrast, the Wnt canonical ̡ -
catenin/Tcf pathway can antagonize Shh activity through the upregulation of Gli3 expression 
(Alvarez-Medina et al., 2008). This complementary regulation of expression may exist to 
ensure proper DV patterning, but possibly also to establish a uniform rate of cell proliferation 
across the tissue. Further research is required to elucidate whether pro-proliferative and pro-
survival roles reported respectively for Wnt and Shh can be independently controlled by each 
of the pathways.  

 Moreover, a cross-regulation between the Wnt and BMP pathways has been proposed 
to control the balance between progenitor proliferation and neuronal differentiation (Ille et 
al., 2007). However, the downstream molecular network which allows individual neural 
progenitors to interpret this cross-talk is poorly understood. Nevertheless, it is possible that 
the cross-talk between Wnt and BMP relies on the ŘƛǊŜŎǘ ǇƘȅǎƛŎŀƭ ƛƴǘŜǊŀŎǘƛƻƴ ƻŦ ʲ-catenin 
with Smad proteins which has been reported in the developing telencephalon (Theil et al., 
2002). Alternatively, the cross-regulation could depend on the interpretation of the 
combinatorial effects of dynamic signaling levels over time. It is important to consider that 
these regulatory interactions can be further complicated by mutual transcriptional 
upregulation by the other pathway. Overactivation of -̡catenin was shown to increase levels 
of BMP effectors pSmad1/5/8 and Msx1 (Ille et al., 2007), while constitutive activation of 
BMPR1a/b causes expansion of the Wnt signaling components expression domain (Chesnutt 
et al., 2004; Panchision et al., 2001). Another level of regulatory interactions comes from the 
in vitro studies which showed that the Gli3 repressor form can physically associate with 
several Smad proteins (F. Liu et al., 1998). Furthermore, during neural tube patterning, Shh 
and BMP activities converge on a common gene regulatory network (Zagorski et al., 2017). 
This allows for the interpretation of temporally dynamic signaling inputs into stable cell fate 
identities through a non-linear dynamic mechanism (Sagner & Briscoe, 2017). It is unclear 
whether a similar type of signal integration operates in the context of cell cycle or cell survival 
control, or even whether these pathways converge onto a common set of downstream 
mediators. The existence of feedback and cross-regulatory interactions between components 
of different morphogen signaling pathways on the one hand poses several challenges in the 
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investigation of the exact contribution of each pathway; on the other hand, it can be 
considered advantageous for robust coordination of neural tube growth. 

 While previous studies suggest a role for morphogens in controlling proliferation or 
neuronal differentiation, it is challenging to understand their exact effects as these processes 
can be intrinsically controlled through the same mechanisms. Notably, the switch between 
progenitor proliferation and terminal differentiation into post-mitotic neurons has been 
associated with the lengthening of the entire cell cycle or G1 phase (Calegari et al., 2005; Peco 
et al., 2012), with changes in the mode of cell division (Wilcock et al., 2007) and altered 
expression of particular components of the cell cycle machinery (Bonnet et al., 2018; 
Lacomme et al., 2012; Lobjois et al., 2008). These mechanisms are not mutually exclusive and 
several studies have proposed that they can be linked with signaling activities of the Shh, BMP 
or Wnt pathways (Molina & Pituello, 2017). For instance, Shh and Wnt signaling have been 
implicated in the regulation of expression levels of N-Myc and D-type cyclins, which can 
influence the rate of cell cycle progression (Alvarez-Medina et al., 2009; Cayuso et al., 2006; 
Lobjois et al., 2004). Furthermore, reduction in Shh or BMP signaling levels has been reported 
to switch the mode of neural progenitor division from self-expanding symmetric divisions to 
neurogenic divisions (Le Dréau et al., 2014; Saade et al., 2013, 2017). Nonetheless, it remains 
unclear whether these activities are sufficient to understand the role of individual morphogen 
pathways and to explain tissue-wide changes in proliferation and differentiation rates over 
time.  

 Further studies into the molecular targets of Shh, Wnt and BMP pathways within the 
cell cycle progression and cell survival machinery could reveal whether these morphogens 
share downstream mediators. Ultimately, this would help us to understand how cells 
integrate the effects of multiple coinciding signals to generate appropriate responses, how 
decisions at the level of a single neural precursor cell can be regulated by tissue-wide signals, 
and vice versa, how a sum of these decisions can then dynamically control the overall size of 
the tissue. Furthermore, more research is needed to understand how the role of morphogens 
in the regulation of neural tube growth is coordinated with their role in cell fate specification. 
It is possible that induction of cell death or proliferation helps to ensure robust and 
reproducible pattern formation. 

1.3. Research project Aims 1 and 2 

 In both ShhHypo and ShhNull embryos, a reduction in neural tube size has been observed 
at E9.5 of mouse development (Chiang et al., 1996; Zagorski et al., 2017). High levels of cell 
death were also shown in ShhNull mutants at the same stage (Litingtung & Chiang, 2000), while 
no defects in the rate of proliferation have been reported. However, the precise temporal and 
spatial requirements for Shh signaling in regulating neural progenitor proliferation and 
survival, as well as the potential contribution of dorsal morphogens that act concurrently in 
the same tissue have not been established.  

 Thus, at the initial stages of this project, we analysed the levels of neural progenitor 
proliferation and apoptosis in ShhHypo and ShhNull embryos between stages E8.5 and E10.5. Our 
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preliminary analysis confirmed previous findings and indicated that cell death is also 
increased in the neural tube of ShhHypo mutants. We found that high apoptotic activation 
seems to occur within a limited time window in development, around E9.5. By contrast, we 
did not detect changes in the rate of proliferation, measured from the fraction of mitotic 
progenitors.  

 These results suggest that the changes in neural tube size observed in Shh signaling 
mutants are correlated with increased levels of cell death. However, the regulation of neural 
progenitor survival by Shh shows non-monotonous temporal dynamics which could be 
modulated by additional factors, such as dorsal morphogens.   

 Therefore, in the first part of this study (Aim 1), our main goal was to understand how 
Shh signaling regulates cell survival in chick and mouse spinal cords. To this end, we 
combined in vitro approaches with mouse genetics and analysed the effects of altered levels 
of Shh signaling on spatial patterns of cell death at different developmental stages.  

 Next, we aimed to address how dorsal morphogens contribute to the regulation of 
neural progenitor cell survival (Aim 2). We tested the effects of changes in Wnt and BMP 
signaling levels on chick neural progenitor survival. Furthermore, we studied how dorsal and 
ventral morphogen gradients activities are integrated across the DV axis of the neural tube to 
regulate cell survival. 

1.4. Developmental cell death 

Cell death is commonly observed and conserved during normal embryonic 
development helping to sculpt tissues (Merino et al., 1999), participating in tissue remodeling 
(Roellig et al., 2022), eliminating defective or misspecified cells (Hashimoto & Sasaki, 2019; 
Sancho et al., 2013) and regulating cell numbers (Crossman et al., 2018). This process is 
referred to as programmed cell death (PCD), emphasizing the tight regulation of the spatial 
and temporal occurrence of dying cells (Yamaguchi & Miura, 2015). One of the best-described 
examples of PCD during development is the elimination of overproduced postmitotic 
neurons, which is controlled by the limited availability of neurotrophic, pro-survival factors, 
thus allowing for robust adaptation of neuronal pools to the size of their target tissues 
(Oppenheim et al., 1991; Raff et al., 1993).  

Different forms of PCD have been characterized, including apoptosis, necrosis, 
pyroptosis and ferroptosis (Ghose & Shaham, 2020). Among them, apoptosis is the most 
prominent and relevant for mammalian neural development (Voss & Strasser, 2020; 
Yamaguchi & Miura, 2015). Apoptotic cells display characteristic rounded and shrunk 
morphology with condensed chromatin, and initially intact plasma membranes, followed 
ultimately by cell fragmentation and formation of the apoptotic bodies (membrane-enclosed 
components of the dying cell) (Kerr et al., 1972). Apoptosis relies on the activation of 
caspases, a broadly conserved family of cysteine proteases, which act in a proteolytic cascade 
and cleave numerous substrates within the cell (Green, 2022; Hengartner, 2000). Two distinct 
pathways initiate apoptosis, eventually converging on the activation of the executioner 
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caspases 3 and 7 (Fuchs & Steller, 2011) (Fig. 3A). In the sections below, we describe the main 
molecular mediators, key triggers and developmental significance proposed for each of these 
pathways in mammals, with a focus on neural development.  

 

 

Fig. 3. Main apoptotic regulators 
A. Two distinct mechanisms can initiate apoptosis ultimately converging on the activation of the 
executioner caspases 3 and 7. The extrinsic pathway (blue on the left) is induced by the death 
receptors and acts through caspase 8. Caspase 8 has also been shown to block necroptosis through 
interaction with Ripk1 and 3 kinases. Alternatively, dependence receptors have been proposed to 
activate extrinsic apoptosis (blue on the right). Shh receptor Ptch1 has been suggested to activate 
caspase 9 in the absence of Shh. Intrinsic apoptotic pathway can be triggered by various signals, for 
instance, DNA damage or oxidative stress. These signals are integrated by mitochondrial regulators 
from the Bcl-2 family (B.) Ultimately, pro-apoptotic Bax/Bak proteins can permeabilize mitochondrial 
membrane (MOMP) which results in the release of cytochrome c and subsequent formation of the 
apoptosome. XIAP can antagonize the apoptosome and caspases 3 and 7, therefore Smac needs to 
inhibit XIAP to allow for the activation of cell death. B. The Bcl-2 proteins can be subdivided into 3 
classes: the pro-apoptotic effectors, the anti-apoptotic Bcl-2 proteins and the pro-apoptotic BH3-only 
proteins. The interactions between members of the Bcl-2 family are responsible for establishing the 
apoptotic threshold and have been proposed to function as a tripartite switch. In steady-state 
conditions, the anti-apoptotic Bcl-2 proteins interact with and inhibit the pro-apoptotic Bax/Bak and 
the BH3-only proteins. In response to apoptotic stimuli, the levels and activity of pro-apoptotic BH3-
only proteins can be upregulated which allows either for direct activation of Bax and Bak or inhibition 
of the anti-apoptotic Bcl-2 factors. 
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1.5. Regulation and relevance of extrinsic apoptosis 

 The extrinsic apoptosis pathway is initiated by death receptors binding their 
respective ligands or by the ǿƛǘƘŘǊŀǿŀƭ ƻŦ ŘŜǇŜƴŘŜƴŎŜ ǊŜŎŜǇǘƻǊǎΩ ƭƛƎŀƴŘǎΦ The majority of the 
death receptors belong to the Tumor Necrosis Factor receptor (TNFR) family and bind TNF 
ligands, of those most widely studied being the FasL and TRAIL receptors. The binding of death 
ligands by the death receptors leads to the assembly of death-induced signaling complexes, 
containing receptors, adaptor proteins and initiator caspase 8, and further results in the 
cleavage of effector caspases 3 and 7 (Green & Llambi, 2015; Mace & Riedl, 2010). 
Alternatively, upon caspase 8 suppression or absence, death receptors can induce another 
form of cell death, necroptosis, via Ripk1/Ripk3/Mlkl kinases (Fuchs & Steller, 2015; Galluzzi 
& Kroemer, 2008). While genetic inactivation of Casp8 in mouse embryos results in premature 
lethality around E10.5 (Varfolomeev et al., 1998), further studies with compound mutants of 
Casp8 and Ripk1/3 genes showed that extrinsic death receptor-regulated apoptosis is not 
essential for embryonic development as these mice were viable (Dillon et al., 2014; Kaiser et 
al., 2011). Thus, caspase 8 is considered to act primarily to prevent necroptosis (Voss & 
Strasser, 2020). 

 Unbound dependence receptors (DRs) have also been proposed to trigger extrinsic 
apoptosis. Thus far, no structural homology has been identified for receptors belonging to 
this group, and their only common feature is the pro-apoptotic function in the absence of 
their ligand (Negulescu & Mehlen, 2018). For example, the proto-oncogene c-Kit and the p75 
Neurotrophin receptor, but also Ptch1 and CDON (which bind Shh), have been discussed to 
act as DRs, with evidence of elevated cell death when they are unliganded (Delloye-Bourgeois 
et al., 2013; Goldschneider & Mehlen, 2010; Thibert et al., 2003; H. Wang et al., 2018). 
However, the DRs have been predominantly studied for their role as tumour suppressors and 
we have limited insight into their contribution to embryonic development. In addition, there 
is no clear consensus on the apoptosis induction downstream of DRs (Negulescu & Mehlen, 
2018). 

 The results from Mehlen and collaborators investigating Ptch1 as DR were of particular 
interest for the scope of this study (Fombonne et al., 2012; Mille et al., 2009; Thibert et al., 
2003) and they are further discussed at the end of the Introduction (Section 1.8). 

1.6. The mechanisms and importance of intrinsic apoptosis 

1.6.1 The Bcl-2 family of mitochondrial regulators 

 The intrinsic pathway is considered the most common apoptosis mechanism in 
vertebrates. It can be initiated by a variety of signals, including metabolic or oxidative stress, 
loss of adhesion with extracellular matrix (ECM) (termed anoikis), DNA damage or limiting 
access to growth factors. These stimuli act through various signaling pathways in the cell and 
are ultimately integrated by the mitochondrial regulators from the Bcl-2 family. The Bcl-2 
proteins can be functionally and structurally subdivided into three classes: the pro-apoptotic 
effectors (Bax, Bak and Bok), the anti-apoptotic Bcl-2 proteins (e.g., Bcl2, Bcl-xL, Mcl1 and 
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Bcl2a1), and the pro-apoptotic BH3-only proteins (e.g., Bid, Bim, Bad, Puma and Noxa). The 
interactions between members of the Bcl-2 family are responsible for establishing the 
apoptotic threshold and have been proposed to function as a tripartite switch (Czabotar et 
al., 2014) (Fig. 3B). In steady-state conditions, the anti-apoptotic Bcl-2 proteins interact with 
and inhibit the pro-apoptotic Bax/Bak and the BH3-only proteins. In response to apoptotic 
stimuli, the levels and activity of pro-apoptotic BH3-only proteins can be upregulated 
transcriptionally or postȤtranslationally. In this way, BH3-only proteins can overcome the 
survival threshold and either activate Bax and Bak directly or antagonize the anti-apoptotic 
Bcl-2 factors. Upon activation, Bax/Bak proteins, which are located in the outer mitochondrial 
membrane (OMM), form pores in the OMM, disrupting its integrity and inducing 
mitochondrial outer membrane permeabilization (MOMP) followed by the release of 
cytochrome c and other pro-apoptotic proteins, e.g., second mitochondrial activator of 
caspases (Smac, also called DIABLO) (Czabotar et al., 2014; Green & Llambi, 2015). 

 Due to their important role as the main hub for intrinsic apoptotic pathways, Bcl-2 
proteins are tightly regulated by many transcription factors. For example, several of the pro-
apoptotic Bcl-2 factors (Puma, Noxa and Bax) have been identified as transcriptional targets 
of the tumour suppressor protein p53 (Aubrey et al., 2018). Oftentimes, Bcl-2 family members 
are also subjected to post-translational modifications, which provides a rapid way to respond 
and control the cell fate switch from survival to apoptosis mode. For instance, the activity of 
Mcl-1, Bcl-xL, Bim, Bax, Bak or Bok can be down-regulated via the ubiquitin-proteasome 
system (Moldoveanu & Czabotar, 2020; Roberts et al., 2022).  

1.6.2 The apoptosome and Inhibitor of Apoptosis Proteins (IAPs) 

 Once cytochrome c is released to the cytoplasm, it binds to Apoptotic protease-
activating factor 1 (Apaf-1) and initiates the assembly of the apoptosome. This allows for the 
recruitment and activation of caspase 9, which can subsequently proteolytically cleave the 
executioner caspases 3 and 7 (Bratton & Salvesen, 2010). Smac, which is also released from 
the mitochondria, helps to sustain the activity of the apoptosome by antagonizing the X-
linked inhibitor of apoptosis (XIAP), a member of the IAP protein family. While several of the 
Inhibitors of Apoptosis Proteins (IAPs) can act as E3-ubiquitin ligases and target active 
caspases for proteasomal degradation, only XIAP can also directly inhibit processed caspase 
9 and the executioner caspases (Obexer & Ausserlechner, 2014). Therefore, for a cell to 
undergo apoptosis, XIAP activity has to be antagonized. This provides an additional layer of 
regulation or a checkpoint to ensure proper activation of the apoptotic machinery (Fuchs & 
Steller, 2015).  

1.6.3 Requirement for the intrinsic pathway in mouse embryonic development 

 Many studies analysed the effects of reduced or upregulated mitochondrial apoptosis 
in developing mouse embryos. Complete loss of anti-apoptotic Bcl-2 factors Mcl-1 or Bcl-xL 
leads to increased cell death and embryonic lethality at the blastocyst stage (E3.5) or around 
E13.5, respectively (Motoyama et al., 1995; Rinkenberger et al., 2000). Notably, even the loss 
of a single Mcl-1 and a single Bcl-xL allele results in a high degree of developmental 
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abnormalities, indicating that embryonic apoptosis needs to be finely tuned. Furthermore, 
the concurrent loss of a single copy of Bim can completely restore normal development 
emphasizing the sensitive balance between pro- and anti-apoptotic Bcl-2 proteins (Grabow et 
al., 2018). Due to high functional redundancy between the pro-apoptotic Bcl-2 proteins, many 
of the single knockout mutants appear developmentally normal (Voss & Strasser, 2020). For 
instance, animals lacking Bak or Bax function do not show developmental anomalies, while 
simultaneous global deletion of Bax and Bak causes many embryonic abnormalities and 
perinatal lethality (Lindsten et al., 2000). Interestingly, BaxNull; BakNull; BokNull triple mutants 
display even more severe phenotypes and die earlier than BaxNull; BakNull double mutants, 
suggesting that Bok might share overlapping functions with Bax/Bak proteins (Ke et al., 2018). 
Compensatory activation of the alternative forms of PCD was not observed after deleting Bax; 
Bak and Bok underlining the prominent role of the intrinsic apoptotic pathway in embryonic 
development.  

1.6.4 The role of p53 signaling in embryonic development 

 The p53 tumour suppressor protein is one of the key signaling centers integrating 
various types of stress signals and controlling the cellular response. p53 is a transcription 
factor and in normal conditions, it is maintained at low levels due to the quick turnover 
mediated by Mdm2 and 4 ubiquitin ligases (Haupt et al., 1997). In response to different 
cellular stresses, such as DNA damage or aberrant activation of oncogenes, p53 becomes 
stabilized and can activate the relevant cellular mechanism, e.g. arrest cell cycle, induce 
apoptosis or DNA repair (Kastenhuber & Lowe, 2017). As a transcription factor, p53 can 
upregulate the expression of key pro-apoptotic mediators such as Noxa and Puma, Bax or 
Apaf-1 (Brady & Attardi, 2010). In addition, p53 can directly activate the mitochondrial 
apoptotic pathway through inhibitory interaction with the anti-apoptotic Bcl-2 regulators 
(Mihara et al., 2003). Due to its role as the master regulator of cell survival programs, changes 
in p53 levels have been associated with a number of developmental abnormalities, including 
neural tube defects (Bowen & Attardi, 2019). For example, deletion of Mdm2 or Mdm4 and 
the resulting decreased degradation of p53 causes embryonic lethality by E5.5 and E8.5, 
respectively (de Oca Luna et al., 1995; Parant et al., 2001). Furthermore, numerous studies 
suggest p53 can elicit different effects depending on the stress type or cellular context 
(Bowen et al., 2019; Rinon et al., 2011). The understanding of p53 role during development is 
further complicated by its functional redundancy shared with structurally similar p63 and p73 
proteins at early pre-gastrulation stages of mouse development (Q. Wang et al., 2017).  

 In addition to its role in stress response, p53 has been proposed to act in cell 
competition processes, which leads to a ǎŜƭŜŎǘƛƻƴ ƻŦ ƳƻǊŜ ΨŦƛǘΩ ŎŜƭƭǎΦ Lƴ ƳƻǳǎŜ ŜƳōǊȅƻǎΣ 
uniform moderate p53 upregulation does not result in developmental defects, however, 
mosaic mild activation of p53 in individual cells causes their out-competition by the 
neighbouring wild-type (WT) cells and growth disadvantage at the level of mosaic embryos 
compared to the WT littermates (Zhang et al., 2017). Whether different downstream 
mechanisms are triggered by p53 in the context of cell competition requires further 
investigation.  



 
 

 

16 
 

 

1.7. The role for apoptosis in neural tube closure 

 Several developmental processes require apoptosis to occur, such as the formation of 
digits. However, the precise contribution of apoptosis to neural tube morphogenesis has 
remained elusive. Highly abundant apoptotic cells have been observed at the ridges of the 
neural folds during and after neural tube closure in mouse and chick embryos (Massa et al., 
2009; Weil et al., 1997; Yamaguchi et al., 2011). Many mouse mutants of pro-apoptotic genes, 
such as components of the apoptosome (Apaf1Null or Casp9Null) or the executioner caspases 
(Casp3Null; Casp7Null), show reduced cell death and display defects during neural tube closure 
(Cecconi et al., 1998; Kuida et al., 1998; Lakhani et al., 2006). Consistent with this, early 
treatment of chick embryos with pan-caspase inhibitor zVAD-fmk (zVAD) was shown to 
prevent neural tube closure (Weil et al., 1997). These results supported the hypothesis that 
apoptosis is required for neural tube closure (Massa et al., 2009). However, two other studies 
reported evidence that contests this hypothesis. Although apoptotic cells are present during 
neuroepithelial fusion in developing mouse embryos, neural tube closure can occur normally 
upon pharmacological inhibition of cell death using caspase inhibitor zVAD or p53 inhibitor 
ǇƛŦƛǘƘǊƛƴ ʰ (Massa et al., 2009). While species-specific properties could explain differences in 
these findings, a recent study in chick embryos found that inhibition of caspases with another 
caspase inhibitor (QVD-Oph) perturbs bending of the neural epithelium but does not 
completely prevent neural tube closure (Roellig et al., 2022). This work also proposed that 
rather than being required for tissue fusion, apoptotic cells participate in the remodeling of 
the neuroepithelial tissue during the bilateral bending of the dorsolateral hinge points (Roellig 
et al., 2022).  

1.8. The interactions between Shh signaling pathway and the cell survival machinery  

 Shh signaling has been implicated in the regulation of cell survival in different 
developing tissues. For example, in the developing mouse forebrain and adjacent 
mesenchyme, altered levels of Shh signaling affect cell death and cell proliferation, resulting 
in abnormal tissue size (Aoto & Trainor, 2015). On the other hand, the loss of shh function in 
zebrafish embryos causes an increase in apoptosis in the developing retina and neural tube 
(Prykhozhij, 2010). Nonetheless, the mechanism underlying Shh role in cell survival regulation 
is not fully understood and remains under discussion.  

 Ptch1 has been proposed to act as a DR in the absence of Shh (independent of 
canonical Gli regulators). Initial work showed that overexpression of PTCH1 induces apoptosis 
in the developing chick neural tube and in HEK293T cells (Thibert et al., 2003). Mehlen and 
collaborators later elucidated that in the absence of Shh, Ptch1 recruits DRAL, caspase 
adaptor protein TUCAN and caspase 9 to directly activate apoptosis through effector caspases 
(X. L. Chen et al., 2014; Fombonne et al., 2012; Mille et al., 2009). However, this later research 
was primarily conducted in in vitro cultured cell lines and the in vivo validation, using 
overexpression of dominant negative constructs of DRAL and CASP9 in chick embryos, only 
confirmed the involvement of caspase 9 (Mille et al., 2009). Caspase 9 can also become 
activated through apoptosome-dependent mechanisms. Importantly, the Ptch1-dependent 
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DR mechanism is difficult to reconcile with the rescue of cell survival observed in the neural 
tube of Shh and Gli3 compound loss-of-function embryos (Litingtung & Chiang, 2000). In these 
mutants, Ptch1 is expressed at higher levels than in the ShhNull mutants alone, which further 
contests the role of unliganded Ptch1 in the induction of neural progenitor cell death. 
Furthermore, in chick neural tube reduction of Shh signaling through overactivation of the 
GLI3 repressor promotes apoptosis, while overexpression of dominant-active GLI construct 
can rescue Ptch1-dependent increased cell death (Cayuso et al., 2006). Altogether, these 
results strongly suggest that Shh transcriptionally regulates cell survival. 

 Several cell survival regulators have been suggested as candidate mediators of Shh 
activity. Anti-apoptotic Blc-2 has been identified as a direct target of Shh signaling (Peterson 
et al., 2012) and overexpression of Bcl-2 partially rescues GLI3R- or dominant active PTCH1-
induced apoptosis (Cayuso et al., 2006). Furthermore, overactivation of XIAP has been 
reported to restore cell survival upon concomitant PTCH1 overexpression in the chick neural 
tube (Aoto & Trainor, 2015). p53 has been proposed to act downstream of Shh in the 
regulation of cell survival in the developing zebrafish retina (Prykhozhij, 2010), whereas 
deletion of Bax/Bak mitochondrial regulators restores cell survival in the developing limb in 
the absence of Shh (J. Zhu et al., 2022). Whether p53 or Bax/Bak proteins are also mediating 
Shh activity in the neural tube remains to be elucidated. Further investigation of Gli3 
transcriptional targets as well as characterization of the activity of different apoptotic 
pathways are necessary to establish how cells interpret Shh signaling to control their survival.  

1.9. Research project Aim 3 

 In the last part of this study, we aimed to understand the molecular mediators of Shh 
activity on cell survival (Aim 3). First, we analysed cell death levels and neural tube size in 
ShhNull; Gli3Null double mutants. Then, we combined immunostainings and mouse genetics to 
validate the involvement of the main apoptotic pathways downstream of Shh. In parallel, we 
analysed changes in transcriptomes of chick and mouse spinal cord progenitors in conditions 
where Shh activity is reduced and cell death is activated. Lastly, we performed preliminary 
validation of the most promising candidate mechanisms. 
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Chapter 2. Regulation of neural progenitor survival by Shh   

2.1. Shh regulates cell survival in chick neural tube explants in a concentration-
dependent manner 

As described in the Introduction (Section 1.2.1), Shh has been previously reported to 
regulate cell survival in mice and chick spinal cords. Prior studies showed that neural 
progenitor cell death is induced in the absence of Shh (Charrier et al., 2001; Litingtung & 
Chiang, 2000; Thibert et al., 2003). However, it remains unknown whether Shh has a simply 
permissive role in controlling neural progenitor survival or whether the concentration of Shh 
is instructive for the overall levels of apoptosis.  

To test this, we used chick naïve neural plate explants (see Methods & (Dessaud et al., 
2007; Zagorski et al., 2017)) to measure the response to a range of defined concentrations of 
Shh. The presence of cleaved caspase 3 (CC3) is a hallmark of apoptosis and can be detected 
in cells actively undergoing apoptosis and cell body fragmentation. Therefore, after 24 hours 
of culture, we estimated the levels of CC3 in immunostained explants by measuring the 
fractional area of the explant in maximum projections that has a CC3 positive signal above a 
threshold value (Methods) (Fig. 4A). To validate the activity of Shh, we checked the expression 
of Shh target NKX2.2 in the explants. In agreement with previous studies (Zagorski et al., 
2017), we found that NKX2.2 was expressed at lower levels in explants cultured with the 
addition of 1-2nM Shh, while upon exposure to 4nM Shh, almost all cells in the explant were 
positive for NKX2.2 (Fig. 4B).  

Control explants cultured for 24h in the absence of Shh showed high levels of cell 
death, with CC3 signal detected above threshold levels in 70% +/- 21.2% of the explant area 
(Fig. 4C). Treatment with Shh significantly improved cell survival in the explants as shown by 
the decreased mean fraction of CC3+ area, e.g. for 2nM Shh - 16.5%+/- 7.4% and for 4nM Shh 
ς 30.3% +/- 17.4% (Fig. 4C). Thus, compared to the control sample within each experiment, 
Shh treatment increased cell survival in a concentration-dependent manner (Fig. 4D). While 
we did not detect a significant difference in cell survival for 0.5nM Shh, concentrations above 
0.5nM and up to 2nM Shh increase cell survival approximately linearly (with R² = 0.91) (Fig. 
4D). The maximum, ~3.5-fold, increase in cell survival was observed for 2nM Shh. Exposure to 
higher concentrations of Shh (3nM to 10nM) resulted in a nearly constant 2-fold increase in 
cell survival (Fig. 4D).  

Previous studies have shown that the highest concentration of Shh that induces the 
most ventral progenitor types (NKX2.2+ and FOXA2+) is approximately 4nM (Briscoe et al., 
2000; Jessell, 2000). 0.5-1nM Shh induces OLIG2 expression, while lower Shh concentrations 
are associated with the specification of intermediate and dorsal progenitor subtypes (Zagorski 
et al., 2017). Therefore, our explants results imply that Shh could act as a pro-survival factor 
in the ventral neural tube, while the wild-type concentrations of Shh in the dorsal neural tube 
would have minimal or no effect on cell survival. In wild-type mouse embryos, there is a 
slightly higher apoptotic index (AI) in the pI domain at E9.5, however, collectively cell death 
levels are very low and do not contribute significantly to the overall changes in neural tube 
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size (Kicheva et al., 2014). This suggests that Shh is not the sole regulator of cell survival and 
that additional signals or mechanisms ensure cell survival in dorsal and intermediate neural 
progenitors. 

 

Fig. 4. Shh regulates cell survival in chick neural tube explants in a concentration-dependent 
manner 
A and B. Representative maximum projections for evaluation of (A) cell death levels (immunostaining 
against cleaved caspase 3, CC3), DAPI (marking the nuclei) and (B) NKX2.2 expression for the indicated 
Shh concentrations. Scale bar 50µm. C. Quantifications of the mean fraction of explant area positive 
for CC3 relative to the DAPI+ area in a range of Shh concentrations. The box plot marks the 25th-75th 
percentile of the data, mean (red stripe), median (black stripe). Whiskers represent the highest/lowest 
data points (excluding outliers). D. Quantifications of the normalized mean cell survival as the mean 
of fractions of the normalized CC3+ explant area across all experiments for each condition over the 
mean for controls, followed by inversion of these mean fractions. The addition of Shh of 1nM and in 
higher concentration significantly improves cell survival in a non-monotonic manner. The blue line 
connects the means. Error bars, mean +/- SEM. C and D. For sample sizes and the number of 
experiments, see Table 1. 
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2.2. Shh signaling regulates cell survival and neural tube size in a dose-dependent 
manner in mouse embryos 

Our results in chick explants suggest that the overall concentration of Shh in the tissue 
should have a proportional effect on cell survival. To further investigate the relationship 
between the overall levels of Shh and neural progenitor survival in vivo, we analysed spinal 
cords of wild-type (WT) mouse embryos and mutants in which Shh signaling is perturbed to a 
varying degree. Embryos homozygous for ShhGFP exhibit hypomorphic phenotype with respect 
to Shh signaling (ShhHypo) (Chamberlain et al., 2008), while ShhNull embryos lack Shh gene 
function (Chiang et al., 1996). Previous studies have reported that the spinal cord size is 
reduced in these mutants at embryonic day 9.5 (E9.5) (Fig. 5A) (Chiang et al., 1996; Zagorski 
et al., 2017). To obtain a more detailed description of changes in neural tube size in Shh 
mutants, we measured the dorsoventral (DV) length of the neural tube (Fig. 5B) and the size 
of the Sox2+ progenitor pool in transverse sections (Fig. 5C). At E9.5, the DV length of the 
neural tube is decreased by 33.6 +/- 4.9˃ Ƴ ό{ǘǳŘŜƴǘϥǎ ¢-Test, p<0.001) in ShhHypo embryos 
compared to control littermates, whereas in ShhNull embryos it is reduced by 59.9 +/- 2.4˃Ƴ 
(p<0.001) (Fig. 5BΩ ŀƴŘ р.ΩΩΣ ǊŜǎǇŜŎǘƛǾŜƭȅ). This corresponds to a DV length that is 85% (for 
ShhHypo) and 75% (for ShhNull) of the control length (Fig. 5.ΩΩΩύ. Consistent with this, the number 
of Sox2+ progenitors was decreased to 82% in ShhHypo embryos and 71% in ShhNull embryos 
compared to controls (p<0.001) (Fig. 5CΩ-ΨΩΩ).  

The observed decrease in the DV length of the neural tube and neural progenitor 
number at E9.5 could result from decreased proliferation rate or increased cell death. 
Because neuronal differentiation begins after E9.5 (Kicheva et al., 2014), changes in the 
differentiation rate are unlikely to account for the differences in neural tube size at this stage. 
To evaluate cell proliferation in the ShhHypo and ShhNull embryos, we measured the mitotic 
index (MI) as the fraction of phospho-histone H3ςlabeled (pH3+) Sox2+ progenitors at E9 and 
E9.5 stages. The MI is not significantly different between the mutant and control embryos and 
averages at around 0.05 for E9 and 0.04 for E9.5 stage (p>0.05 for all comparisons to control) 
(Fig. 5DΩ-ΩΩΩ), consistent with previous measurements in the lab (Anna Kicheva, unpublished). 
By contrast, the apoptotic index (AI), calculated as a fraction of CC3+ cells over the number of 
Sox2+ progenitors, is increased in both mutant conditions at E9 and E9.5 stages (Fig. 5EΩ-ΩΩΩ). 
Specifically, at E9.5 stage, the AI is increased 5-fold in ShhHypo, and 10-fold in the ShhNull 
embryos, compared to controls (Fig. 5ΩΩΩύ. These results indicate that the total levels of Shh 
signaling correlate with the overall levels of cell survival. The data implies that the decrease 
in neural tube size in Shh mutants results from the increase in AI.  
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Fig. 5. Neural tube size is decreased and cell death is increased in Shh mouse mutants 
A. Transverse spinal cord sections from wild-type, ShhHypo and ShhNull embryos immunostained for Sox2 
and CC3 at E9.5. Scale bar, 50µm. B and C. Quantifications of the DV length (B) and number of Sox2+ 
nuclei per section (C) for all cross-sections in: Ψ CTRL (pooled WT and Shh-GFP/+) and ShhHypo, and ΩΩ 
WT and ShhNull embryos at E9.5. In the Shh signaling mutants the DV length and Sox2 progenitor pool 
are significantly decreased. ΩΩΩ Comparison of ratios of mutant over respective control for the DV length 
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and Sox2+ progenitor number shows significantly stronger deficits in ShhNull than in ShhHypo embryos.  
D. Quantifications of mitotic index (fraction of pH3+ relative to all Sox2+ progenitors) from mutants 
and control littermates at E9 (5Ω) and E9.5 (5ΩΩ) show no significant change in proliferation. No 
differences were also observed when we compared the ratios of MImutant over respective controls 
(5ΩΩΩ). E. Quantifications of the mean apoptotic index as the fraction of CC3+ progenitors relative to 
Sox2+ progenitors from mutant and control sections at E9 (EΩ) and E9.5 (EΩΩ). Cell death is significantly 
higher in Shh signaling mutants. AI ratio over control shows a 2-fold increase of cell death in ShhNull 
embryos compared the ShhHypo mutants (EΩΩΩ). Box plots in B, C, D and E: Mean (red stripe). 25th-75th 
percentile of the data (box), median (black stripe). Highest/lowest data points (excluding outliers) 
(whiskers). Asterisks, Double-ǎƛŘŜŘ {ǘǳŘŜƴǘΩǎ ¢-tests (* p<0.05, ** p<0.01, *** p<0.001). ns - not 
significant. For sample sizes, see Table 2.  
 

Taken together, the analysis of Shh signaling mouse mutants supports a hypothesis 
whereby the probability of cell survival in the neural tube depends on the concentration of 
Shh. This implies that in the ShhHypo and ShhNull apoptosis could be spatially biased/non-
uniform. To test whether this is the case, we obtained spatial profiles of cell death (CC3 
fluorescent intensity) in the spinal cords of Shh mutant embryos and their control littermates 
and plotted the quantification as a heatmap of the mean intensity for a set of neural tube 
sections at E9.5 (more details in Fig. 6 legend and Methods). These quantifications revealed 
that in the WT embryos apoptosis is low across the DV axis, with a slightly increased density 
of apoptotic cells at the dorsal-most positions of the neural tube. By contrast, in Shh signaling 
mutants dying cells are preferentially localized within discreet domains. In ShhHypo mice 
apoptosis is enriched in the middle and dorsal positions. In ShhNull embryos, the levels of 
apoptosis are elevated throughout the DV axis, with the highest increase in the ventral and 
dorsal most portions of the spinal cord (Fig. 6A). The overall level of CC3 intensity was higher 
in the ShhNull than in the ShhHypo mutants and in the WT which was in line with our previous 
observation that total levels of cell death correlate with the concentration of the Shh. 
Furthermore, our results show that the decline in Shh signaling in vivo affects the 
intermediate and dorsal regions of the neural tube. 

Shh alters the DV patterning of the neural tube, hence the same relative DV positions 
could correspond to different cell identities. To test whether the patterns of cell death in Shh 
mutants are restricted to specific domains, we assessed the expression of patterning markers: 
dorsal progenitors marker Pax3 (pD, domains pd1-6), motor progenitors marker Olig2 (pMN), 
ventral progenitors marker Nkx6.1 (pV, domains p0-p2, pMN and p3) and roof plate marker 
Lmx1a (RP) (Fig. 6B and H). We designated the domain negative for the expression of Pax3 
and Nkx6.1 as intermediate progenitor domain (pI). To identify the domains corresponding to 
regions of increased cell death, we measured the absolute DV length and DV boundary 
positions of each domain relative to the total DV length at E9.5 (Fig. 6C-G and J).  

We found that in ShhHypo and ShhNull mutants the DV length (DVL) of the RP domain is 
not significantly longer in the absolute units (Fig. 6C), but is relatively expanded in the ShhNull 

embryos (9.9% relDVL) compared to WT (7.7% relDVL) (p<0.001, T-test) (Fig. 6J). The relative 
sizes of pI and pD domains are progressively more expanded in ShhHypo and ShhNull mutants 
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(53.6%/32% and 68.4%/19%DVL, respectively) compared to the WT embryos (43%/16%). 
However, in absolute units of DV length, pI and pD domains are only larger in the ShhNull 

embryos, and in ShhHypo embryos pI domain is actually smaller (Fig. 6D and E). Conversely, the 
pV and pMN domains are reduced in both absolute and relative units in the ShhHypo embryos 
(Fig. 6F, G and J), while in ShhNull mutants they are not specified.  

We then compared the boundary positions of the domains with CC3 profiles (Fig. 6I 
and J), and in addition we plotted the mean CC3 level for each domain in the WT vs Shh 
mutants (Fig. 6K). This analysis showed that within the pV and pMN domains, the level of cell 
survival in the WT and in ShhHypo embryos was similar. Increased apoptosis in both the ShhHypo 
and ShhNull is located within the pI, pD and RP domains, with the highest levels noted for the 
RP. We also noted that cell death levels vary within the pD domain in Shh mutants. Thus, we 
analysed it in more detail by splitting the domain length into three bins: we looked at the RP 
domain together with the most dorsal pd1 domain (RP region), then pd2 to pd4 and pd5-6 
domains. As the specification and markers of these domains remain poorly understood at this 
developmental stage, we relied on an estimated even split of the pD domain into 6 
subdomains. In this way, we detected that cell death is most increased in the pI and most 
dorsally adjacent pd5-6 domains with pd2-4 domains maintaining high levels of cell survival 
(Fig. 6K). Furthermore, the levels of apoptosis within each of these domains were higher in 
the ShhNull than in the ShhHypo. We also plotted mean CC3 intensity profiles relative to the 
absolute DV length aligned at the most dorsal position with the mean absolute DV length for 
each domain illustrated below for reference (Fig. 6L-N). This comparison showed that the 
ranges of the two apoptotic peaks located within pI/pD domains and within the RP region 
largely overlap between ShhHypo and ShhNull embryos. Overall, this indicates that the reduction 
of Shh function affects the intermediate and dorsal neural tube, where the endogenous levels 
of Shh signaling are below the detection sensitivity of the GBS-GFP reporter (Balaskas et al., 
2012) and are therefore thought to be very low.  Nevertheless, this observation is consistent 
with a dosage-sensitivity of cell survival to Shh. 

Our data indicates that within the pD domain (excluding the RP region), the AI in the 
Shh mutants is not spatially uniform, but the highest in the pd5-6 region. This region, together 
with the pI, may also be slightly more prone to cell death in WT embryos (Kicheva et al., 2014). 
A possible explanation for this observation could be that, besides Shh signaling, cell survival 
also depends on a dorsal gradient of a pro-survival factor. Thus, the dorsal factor would have 
the highest pro-survival effect in the dorsal-most parts of the pD, while the pd5-6 and pI 
regions will be exposed to a lower concentration of this factor and will therefore be more 
prone to apoptosis in the absence of Shh signaling. We investigate the involvement of dorsal 
morphogens in the regulation of cell survival in Chapter 3. An alternative explanation could 
be that the lower levels of cell death in the pV and pd1-4 domains compared to pI and pd5-6 
are dependent on the transcription factor code that defines these cell identities. However, 
there is no evidence that the pI and pd5-6 domains are specified differently (either in terms 
of the cell identities or the temporal dynamics of the specification) in the ShhHypo compared 
to wild-type, therefore this explanation seems unlikely. 
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A striking result from our analysis is that the RP region undergoes progressively higher 
levels of cell death in the ShhHypo and ShhNull mutants. This suggests that Shh signaling has 
long-range effects that extend all the way to the RP. Because the RP itself is a signaling center 
that secretes ligands such as BMPs and Wnts, it is possible that the signaling environment 
within the RP is perturbed in Shh mutants. We test this possibility in Chapter 4.  

Altogether, our results suggest that in vivo, similar to explants, cell survival is sensitive 
to the concentration of Shh in the tissue, and this is particularly obvious in the pI and pd5-6 
domains. In contrast to explants, however, we observed that the equivalent to 0.5-1nM Shh 
confers maximum cell survival (there is no benefit to increasing Shh concentrations even 
further). Furthermore, our results indicate that the pd2-4 domains are less sensitive to the 
level of Shh signaling, which raises the possibility that a dorsal factor may be involved in the 
regulation of cell survival in the neural tube in addition to Shh. 
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Fig. 6. Cell death is increased in pI and pd5-6 domains and the RP region in Shh signaling 
mutant embryos 
A. Heatmaps of mean CC3 intensity obtained from superimposed immunostained neural tube sections 
of WT, ShhHypo and ShhNull embryos at E9.5 show that cell death is spatially biased. Individual 
immunostained transverse sections of E9.5 neural tubes were superimposed. Heatmaps were 
normalized to the number of sections and processed with an LUT, the color bar is shown on the left. 
Bright orange corresponds to the high activation of CC3. The dashed line marks the outline of the 
spinal cord. Scale bar, 50µm. B. Representative E9.5 transverse sections stained against progenitor 
domain markers: Pax3 and Nkx6.1 (red) for pD and pV domains, Olig2 (green) for the pMN domain. 
The Pax3-/Nkx6.1- domain entails pI intermediate progenitors. Scale bar, 50µm. C, D, E, F and G. 
Comparison of mean dorsoventral lengths (DVL) of indicated progenitor domains quantified from 
individual sections of ShhHypo, ShhNull and WT littermates. RP absolute DVL is not changed in the Shh 
mutants. The DVL of pD and pI domains are expanded in ShhNull embryos in absolute units. The pV and 
pMN domains are shorter in ShhHypo and not specified in ShhNull embryos. H. Schematic representation 
of a cross-section of the embryonic spinal cord. Morphogens are produced in the floor plate (FP) and 
the roof plate (RP). The co-expression of transcription factors establishes distinct neural progenitor 
domains (pd1-pd6 (pD); p0-p1 (pI); p2, pMN, p3 (pV)) along the DV axis. Each of these domains is 
characterized by the expression of specific transcription factors (boxes on the right). We use this color 
code in the following panels showing proportions between the domains in relative and absolute units. 
I. Comparison of the mean CC3 intensity profiles, measured from two halves of heatmaps generated 
for each embryo along the ventral midline, plotted against the relative DV length. Profiles were 
normalized to the mean maximum value noted for the WT condition. The shaded region corresponds 
to 0.95 confidence interval (CI). J. The DVL and DV boundary positions of indicated progenitor domains 
relative to the total DV length measured from individual sections at E9.5. Note the expansion of 
relative sizes of RP, pD and pI domains in Shh signaling mutants. Red whiskers mark SEM. K. Mean CC3 
intensity plotted for indicated domains. Error bars ς SEM. pMN and pV domains are protected from 
apoptosis. Cell death levels are not spatially uniform within the pD domain, note a strong increase in 
pd5-6 domains and low cell death in pd2-4 domains. L. and M.  Comparison of the mean CC3 intensity 
profiles relative to the absolute DV length aligned to the most dorsal position. N. Mean absolute 
domain DVL. Red whiskers mark SEM. Box plots in C, D, E, F and G: Mean (red stripe), 25th-75th 
percentile of the data (box), median (black stripe), highest/lowest data points (excluding outliers) 
(whiskers). Asterisks, Double-ǎƛŘŜŘ {ǘǳŘŜƴǘΩǎ ¢-tests (* p<0.05, ** p<0.01, *** p<0.001). ns - not 
significant. For sample sizes, see Table 3. 

2.3. Shh regulates cell survival in a concentration-dependent manner in chick embryos  

While the Shh mouse mutants suggest that cell survival depends on the levels of Shh 
signaling, they have the disadvantage that the level of Shh signaling cannot be manipulated 
to a defined degree at a controlled time. Therefore, we used chick embryo ex ovo culture 
(early chick (EC) culture (Chapman et al., 2001)) to further investigate the connection between 
cell fate specification and cell survival levels in response to Shh. First, we exposed chick 
embryos to defined concentrations of Smoothened antagonist ς cyclopamine to perturb Shh 
signaling at an early developmental stage (Hamburger and Hamilton stage 8-9 (HH8-9)), 
corresponding to stage E8.5 in mouse developmental timeline. The embryos were cultured 
for 24 hours in the presence ƻŦ р˃a or мл˃a cyclopamine. Treatment with 0.1% DMSO 
served as the control condition. To measure the profiles of apoptosis, we generated heatmaps 
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of mean CC3 intensity from transverse sections obtained from several independent 
experiments (Fig. 7A). 

We found that in the 0.1% DMSO condition, cell death was low and randomly 
distributed. By contrast, in cyclopamine-treated embryos, there were higher levels of cell 
death. The increase in cell death correlated with the concentration of cyclopamine (Fig. 7A). 
The highest density of cells undergoing apoptosis was observed in the middle of the spinal 
cord and in the RP region. Consistent with increased cell death levels, in cyclopamine-treated 
embryos, the absolute DV length is decreased by 3% - р˃a όǇғлΦлрύ ŀƴŘ с҈ - мл˃a 
cyclopamine (p<0.001) compared to the control (Fig. 7C). 

To validate the domain-specific localisation of apoptosis in chick embryos, we 
immunostained neural tube sections for patterning markers (Fig. 7B) and measured absolute 
DVL and DV boundary positions for pD, pV and pMN domains relative to total DVL (Fig. 7D-F). 
We estimated the length of pI domain from the mean boundaries of pV and pD domains. In 
cyclopamine-treated embryos, the absolute and relative sizes of pD and pI domains are 
progressively more expanded (41%/28% relative DVL with р˃a and 49%/31% relative DVL 
ǿƛǘƘ мл˃a ŎȅŎƭƻǇŀƳƛƴŜ) compared to control (37%/23% relative DVL) (Fig. 7D and I). The 
ventral domains (pMN and pV) are specified, albeit shifted ventrally. The absolute and relative 
5±[ ƻŦ ǘƘŜ Ǉab ŘƻƳŀƛƴ ƛǎ ƻƴƭȅ ǊŜŘǳŎŜŘ ƛƴ мл˃a ŎȅŎƭƻǇŀƳƛƴŜ ŎƻƴŘƛǘƛƻƴ όFig. 7E and I). 
Treatment with cyclopamine causes a concentration-dependent decrease of the pV domain 
DVL, which is respectively 1.3- and 2-fold smaller than in the control condition (absolute and 
relative DVL) (Fig. 7F and I). This is because, in contrast to ShhNull mutants, there is endogenous 
Shh activity prior to the cyclopamine treatment, which accounts for the specification of 
NKX6.1+ progenitors. Due to a lack of commercially available chick-specific antibodies against 
RP markers, we could not measure the boundary of the RP domain in chick embryos, but 
based on our previous quantifications in mice we estimated that the RP domain DVL amounts 
to around 10% of the relative DVL at this developmental stage. As in the analysis of Shh 
mutants, we also designated 3 subregions within the pD domain: the RP region (RP+pd1), pd2-
4 and pd5-6 domains, by accordingly splitting the total pD domain absolute and relative DVLs. 

We then compared the absolute and relative boundary positions with CC3 profiles 
(Fig. 7H-L) and we plotted the mean CC3 level for each domain (RP+pd1, pd2-4, pd5-6, pI, 
pMN and pV) in the 0.1% DMSO and cyclopamine-treated embryos (Fig. 7G). We found that 
the NKX6.1+ pV domain has the lowest level of cell death, which are comparable to control 
embryos. In the pMN domain apoptosis levels are moderately increased. We detected that 
the region of high activation of apoptosis corresponds to pI and pd5-6 domains and to a 
smaller extent the RP region (Fig. 7G). Even in the 0.1% DMSO the cell death levels are slightly 
increased in pD and RP domains. In contrast to Shh mice mutants, apoptosis was higher in the 
pI and pD domains than in the RP region. Furthermore, the CC3 intensity plotted relative to 
the absolute DV length and aligned at the dorsal pole showed us that the ranges of two 
apoptotic peaks in cyclopamine-treated embryos (within pI/pD and RP domains) spatially 
coincide (Fig. 7J). Lƴ ŀŘŘƛǘƛƻƴΣ ƛƴ ŜƳōǊȅƻǎ ǘǊŜŀǘŜŘ ǿƛǘƘ мл˃a ŎȅŎƭƻǇŀƳƛƴŜ the highest levels 
of CC3 are localized between pI and pD domain, which would correspond to pd5-6 domains. 
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Overall, these results confirm the observations in mouse Shh mutants that pI and pd5-6 
domains are the most sensitive to changes in Shh concentration and most prone to cell death 
in its absence. This data also suggests that the Shh activity prior to the cyclopamine treatment 
or the expression of ventral genes, such as NKX6.1, prevent cell death in the pV domain. These 
results are consistent with the observations from ShhHypo mice, where Shh signaling is 
reduced, but a smaller than wild-type Nkx6.1+ domain is nevertheless specified.  
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Fig. 7. Upregulation of cell death upon Shh inhibition in chick embryos shows concentration- 
and DV position-dependence 
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A. Heatmaps of mean CC3 intensity from superimposed immunostained neural tube sections from 
HH15-16 chick embryos, cultured for the ǇǊƛƻǊ нп ƘƻǳǊǎ ǿƛǘƘ лΦм҈ 5a{h ƻǊ р ƻǊ мл˃a ŎȅŎƭƻǇŀƳƛƴŜ 
(cyclo). The dashed line marks the outline of the spinal cord. Color bar on the left. Scale bar, 50µm.  B. 
Representative HH15 transverse sections stained against progenitor domain markers: PAX3 (red) for 
pD domain and OLIG2 (green) for the pMN domain. In separate sections, we also assessed the 
expression of NKX6.1 for the pV domain. Scale bar, 50µm. C. Mean DVL is significantly decreased in 
cyclopamine-treated embryos in a concentration-dependent manner. D, E, and F. Comparison of 
mean dorsoventral lengths (DVL) of indicated progenitor domains quantified from individual sections 
of chick embryos treated with DMSO or cyclopamine. pD domain is expanded in the presence of 
cyclopamine. pMN domain is moderately enlarged in 5uM cyclopamine, but shorter in 10uM 
cyclopamine. The absolute DVL of the pV domain is reduced progressively in cyclopamine-treated 
embryos. G. Mean CC3 intensity plotted for indicated domains. Error bars ς SEM. pMN and pV domains 
are protected from apoptosis. Cell death is strongly upregulated in the pI, pd5-6 domains and at lower 
levels in the pd2-4 and RP+pd1 domains. H. Comparison of the mean CC3 intensity profiles, measured 
from two halves of heatmaps generated for each embryo along the ventral midline, plotted against 
the relative DV length. For this analysis, we quantified the mean profiles from heatmaps generated 
for each experiment independently and normalized the intensities to the maximum value measured 
for the DMSO control. The shaded region corresponds to 0.95 confidence interval (CI). The total 
amount of apoptosis depends on the concentration of Shh inhibitor I. The DVL and DV boundary 
positions of indicated progenitor domains plotted as a function of relative DV length measured from 
individual sections at HH15-16. The color code as in Fig. 3 ς RP and pD domains (shades of blue), pI 
(red), pV and pMN (bright and dark green). The pD domain was evenly split into 6 subdomains and 
binned to obtain 3 subregions (RP+pd1, pd2-4, pd5-6). The size and position of the pI domain were 
estimated from the mean DV boundaries of pD and pV domains. Note the expansion of relative sizes 
of pD and pI domains in cyclopamine-treated embryos. Red whiskers mark SEM. J and K. Comparison 
of the mean CC3 intensity profiles relative to the absolute DV length aligned to the most dorsal 
position. Note the overlap between two peaks of apoptosis in the cyclopamine conditions. L. Mean 
absolute domain DVL. Red whiskers mark SEM. Box plots in C, D, E and F: Mean (red stripe), 25th-75th 
percentile of the data (box), median (black stripe), highest/lowest data points (excluding outliers) 
(whiskers). Asterisks, Double-ǎƛŘŜŘ {ǘǳŘŜƴǘΩǎ ¢-tests (* p<0.05, ** p<0.01, *** p<0.001). ns- not 
significant. For sample sizes, see Table 4. 

2.4. Shh regulates cell survival in a temporal manner  

In order to test whether early exposure to Shh can ensure cell survival within the pV 
domain, we treated chick embryos with мл˃a cyclopamine prior to the head fold stage (at 
HH6-7) to inhibit Shh signaling activity at the stage when it is first initiated (Fig. 8A). We then 
cultured the embryos for 24 hours (until HH13) or 31h (until HH15). We compared the results 
to the conditions in which embryos were treated with cyclopamine from developmental stage 
HH8-9 for 24h until HH15 (Fig. 8A). 

Strikingly, we observed that in the HH6-HH13 condition, cell death levels across the 
DV axis were similar to the control.  By contrast, in the HH6-HH15 condition cell death was 
increased throughout the DV length of the embryo. This observation contrasted with our 
previous data from the HH8-HH15 condition, where the apoptotic cells were not present in 
the pV domain. These results suggest that 1) early exposure to Shh signaling prevents 
apoptosis of the ventral domain, 2) cell death only occurred around the HH15 stage and not 
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earlier, even if the duration of the perturbation remained the same (Fig. 8B, compare HH6-
HH13 and HH8-HH15). This indicates that the inhibition of Shh signaling has a delayed effect 
on cell death. 

To address whether the survival of the ventral progenitors correlates with the 
expression of the ventral patterning genes, we assessed the expression of NKX6.1 and OLIG2 
in embryos treated with cyclopamine from HH6 (Fig. 8C). We confirmed that NKX6.1 and 
OLIG2 are not expressed or expressed in a few cells in the ventral spinal cord upon early 
inhibition with cyclopamine. Upon later inhibition at stage HH8, NKX6.1 and OLIG2 are 
expressed at lower levels and in a more restricted domain than in the control. Overall, in all 
experimental conditions, the DV length of the neural tube is reduced upon treatment with 
cyclopamine (Fig. 8D).  

We then checked the DVL and DV boundary positions of progenitor domains to 
analyse the differences caused by the early inhibition of Shh. The absolute DVL of the pD is 
expanded to a similar degree (reaching a mean of ~60-су˃Ƴ) in all cyclopamine-treated 
embryos, irrespective of the stage of inhibition (Fig. 8E), but in relative units, it is ~1.3-fold 
larger in HH6-HH13 and HH6-HH15 conditions compared to HH8-HH15 (Fig. 8H). As the pV 
domain is almost entirely absent in the embryos treated with cyclopamine at HH6 (Fig. 8F), 
the pI domain occupies the most ventral positions in the neural tube in these embryos (32% 
rel DVL in HH6-HH13, 38% rel DVL in HH6-HH15) (Fig. 8H). We detected that the region of 
increased cell death in the HH6-HH15 condition likely corresponds to pI and pd5-6 domains 
(normally marked by Dbx1/2 expression). This result was reminiscent of the ShhNull embryos, 
where the pV domain is not specified, the CC3 intensity profile follows a similar shape and the 
domain proportions are shifted similarly (compare Fig. 8G and Fig. 6I). Comparison of mean 
CC3 intensity for each domain showed that in pI, pd5-6, pd2-4 and RP+pd1 domains cell death 
is upregulated to a similar extent in HH6-HH15 and HH8-HH15 conditions (Fig. 8I), with the 
max values localized within the pd5-6 domains. Even in the 0.1% DMSO condition cell death 
is slightly elevated in the RP. Crucially, we found that in the pMN domain, though smaller, cell 
death is only moderately increased in the HH6-HH15 condition and remains low in the HH8-
HH15 condition (Fig. 8I). 

Therefore, it is possible that the expression of domain-specific markers established by 
Shh signaling (e.g. NKX6.1), can ensure cell survival within ventral domains. Alternatively, cell 
survival is maintained independently from these factors and the only requirement is early 
exposure to Shh. Further experimental validation is needed to elucidate this. For example, 
investigating whether overexpression of NKX6.1 can rescue neural progenitor survival at 
HH15 upon concurrent inhibition of Shh from stage HH6. At the same time, intermediate 
progenitors (pI and pd5-6 domains) are sensitive to the levels of Shh at both early and late 
times. This suggests that they either require Shh continuously to directly maintain their 
survival or their specification is altered upon Shh inhibition.  
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Fig. 8. Shh regulates cell survival in chick neural tube in a time-dependent manner 
A. Strategy for treatment of ex ovo ŎǳƭǘǳǊŜŘ ŎƘƛŎƪ ŜƳōǊȅƻǎ ǿƛǘƘ мл ˃a ŎȅŎƭƻǇŀƳƛƴŜΦ B. Heatmaps of 
mean CC3 intensity, obtained from superimposed neural tube sections from embryos collected at an 
indicated stage, show differences in cell death localization and intensity along the DV axis. Cell death 
is increased in the cyclopamine-treated embryos only at HH15. Upon early inhibition at HH6, cell death 
is also apparent in most ventral domains. The dashed lines mark the outlines of the spinal cords. Color 
bar on the left, Scale bar 50µm. C. Representative transverse sections magnifying the ventral half of 
the neural tube immunostained against progenitor domain markers NKX6.1 (red) and OLIG2 (green). 
Note the absence of signal upon cyclopamine treatment at the HH6 stage. Scale bar 50µm. D. Mean 
DVL is significantly decreased in all cyclopamine-treated (cyc) embryos. E and F. Comparison of mean 
dorsoventral lengths (DVL) of pD and pV progenitor domains quantified from individual sections of 
chick embryos treated with DMSO or cyclopamine (cyc) and collected at the indicated stage. The 
absolute DVL of the pD domain is larger in the presence of cyclopamine, whereas the pV domain is 
absent in embryos exposed to cyclopamine at HH6. G. Comparison of the mean CC3 intensity profiles, 
measured from two halves of heatmaps generated for each embryo along the ventral midline, plotted 
against the relative DV length. The mean profiles were quantified from heatmaps generated for each 
experiment independently and normalized the intensities to the maximum value measured for the 
control 0.1% DMSO condition. The shaded region corresponds to 0.95 confidence interval (CI). Cell 
death is increased in the ventral of the neural tube in the HH6-HH15 condition. H. The DVL and DV 
boundary positions of indicated progenitor domains plotted as a function of relative DV length 
measured from individual sections at the indicated stage. The size and position of the pI domain were 
estimated from the mean DV boundaries of the pD and pV domains. Note the expansion of relative 
sizes of pD and pI domains and the absence of the pV domain in cyclopamine-treated HH6-HH13 and 
HH6-HH15 embryos compared to the HH8-HH15 condition. Whiskers mark SEM. I. Mean CC3 intensity 
plotted for indicated domains. The pD domain was evenly split into 6 subdomains and binned to obtain 
3 subregions (RP+pd1, pd2-4, pd5-6). Error bars ς SEM. If specified, pV domain is protected from 
apoptosis. Cell death is strongly upregulated in the pI, pd5-6, pd2-4 and RP+pd1 domains. The highest 
levels of apoptosis are present in the intermediate domains (pI and pd5-6). Box plots in D, E and F: 
Mean (red stripe), 25th-75th percentile of the data (box), median (black stripe), highest/lowest data 
points (excluding outliers) (whiskers). Asterisks, Double-ǎƛŘŜŘ {ǘǳŘŜƴǘΩǎ ¢-tests (* p<0.05, ** p<0.01, 
*** p<0.001). ns- not significant. For sample sizes, see Table 4. 

We then asked whether this time-dependent characteristic of cell survival regulation 
can also be observed in mouse embryos. To answer this question, we measured the AI from 
the spinal cord sections of control (CTRL), ShhHypo and ShhNull embryos between E8.25 and E10 
(Fig. 9). Initially, at E8.25 (10 somites stage), the respective fractions of the apoptotic cells in 
the ShhHypo and ShhNull mutant spinal cords remain low (at less than 0.01) and are not 
significantly different from the control littermates. In ShhHypo and ShhNull embryos, the AI 
values increase until E9.5, reaching a maximum with the mean of 0.03 and 0.06, respectively. 
Interestingly, also in the control mice the AI is at its highest at E9.5 (with a mean of ~0.01). 
This is consistent with previously published data which showed that AI is transiently and 
moderately increased up to 0.016 in the wild-type embryos at ~E9.5 (40-50h post headfold 
stage) (Kicheva et al., 2014). After this peak, the AI in the Shh mutants decreases and returns 
to a level similar to the control embryos (~0.001) at E10. This data further supports that during 
spinal cord development cell survival is tightly regulated and at around E9.5 cells that were 
not exposed to Shh signaling undergo cell death. It is possible that even in wild-type embryos, 
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a low number of progenitors activates cell death as part of the regular neural tube 
development. Nonetheless, the question of when mouse progenitors require Shh activity to 
ensure their survival remained open.  

 

Fig. 9. Shh regulates cell survival in mouse neural tube in a time-dependent manner 
A. Comparison of apoptotic index measured as the fraction of CC3+ progenitors over Sox2+ 
progenitors in transverse sections from ShhHypo, ShhNull mutants and control littermates at different 
developmental stages. Cell death shows a striking increase around E9.5. Mean +/- SEM. For sample 
sizes, see Table 2. 

To address this, we inhibited Shh signaling using cyclopamine at different stages of 
neural tube development in wild-type mouse embryos cultured ex utero (Whole Mouse 
Embryo Culture, WMEC - see Methods and (Garcia et al., 2011)). We inhibited Shh signaling 
with a high concentration of cyclopamine (10µM) either at an early developmental time point 
around E8 (corresponding to the 2-6ss stage) or later at stage E8.5 (7-12ss), and then we 
collected the embryos at E9 or E9.5 (Supplementary figures 1). We observed substantial 
variation of up to 3-fold in the levels of cell death in the control treatment with 0.1% DMSO, 
which might reflect a time-sensitivity in the robustness of embryos to WMEC or low sample 
size. To compare cell death increase between the different conditions, we normalized the AI 
for cyclopamine-treated embryos to their respective DMSO controls (Supplementary figures 
1). We found that apoptosis is significantly increased when Shh signaling is inhibited at stage 
E8, while the increase is smaller when inhibition starts at a later stage (E8.5). This result is 
reminiscent of the data from Shh mutants in vivo (Fig. 9A). In ShhNull embryos, Shh ligand is 
constitutively absent (Chiang et al., 1996) and the AI is the highest, whereas in ShhHypo Shh 
signaling levels are reduced but not absent and this mutant has lower levels of apoptosis than 
the ShhNull (Zagorski et al., 2017). In our embryo culture experiment, cyclopamine treatment 
at E8 is more similar to a complete constitutive inhibition of Shh signaling, while the later 
inhibition at E8.5 is more similar to a constitutive reduction in Shh signaling. Nevertheless, 
these results differ from the analogous experiments in chick. In particular, we do not see an 
early developmental stage at which apoptosis does not occur (similar to the HH13 in chick). 
The most likely explanation for this is that the timing of the experiment in the mouse is not 
precisely matched to the chick, so that E9, the earliest stage at which we measure AI in the 
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mouse, corresponds to a later time point than HH13 in the chick. This explanation is also 
supported by the data from Shh mutants where cell death begins to increase already at E9.  



 
 

 

36 
 

 

Chapter 3. Dorsal signals involved in the regulation of neural progenitor 
survival 

3.1. BMP7 promotes cell survival in chick neural tube explants  

 The data described in the previous sections indicated that besides Shh, other signals 
are likely to contribute to the regulation of dorsal neural progenitor survival. Therefore, we 
used the chick neural plate explant system to investigate candidate signaling molecules, which 
have been suggested to regulate cell survival in other tissues (Akieda et al., 2019; Crossman 
et al., 2018; Montero et al., 2001; Shum et al., 1999; Suzuki et al., 2003; Y. Wang et al., 2019): 
dorsal morphogens produced in the RP (BMPs and Wnts), as well as retinoic acid (RA), 
fibroblast and epidermal growth factors (FGF and EGF). As described in Section 2.1, we 
isolated the neural plate explants, cultured them with designated concentrations of factors 
for 24 hours, then immunostained them and measured the CC3+ area relative to DAPI. We 
did not observe changes in mean cell survival for treatment with Wnt3a (Fig. 10A and C). Of 
note, we also tested the small-molecule Wnt agonist CHIR99021 (CHIR) and, surprisingly, 
explants cultured with CHIR showed improvement in cell survival (Supplementary figures 2). 
This discrepancy might arise from the inhibitory action of CHIR on the glycogen synthase 
kinase-оʲ όD{Y-оʲύ, which could result in the upregulation of Shh signaling as was previously 
reported by Kim et al. (Kim et al., 2009). We observed that FGF (at 10ng/ml concentration) 
does not promote cell survival, whereas RA and EGF showed pro-survival effects 
(Supplementary figures 2). 

We cultured the explants with a range of BMP concentrations (0.05-10nM) ς 
concentrations between 0.05 and 2nM were previously shown to specify dorsal neural 
progenitors, whereas concentrations above 2nM induce specification of neural crest cells 
(Zagorski et al., 2017).  Strikingly, our result showed that BMP7 significantly enhances cell 
survival in chick neural tube explants (Fig. 10B). This effect depends on the concentration of 
BMP7 in a non-monotonic manner. The addition of BMP7 in the concentration range between 
0.05 to 3nM resulted in a significant, approximately 1.5-fold, increase in cell survival 
compared to control explants (Fig. 10B and D). By contrast, treatment with 10nM BMP7 
caused a strong ~2.5-fold increase in apoptosis compared to control. 

Altogether, our results indicate that BMP7 can strongly enhance the survival of neural 
progenitors within a broad concentration range that is physiologically relevant for dorsal 
neural tube patterning. Nevertheless, too high levels of BMP have the opposite effect and 
induce cell death. 
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Fig. 10. Concentration-dependent improvement of cell survival in chick neural tube explants 
by BMP7, and not by Wnt3a 
A and B. Quantifications of the mean fraction of explant area positive for CC3 in a range of A. Wnt3a 
and B. BMP7 concentrations. Box plots: Mean (red stripe). 25th-75th percentile of the data (box), 
median (black stripe). Highest/lowest data points (excluding outliers) (whiskers). C. Quantifications of 
ǘƘŜ ƴƻǊƳŀƭƛȊŜŘ ƳŜŀƴ ŎŜƭƭ ǎǳǊǾƛǾŀƭ ŦƻǊ ŀ ǊŀƴƎŜ ƻŦ ²ƴǘоŀ ŎƻƴŎŜƴǘǊŀǘƛƻƴǎ ώƴƎκ˃ƭϐΦ The addition of Wnt3a 
does not affect cell survival. Error bars, mean +/- SEM. D. Quantifications of the normalized mean cell 
survival for plotted against log10 values of a range of BMP7 concentrations between 0 and 10 nM. 
Note that even low concentrations of BMP can significantly improve cell survival. Cell survival remains 
constant at around 1.5-fold improvement between 0.05 and 3nM concentrations and markedly 
decreases at a very high concentration of 10nM BMP7.  Error bars, mean +/- SEM. E. Representative 



 
 

 

38 
 

 

maximum projections for evaluation of cell death levels (immunostaining against cleaved caspase 3, 
CC3), DAPI (marking the nuclei) for the indicated BMP7 concentrations. Scale bar 50µm. For sample 
sizes and the number of experiments, see Table 1. 

3.2. Dorsal and intermediate progenitors require BMP signaling for their survival  

The dependence of cell survival in explants on BMP suggests that inhibition of BMP 
signaling in vivo may promote cell death. To test this, we perturbed BMP signaling in EC-
cultured chick embryos using LDN-193189 (LDN), a small molecule inhibitor of the BMP 
receptor type I (Cuny et al., 2008). We treated HH8-9 chick embryos with three concentrations 
of LDN ς 100nM, 300nM and 1˃M- for 24 hours until they reached the HH15-16 stage. Next, 
we measured apoptosis in spinal cord sections by immunostaining against CC3. A low number 
of dying cells was sparsely distributed in the spinal cords of the control 0.1% DMSO condition. 
By contrast, we detected elevated levels of cell death in the dorsal and intermediate regions 
of the spinal cords of the LDN-treated embryos (Fig. 11A). Consistent with the increased 
apoptosis in LDN-treated embryos, their neural tubes had significantly decreased DV lengths 
compared to control embryos (Fig. 11B). The spatial profiles of CC3 intensity indicated that, 
while the overall mean levels of cell death correlated with the concentration of the inhibitor, 
the region with the highest levels of apoptosis remained similar between conditions and was 
located between 0.4 and 0.8 relative DV length (Fig. 11A and J). We also detected that these 
regions largely overlapped when we plotted CC3 intensity relative to the absolute distance 
from the dorsal pole of the neural tube (Fig. 11M).  

To measure to what extent BMP signaling activity was decreased in embryos treated 
with LDN, we analysed the expression of phosphorylated SMAD1/5/8 (pSMAD) (Fig. 11F). We 
detected changes in amplitude and the maximum range of the pSMAD gradient (Fig. 11G-I). 
Treatment with 100nM LDN had little effect on pSMAD levels, whereas 300nM and 1˃M 
showed 2-fold decreased amplitudes of pSMAD profiles and shortened absolute range of the 
pSMAD expression (Fig. 11H and I). Comparison between CC3 spatial profiles (Fig. 11J) and 
pSmad profiles (Fig. 11G) revealed that the survival of most dorsal neural progenitors where 
the pSmad activity was the highest, was less affected by the LDN treatment, whereas the 
regions of low pSmad activity had the highest increase in cell death.  

In order to directly compare the profiles of cell death with the positions of gene 
expression domains, we quantified the mean DV boundaries of PAX7+ (pD), OLIG2+ (pMN) 
and NKX6.1+ (pV) domains (Fig. 11C-E). This analysis showed that the pD domain is smaller, 
while pI and pMN domains become larger in LDN-treated embryos. Strikingly, pd2-4, pd5-6 
and pI domains exhibit high apoptosis in all embryos cultured with LDN (Fig. 11J-L). By 
contrast, the levels of apoptosis within the ventral regions (pMN and pV) were comparable to 
control levels (Fig. 11J-L). Thus, in agreement with our previous observations, ventral neural 
progenitors expressing NKX6.1, which are exposed to higher levels of Shh compared to the pI 
and pD regions, were protected from apoptosis. Only in 1 M˃ LDN condition, we saw a 
moderate increase of apoptosis even in the ventral positions. However, we did not analyse 
NKX6.1 levels in 1˃ M LDN samples, therefore we cannot be certain about the correct 
specification of pV domain in these embryos.  
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We also detected abundant apoptotic cells in the RP region in all conditions, including 
the control (Fig. 11L). Importantly, the levels of CC3 in the RP, which were comparable 
between all LDN-treated samples and the control condition, were 2-3-fold lower than in the 
pd2-4, pd5-6 and pI domains of LDN-treated embryos. This suggests that the RP cells may be 
less sensitive to reduction in BMP signaling that the progenitors within pI and pD domains. 

Taken together, our data from chick explants and EC-cultured chick embryos implies 
that BMP signaling enhances cell survival within a large concentration range, which 
corresponds to the dorsal (pd2-4) and intermediate (pd5-6 and pI) progenitor domains. BMP 
activity acts in a pro-survival manner within an optimal range of concentrations of up to 10nM 
and above this range exerts the opposite effect and promotes cell death. 
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Fig. 11. Dorsal and intermediate progenitors require BMP signaling for their survival 
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A. Heatmaps of mean CC3 intensity created from superimposed immunostained neural tube sections 
from HH15-мс ŎƘƛŎƪ ŜƳōǊȅƻǎ ŎǳƭǘǳǊŜŘ ǿƛǘƘ лΦм҈ 5a{h ƻǊ мллƴaΣ оллƴaΣ м˃a [5b-193189 (LDN) 
for 24 hours. The dashed line marks the outline of the spinal cord. Color bar on the left. Scale bar 
50µm. B. Mean DVL is significantly decreased in all LDN-treated embryos. C, D and E. Comparison of 
mean dorsoventral lengths (DVL) of indicated progenitor domains quantified from individual sections 
of chick embryos treated with DMSO or LDN. pD domain is shorter in embryos exposed to LDN. pMN 
domain is expanded in an LDN concentration-dependent manner. The absolute DVL of the pV domain 
is reduced in 100nM and 300nM LDN conditions. The mean pV DV boundary positions were not 
ƳŜŀǎǳǊŜŘ ŦƻǊ м˃a [5b. F. Representative HH15 transverse sections immunostained against BMP 
transcriptional read-out pSMAD1/5/8 (pSMAD) (grayscale). Scale bar 50µm. G. Mean pSMAD intensity 
profiles plotted against the relative DV length and normalized to the maximum value noted for the 
control samples. The shaded region corresponds to 0.95 confidence interval (CI). H. Mean amplitudes 
of pSMAD profiles show a slight effect of 100nM LDN and strong downregulation of BMP signaling 
ǳǇƻƴ ǘǊŜŀǘƳŜƴǘ ǿƛǘƘ оллƴa ŀƴŘ м˃a [5bΦ 9ǊǊƻǊǎ ōŀǊǎ ŘŜƴƻǘŜ лΦфр /LΦ I. Mean pSMAD intensity 
profiles plotted against the absolute distance from the dorsal pole. The shaded region corresponds to 
0.95 confidence interval (CI). Note changes in the absolute range of pSMAD in all three LDN-treated 
experimental conditions. J. Comparison of the mean CC3 intensity profiles, measured from two halves 
of heatmaps generated for each embryo along the ventral midline, plotted against the relative DV 
length. Profiles were normalized to the mean maximum value noted for the control 0.1% DMSO 
condition. The shaded region corresponds to 0.95 confidence interval (CI). K. The DV positions of 
indicated progenitor domains plotted as a function of relative DV length measured from individual 
sections at HH15-16. The color code as in Fig. 3 ς pD (RP+pd1, pd2-4, pd5-6) (shades of blue), pI (red), 
pV and pMN (bright and dark green). The pD domain was evenly split into 6 subdomains and binned 
to obtain 3 subregions. The size and position of the pI domain were estimated from the mean DV 
boundaries of pD and pV domains. Red whiskers mark SEM. L. Mean CC3 intensity plotted for indicated 
domains. Error bars ς SEM. pMN and pV domains are protected from apoptosis (except for a moderate 
increase in м˃a [5bύ. Cell death is strongly upregulated in the pI and pd5-6 domains, and to a lesser 
extent in pd2-4 domains. We also detected increased apoptosis in the RP region (estimated as the 
region occupying the most dorsal 10% of the DVL), however it was not different from the higher levels 
observed in the control condition. M. Comparison of the mean CC3 intensity profiles relative to the 
absolute DV length aligned to the most dorsal position. Note the overlap between the region of 
increased apoptosis in the LDN conditions corresponding to pD and pI domains. Box plots in C, D and 
E: Mean (red stripe), 25th-75th percentile of the data (box), median (black stripe), highest/lowest data 
points (excluding outliers) (whiskers). Asterisks - double-ǎƛŘŜŘ {ǘǳŘŜƴǘΩǎ ¢-tests (* p<0.05, ** p<0.01, 
*** p<0.001). ns - not significant. For sample sizes, see Table 4. 

3.3. Progenitors from pI and pD domains require continuous input from BMP signaling 
to maintain their survival 

Our data (Section 2.4) suggested that neural progenitors interpret the concentration 
of Shh to regulate their survival with a temporal delay. This raises the question of whether 
progenitor cells interpret BMP signaling activity also only within a specific time window or if 
they continuously respond to the BMP signaling levels. We therefore performed analogous 
experiments using chick embryo culture to inhibit the BMP pathway with 300nM LDN at HH6 
or HH8 stages (Fig. 12A). By quantifying the CC3 intensity, we then assessed the spatial 
patterns of apoptosis at stages HH13 or HH15 (Fig. 12C).  
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Similar to previous experiments, in the control treatment with 0.1% DMSO, we 
observed slightly elevated CC3+ cells in the RP region. In LDN-treated embryos, cell death was 
significantly increased in the intermediate and dorsal regions of the neural tube in all three 
experimental conditions. To test the efficiency of the LDN inhibitor, we assessed pSMAD1/5/8 
expression and quantified the DV boundaries of its expression (Fig. 12D) and we found 
decreased signal in all LDN-treated conditions.    

Inhibition of BMP signaling caused changes in the overall DV length of the neural tube 
in embryos collected at HH15 (Fig. 12B) and was accompanied by the reduction of absolute 
sizes of pD and pV domains (Fig. 12E and F). The absolute length of the PAX7+ domain was 
shorter in all three experimental conditions treated with LDN, with the most pronounced 
deficit in the HH6-HH13 condition (by 25%) (Fig. 12E). Meanwhile, the absolute size of the pI 
domain was increased in LDN HH6-HH13 and HH8-HH15 conditions. In addition, we observed 
changes in the relative proportions of patterning domains. The relative size of the pI domain 
was larger in the HH6-HH13 condition by around 14% and in the HH6-HH15 condition by 7.5% 
compared to the control.  

Quantifications of mean CC3 intensity profiles showed the region of increased 
apoptosis is localized between 0.4 and 0.8 of the relative DV length in all LDN conditions (Fig. 
12G). Combined with the measurements of DV boundaries this revealed that high cell death 
is primarily restricted within pI and pD (pd5-6 and pd2-4) domains, irrespective of the 
treatment regime (Fig. 12H). We did not detect increased cell death in the RP region 
compared to the DMSO control (Fig. 12I). Thus, it is possible that either the BMP signaling 
levels were not strongly affected in the RP region or the reduction in BMP activity is not 
relevant for the survival of the RP cells. Importantly, we did not observe differences between 
the three LDN-treated conditions when we compared the means of CC3 profiles and mean 
CC3 intensity per domain (Fig. 12G and I). Nonetheless, we observed large variation in these 
datasets, with the lowest noted for the HH8-HH15 condition which could be related to a later 
start of the EC culture, but also to a larger sample size. This suggests that, unlike their 
response to Shh, dorsal and intermediate neural progenitors continuously undergo cell death 
in response to the decreased levels of BMP signaling.  

Altogether, we found that dorsal neural progenitors continuously require BMP 
signaling to maintain their survival. This observation contrasted with our data for Shh-
dependent regulation, where ventral progenitors interpret levels of Shh at an early timepoint 
in development to sustain their survival at the later timepoint. Furthermore, thus far we did 
not identify evidence that cell death caused by BMP inhibition results in cell death at a specific 
developmental timepoint. This suggests that the two pathways may implement different 
strategies to regulate cell survival and interact with cell survival machinery via different 
downstream mechanisms.  
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Fig. 12. Progenitors from pI and pD domains require continuous input from BMP signaling 
to maintain their survival 
A. Strategy for treatment of ex ovo cultured chick embryos with 300nM LDN (LDN) to inhibit BMP 
signaling. B. Mean DVL is not changed in LDN HH6-HH13 condition and is significantly decreased in 
embryos collected at HH15. C. Heatmaps of mean CC3 intensity, obtained from superimposed neural 
tube sections of embryos collected at an indicated stage, show that cell death is highly abundant in 
the dorsal spinal cords of the LDN-treated embryos. The dashed lines mark the outlines of the spinal 
cords. Color bar on the left, Scale bar 50µm. D. Representative transverse sections magnifying dorsally 
expressed pSMAD1/5/8+ (grayscale). Scale bar 50µm.  E and F. Comparison of mean dorsoventral 
lengths (DVL) of pD and pV progenitor domains quantified from individual sections of chick embryos 
treated with DMSO or 300nM LDN and collected at the indicated stage. The absolute DVL of the pD 
domain is shorter in the presence of LDN, whereas the pV domain is expanded in HH6-HH13 and 
reduced in HH8-HH15 and HH6-HH15 conditions. G. Comparison of the mean CC3 intensity profiles 
plotted against the relative DV length. The mean profiles were quantified from heatmaps generated 
for each experiment independently and normalized the intensities to the maximum value measured 
for the control condition. The shaded region corresponds to 0.95 confidence interval (CI). H. The DVL 
and DV boundary positions of indicated progenitor domains plotted as a function of relative DV length 
measured from individual sections at the indicated stage. The size and position of the pI domain were 
estimated from the mean DV boundaries of the pD and pV domains. Note the expansion of relative 
sizes of the pI domain in LDN-treated embryos compared to control conditions. Whiskers mark SEM. 
I. Mean CC3 intensity plotted for indicated domains. Error bars ς SEM. pV and pMN domains are 
protected from apoptosis. The pD domain was evenly split into 6 subdomains and binned to obtain 3 
subregions: RP+pd1, pd2-4, pd5-6. Cell death is most increased in the pI and pd5-6 domains 
irrespective of the time and duration of BMP inhibition. pd2-4 domains also show elevated apoptosis. 
The RP region was estimated as the most dorsal 10% of the DVL. Cell death in the RP is upregulated in 
LDN-treated and control embryos to the same extent. Box plots in B, E and F: Mean (red stripe), 25th-
75th percentile of the data (box), median (black stripe), highest/lowest data points (excluding outliers) 
(whiskers). Asterisks, Double-ǎƛŘŜŘ {ǘǳŘŜƴǘΩǎ ¢-tests (* p<0.05, ** p<0.01, *** p<0.001). ns- not 
significant. For sample sizes, see Table 4 
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Chapter 4. Joint regulation of cell survival by Shh and BMP  

4.1. Shh and BMP have an additive effect on cell survival in vitro 

Thus far, we established that both Shh and BMP are involved in the regulation of 
neural progenitor survival. Our data showed that Shh appears to have a linear range of cell 
survival response in vitro, but in vivo, the cell survival profiles upon Shh inhibition depend on 
the degree of inhibition, the progenitor domain and the developmental stage. For BMP we 
found that it promotes cell survival for a broad range of concentrations, but appears to 
promote cell death at very high concentrations (above 10nM). The pattern of cell death upon 
BMP inhibition was also domain-dependent. This prompts several questions: do Shh and BMP 
cooperate to regulate survival? Could we explain the spatial patterns of apoptosis in vivo by 
considering the combined effect of the two pathways? And at which point within the cell 
survival regulation cascade do the BMP and Shh signaling inputs converge? 

To address these questions, we first tested how a combination of different 
concentrations of Shh and BMP7 affects cell survival in chick neural explants (Fig. 13). In our 
first regime, we supplemented the explants with 1nM Shh and 1nM BMP7 (Fig. 13A). We 
observed a significant increase in cell survival compared to explants treated with either 1nM 
Shh or 1nM BMP7 separately. Interestingly, when we added the same concentration of BMP7 
(1nM) together with 2nM Shh, we observed an even stronger additive effect (Fig. 13B), 
resulting in a 3-fold increase in cell survival compared to 2nM Shh alone. By contrast, 
treatment with 4nM Shh and 1nM BMP7 did not lead to further improvement of cell survival 
compared to explants cultured only with 4nM Shh, but showed a significant increase in cell 
survival compared to 1nM BMP7 (Fig. 13C). Altogether, these results show that BMP and Shh 
act synergistically in promoting cell survival in vitro (Fig. 13D). Only in the regime with high 
Shh and high BMP concentration, we did not observe a significant difference in cell survival 
levels compared to high Shh regime. Perhaps this can be explained by the cell fate 
specification in this condition. It has been previously shown (Zagorski et al., 2017) that 
explants treated with a high concentration of both morphogens contain a mixture of cells with 
pD and pV identities, but not pI identities. It is possible that once cells acquire such polarized 
identities, they are unresponsive to the input from the other morphogen. By contrast, at 
lower concentrations, we expect to find more intermediate progenitors, and these cells could 
be responsive to both gradients to increase their probability of cell survival.  
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Fig. 13. Shh and BMP7 have an additive effect on cell survival in chick explants 
A, B and C. Comparison of the normalized mean cell survival for individual versus combined treatment 
with Shh and BMP7. Error bars, mean +/- SEM. D. Heatmap representing changes in Log10 of 
normalized mean cell survival for combined and singular treatments with morphogens. Color bar on 
the right. Error bars, mean +/- SEM. Asterisks - Double-ǎƛŘŜŘ {ǘǳŘŜƴǘΩǎ ¢-tests (* p<0.05, ** p<0.01, 
*** p<0.001). ns - not significant. For sample sizes and the number of experiments, see Table 1. 

4.2. Overactivation of Shh or BMP pathway rescues cell survival in vivo 

The data we obtained in vitro suggests that both Shh and BMP can increase the 
survival of neural progenitors early in development and that their effect is additive. This 
implies that activation of either the Shh or the BMP pathway should rescue cell death caused 
by the inhibition of the other pathway. To test this hypothesis, we used chick EC culture and 
analysed cell death levels in conditions where one pathway is inhibited while the other is 
overactivated. Heatmap of CC3 intensity upon Shh overactivation by addition of 0.5˃ M 
Smoothened agonist purmorphamine closely resembled 0.1% DMSO control condition with a 
low and sparse pattern of apoptotic cells (Fig. 14A, B and C). We did not observe differences 
in mean DVL between control and purmophamine (PUR)-treated embryos (Fig. 14D). We did 
preliminary quantifications of the DV boundaries of progenitor domains and the pD and pV 
domains lengths were also not affected by this treatment, only pMN domain showed 
moderate reduction (Fig. 14E, F and G). As we showed in the previous section (section 3.2), 
300nM LDN caused increased cell death in the pI and pD domains (Fig. 14A). The combination 
of лΦр˃a purmorphamine with 300nM LDN, rescued cell survival in the dorsal and 
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intermediate neural tube back to control levels (Fig. 14A, B and C). This reduction of cell death 
levels was accompanied by restored DVL (Fig. 14D) and pD, pMN and pV domain sizes more 
closely resembling the control condition (Fig. 14E, F and G).  

The converse experiment, in which BMP signaling was activated with 1nM BMP7, 
while the Shh pathway was inhibited with 10˃M cyclopamine produced analogous results 
(Fig. 14H). Treatment only with 1nM BMP7 resulted in increased mean DVL and reduction of 
the pMN domain DV length (Fig. 14K and M), while the pD and pV domains did not show 
significant change compared to DMSO condition (Fig. 14L and N). High levels of apoptosis in 
pI and pd5-6 caused by 10˃M cyclopamine treatment can be rescued by the addition of 1nM 
BMP7 (Fig. 14I and J). In these embryos, mean DVL is also significantly restored (Fig. 14K). We 
also detected a small increase of the pV domain DVL upon combined treatment with 
cyclopamine and BMP7 (Fig. 14N). However, only a small sample size was available for these 
quantifications, in particular of the pV domain boundaries, therefore further experiments 
would help to address the effects of Shh and BMP overactivation on the progenitor domain 
boundaries.  

Altogether, we detected that cell survival is restored to control levels along the entire 
DV axis including the RP region in both 10M˃ cyclopamine with BMP7 and лΦр˃a 
purmorphamine with 300nM LDN conditions (Fig. 14C and J). These results strongly suggest 
that Shh and BMP independently control the cell survival machinery. The data also implies 
that during the early stages of spinal cord development neural progenitors (at least in the pI, 
pD and RP domains) can respond to both Shh and BMP to regulate their survival.  
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Fig. 14. Overactivation of Shh or BMP pathway rescues cell survival in chick embryos 
A and H. Heatmaps of mean CC3 intensity from superimposed neural tube sections show that 
overactivation of Shh or BMP pathway rescues cell survival. The dashed lines mark the outlines of the 
spinal cords. Color bar on the left, Scale bar 50µm. B and I. Comparison of the mean CC3 intensity 
profiles measured from heatmaps generated for each independent experiment plotted against the 
relative DV length. Profiles were normalized to the maximum value noted for the 0.1% DMSO 
condition. The shaded regions correspond to 0.95 CI. C and J. Mean CC3 intensity plotted for indicated 
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domains. The pD domain was evenly split into 6 subdomains and binned to obtain 3 subregions: RP 
(10% of most dorsal DVL)+pd1, pd2-4, pd5-6. Error bars ς 0.95 CI. Cell death is rescued in all of the 
domains (incl. the RP region) upon overactivation of Shh or BMP signaling. D and K. Comparison of 
mean DVL. Note the increase of the DVL in rescue conditions. E, F, G, L, M and N. Comparison of mean 
DVL of indicated progenitor domains (pD, pMN, pV) quantified from individual sections of chick 
embryos, mind a low sample size was available for these quantifications of domain boundaries. Box 
plots in D, E, F, G, K, L, M and N. : Mean (red stripe), 25th-75th percentile of the data (box), median 
(black stripe), highest/lowest data points (excluding outliers) (whiskers). Asterisks, Double-sided 
{ǘǳŘŜƴǘΩǎ ¢-tests (* p<0.05, ** p<0.01, *** p<0.001). ns- not significant. For sample sizes, see Table 4. 

 To test whether we can achieve a similar rescue of cell survival in ShhNull mouse 
embryos, we generated a compound mutant line that allows for conditional deletion of the 
BMP antagonist Noggin (Nog) in a ShhNull background. Specifically, we bred mice so that they 
harbor a Nog floxed and tamoxifen-inducible Sox2CreERT2 alleles (Nogfl/fl ; Sox2CreERT2), 
which allows neural tube-specific and time-specific activation of the Cre (Arnold et al., 2011; 
Stafford et al., 2011), as well as ShhNull allele. We induced knock-out of Nog in Sox2+ 
progenitors at E7.5 and harvested embryos at E9.5 to evaluate neural tube size, and apoptotic 
and mitotic indexes (Fig. 15A). Preliminary data from several litters indicates that the size of 
neural progenitor population is not changed in Nogfl/fl ; Sox2CreERT2/+ mutants (Fig. 15B and 
C). Furthermore, the apoptotic and mitotic indexes are not significantly different between 
Nog mutants and control embryos. In contrast to experiments with BMP overactivation in 
chick embryos, deletion of Nog in ShhNull background does not rescue neural tube size or cell 
survival (Fig. 15B, C and D). The size of the Sox2+ progenitor pool is even further reduced in 
ShhNull; Nogfl/fl ; Sox2CreERT2/+ mutants compared to ShhNull mutants (Fig. 15C). We did not 
detect differences in AI and MI between ShhNull; Nogfl/fl ; Sox2CreERT2/+ and ShhNull embryos 
at E9.5 (Fig. 15D and E). This suggests that the smaller size of the Sox2+ population might be 
caused by changes in cell death and/or proliferation levels at an earlier developmental 
timepoint.  

Strikingly, while concomitant loss of Nog and Shh function results in a similar apoptotic 
index to ShhNull mutants, the spatial pattern of apoptosis differs. We observed very high cell 
death levels in the presumptive RP region, but rescued cell survival in the ventral spinal cord 
ShhNull; Nogfl/fl ; Sox2CreERT2/+ compared to ShhNull embryos (Fig. 15B, D and F). We quantified 
the ratio of CC3+ cells localized within the prospective RP region out of all of the CC3+ cells 
and found that in ShhNull; Nogfl/fl ; Sox2CreERT2/+ embryos on average 70 +/-5 % of apoptotic 
cells is located in the most dorsal pole (Fig. 15F). We have not analyzed the expression of RP 
markers in Shh Nog double mutants, therefore we cannot specify the identity of the dying 
cells. But it is likely that among the apoptotic cells are also neural crest cells, as previous 
studies proposed that Nog functions in neural crest specification, survival and subsequent 
migration of neural crest cells from the dorsal pole of the neural tube (Anderson et al., 2006). 
Further experiments could provide relevant information to address our results. For instance, 
systematic analysis of pSmad levels in Shh Nog mutants would be important to understand 
how the deletion of Nog affects the BMP signaling. Furthermore, immunostainings against 
RP/NC markers as well as quantifications of AI and MI at earlier developmental stages could 
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provide insights into how these perturbations affect the size or function of the RP (e.g. as the 
source of Wnt signaling). 

 

Fig. 15. Overactivation of BMP signaling does not rescue cell survival in ShhNull mouse 
embryos 
A. Schematic representation of tamoxifen-inducible deletion of Nog in Sox2+progenitors. Pregnant 
females were injected with 3mg of tamoxifen (TMX) at E7.5, embryos were collected 48 hours later at 
E9.5. B. Representative transverse neural tube sections from control (Ctrl), Sox2CreERT2/+, Nogfl/fl ; 
Sox2CreERT2/+, ShhNull and ShhNull; Nogfl/fl ;Sox2CreERT2/+ embryos immunostained for CC3 (red) and 
Sox2 (blue) at E9.5. Cell death levels are significantly reduced in the ventral neural tube, but increased 
in the RP region of ShhNull; Nogfl/fl ; Sox2CreERT2/+ embryos. Due to the complicated nature of the 
breeding, we obtained a low number of embryos wild-type for all of the alleles, therefore we 
considered both WT and ShhNull/+ embryos as controls. Scale bar, 50µm. C. Quantifications of the mean 
Sox2+ progenitor number show that neural tube size is not rescued in ShhNull; Nogfl/fl ; Sox2CreERT2/+ 
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mutants compared to ShhNull mutants at E9.5. D. Quantifications of the mean apoptotic index as the 
fraction of CC3+ progenitors relative to Sox2+ progenitors from mutant and control sections at E9.5. 
Cell death remains at high levels in ShhNull; Nogfl/fl ; Sox2CreERT2/+ embryos and is not significantly 
different from ShhNull embryos. E. Quantifications of mitotic index (fraction of pH3+ relative to all 
Sox2+ progenitors) from mutants and control littermates at E9.5 show no significant change in 
proliferation between analysed embryos. F. Quantifications of the ratio of CC3+ localized within the 
RP region over the total number of CC3+ cells show that in ShhNull; Nogfl/fl ; Sox2CreERT2/+ embryos 
apoptosis occurs primarily within the RP region. Box plots in C, D, E and F: Mean (red stripe). 25th-75th 
percentile of the data (box), median (black stripe). Highest/lowest data points (excluding outliers) 
(whiskers). Asterisks, Double-ǎƛŘŜŘ {ǘǳŘŜƴǘΩǎ ¢-tests (* p<0.05, ** p<0.01, *** p<0.001). ns - not 
significant. For sample sizes, see Table 5. 

4.3. BMP pathway is upregulated in Shh signaling mouse mutants 

Another layer of complexity in the interpretation of Shh and BMP cooperation in cell 
survival regulation is related to the effects that each pathway exerts on another. We 
investigated changes in BMP signaling in Shh signaling mouse mutants by testing the 
expression of pSmad1/5/8 at different developmental stages (Fig. 16A and F). In the WT 
embryos, the relative DV range of the pSmad gradient becomes more and more restricted 
dorsally over time (Fig. 16B, C and G), while the profile amplitude increases around 2-fold 
over the course of 2 days (Fig. 16I). At E8.5 pSmad gradient is slightly expanded in ShhHypo and 
ShhNull mutants when plotted against the relative DV length (Fig. 16B), but not in absolute 
units compared to the WT (Fig. 16D). The amplitude of pSmad intensity profiles for ShhHypo 
and ShhNull data is also increased (~1.5 fold) (Fig. 16I). At E9.5 in ShhHypo embryos, pSmad 
gradient shows similar absolute range and amplitude to the WT (Fig. 16E and I). However, due 
to the overall smaller neural tube DV length, the range of the pSmad gradient is expanded in 
the relative units (Fig. 16C). By contrast, both the relative and absolute ranges of the pSmad 
gradient are significantly expanded in ShhNull embryos at E9.5 with accompanying 1.5-fold 
increase of gradient amplitude (Fig. 16C, D and I). Notably, pSmad profiles in Shh mutants at 
E10.5 are restricted to a DV range comparable with the WT (Fig. 16G and H), while the profile 
amplitudes become strongly reduced (Fig. 16I). 

We also measured pSMAD expression levels in a subset of EC-cultured chick embryos 
treated with 0.1% DMSO, 5 or 10µM cyclopamine between HH8 and HH15 (Fig. 16J). The 
sample sizes were small, therefore we consider these results as preliminary. Upon treatment 
with 10µM cyclopamine, pSMAD gradient becomes slightly expanded into the intermediate 
region of the spinal cord, when plotted against relative DV length, while no differences were 
observed with 5µM cyclopamine (Fig. 16K). We did not detect significant changes in pSMAD 
gradient amplitude in cyclopamine-treated embryos (Fig. 16L, T-test p>0.05). To ensure a 
reliable interpretation of Shh influence on BMP signaling and linking BMP levels with RP cell 
death in chick embryos, it would be crucial to increase the sample size and compare these 
findings to BMP7-treated embryos.  

Altogether, the dynamics and overall levels of BMP signaling are changed in Shh 
signaling mutants to a different degree. In ShhHypo, pSmad expression is increased compared 
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to WT only at the earliest stage, whereas in ShhNull mutants it becomes upregulated till E9.5 
and then sharply decreases. These temporal dynamics of BMP signaling activity could be 
related to the increased cell death in the RP region observed in both Shh signaling mutants. 
It is possible that in these embryos, local levels of BMP in the RP exceed the threshold 
between the pro-survival and pro-apoptotic switch, which triggers cell death in the RP and 
results in the downregulation of BMP signaling after E9.5. Alternatively, because we do not 
see increased cell death in the RP of embryos exposed to BMP7 (either by itself or together 
with cyclopamine), RP cell death could be BMP signaling-independent. To understand this 
better, we decided to investigate how the RP size changes over time in the Shh signaling 
mutants. 
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Fig. 16. BMP signaling upregulation correlates with the reduction in Shh signaling  
A. Representative transverse sections from E8.5, E9.5 and F. E10.5 WT, ShhHypo and ShhNull embryos 
immunostained for pSmad1/5/8 (greyscale). The dashed lines mark the outlines of the spinal cords. 
Scale bar 50µm. B, C and G.  Comparison of mean pSmad fluorescence intensity profiles relative to the 








































































































































