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II. Abstract 

It is generally accepted that different concentrations and durations of an extrinsic morphogen cause 

changes in intracellular levels of signalling pathways. Many pathways are known to play a key role in 

the patterning of the central nervous system during embryogenesis and their ligands are thought to act 

exogenously as morphogens. This project uses mouse embryonic stem cells to generate, in vitro, 

progenitors and interneurons like the ones in the dorsal spinal cord of a mouse organism. FGF, Wnt and 

RA pathways were shown to be important for the generation of neural spinal cord identities. BMP4 was 

shown to be a powerful morphogen to obtain dP1-dP3 neuro-progenitors, which then differentiated into 

the respective post-mitotic populations. Moreover, a transient adaptation of the cells to this morphogen 

was identified and its concentration, duration, time and mode of exposure were demonstrated to impact 

the expression of dorsal markers. These results reveal a differentiation model able to generate these 

populations, to be applied in drug screening and cell therapy. 

Key words: Morphogen, BMP, In vitro, Spinal cord, Mouse 
 
 
 

Resumo 
 
Acredita-se, na comunidade científica, que diferente concentração e duração de um morfogene origina 

alterações nos níveis intracelulares de vias de sinalização. Muitas vias são conhecidas por ter um papel 

fundamental na estruturação do sistema nervoso central durante a embriogénese e pensa-se que os 

seus ligandos atuam exogenamente como morfogenes. Este projeto recorre a células estaminais 

embrionárias de rato para gerar, in vitro, progenitores e interneurónios semelhantes aos que se 

encontram na zona dorsal da medula espinal do organismo de um rato. As vias de sinalização de FGF, 

Wnt e RA mostraram-se importantes na geração de identidades neurais da medula. BMP4 apresentou-

se como um morfogene forte para a obtenção de neuroprogenitores dP1-dP3, os quais 

subsequentemente se diferenciaram nas respetivas populações pós-mitóticas. Além disso, uma 

adaptação transiente a este morfogene por parte das células foi identificado e a sua concentração, 

duração, tempo e modo de exposição foram demonstrados influenciar a expressão de marcadores 

dorsais. Estes resultados revelam um modelo de diferenciação capaz de gerar estas populações para 

poder ser aplicado em teste de medicamentos e terapia celular. 

Palavras-chave: Morfogene, BMP, In vitro, Medula spinal, Rato 
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V. Introduction 

 

The study of the cell fate in vertebrate organisms can be done accurately using in vivo methods. This 

requires the use of animal models as scaffolds for gain or loss of function, achieved with gene mutations 

and other in vivo manipulations, such as genetic insertions. However, for applied and therapeutic 

research purposes, in vivo studies cannot be carried out in humans, due to obvious safety and ethical 

issues. There are alternative approaches including in vitro paradigms for the differentiation of pluripotent 

stem cells into the desired populations. The final objective of this sort of studies is the construction of a 

cellular model to apply in medicine with drug screening or tissue regeneration. This became possible 

with the discovery that any somatic cell from an organism could be reprogramed into a pluripotent state 

by the use of a few transcription factors (Takahashi and Yamanaka 2006). Regenerative medicine can 

be envisaged by collecting somatic cells from the patient, usually fibroblasts due to availability and ease 

of obtainment. These cells can be reprogrammed into induced pluripotent stem cells (iPSC) and then 

differentiated in the tissue of interest which will replace the diseased one. This procedure has the 

advantage of being patient-specific, meaning that the cells implanted into the organism came from the 

host. This method avoids an immune response towards the introduced tissue, known as Graft versus 

Host Disease, which sometimes happens upon organ transplants. Another advantage of human iPSC 

is that this in vitro model can be used for drug screenings either for large scale drug libraries screening 

or screening when there is a need to treat cells or tissues from a particular patient with an uncommon 

health problem. In the present, drug screening can be carried out by collecting diseased cells from the 

subject which are reprogramed into iPSC and then differentiated again in a tissue where drugs will be 

tested. This has the advantage of being an analysis specific for the diseased cell lines, making it a more 

efficient method for diagnosis. For research purposes, the use of these cellular models avoids the 

utilization of animal models. 

These approaches have in common the objective of the construction of a cellular model to apply in 

medicine. My project takes place into the cellular therapy approach as it aims to generate in vitro dorsal 

spinal interneurons from mouse ESC. Hopefully in middle term perspectives, the protocols presented 

below, would be adapted to hESC and hiPSC. From a longer point of view, this source of specialised 

neuronal cells produced in vitro would be dedicated to specific drug screening. Cell therapy approaches 

developed from these cells would also be envisaged to repair lesions (due to neurodegenerative 

diseases or accidental sections) and restore functional spinal neuronal circuit by grafting spinal dorsal 

progenitors or interneurons. To generate in vitro specific cell types from mESC, successive or 

combinatorial signalling pathways taking place in vivo need to be recapitulated in vitro. In the next 

sections, the specific steps and signalling pathways orchestrating in vivo neural spinal dorsal 

differentiation will be described, from which the protocols described in the results section were inspired. 
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i. The great neuronal diversity of the embryonic spinal cord 

 

In mouse, upon formation of the neural tube during development, distinct structures arise, such as the 

roof plate which has an importance related to signalling for the patterning of cells which comprise the 

spinal neural progenitors (NP) that later give rise to the interneurons (IN) and motorneurons (MN), and 

the neural crest cells which delaminate and migrate out of the neural tube. Interneurons are found 

exclusively in the central nervous system and they coordinate distinct processes. In the spinal cord, a 

diversity of interneurons between the dorsal and ventral zone have been characterized and each 

population has a different function, therefore they express different genes. Notably, each of these 

neuronal population can be recognized by a unique combination of transcription factors (TF) (Fig.1), 

proteins that can be used as markers for the identification of the different cell populations. Strikingly, 

each of these neuronal populations emerged at a defined position along the dorso-ventral (D-V) axis of 

the neural tube. In the ventral part of the embryonic spinal cord, the most ventral populations are the V3 

interneurons, which are dorsally abutted by the motoneurons (MN) and the V2, V1 and V0 interneurons. 

All these ventral neurons have been associated with motor function. The dorsal region of the spinal cord 

shelters 6 populations of interneurons, named di1 to di6, the di6 population been the most ventral one 

and the dI1 the most dorsal one. All the dorsal interneurons are mainly involved in somato-sensory 

circuits. All ventral and dorsal pools of neurons come from defined populations of progenitors, which are 

also specified along the dorso-ventral axis of the neural tube. As such, the V3 interneurons are derived 

from the most ventral pool of progenitors called the p3 progenitor pool, while the dI1 interneurons arise 

from the most dorsal progenitor pool, named the dP1 cells. 

V0 are commissural interneurons, which extend their axons rostrally (Pierani et al., 2001) and are 

characterized by the expression of Evx1/2 (even-skipped homeobox 1 and 2). Their Dbx1+ progenitors, 

p0, appear between GD10 and GD13 and differentiate into Evx1/2+ V0 cells at GD17-18. They are 

subdivided in four classes: V0D (dorsal), V0V (ventral), V0C (cholinergic) and V0G (glutamatergic). V0D 

interneurons is the only V0 population that does not express Evx1 and they have been shown to project 

axons toward motoneurons and to be related with left-right coordination during locomotion (Griener et 

al., 2015). The V0V class transiently expresses Evx1 and arises from the ventral portion of the Dbx1+ 

progenitor domain. This class shares a similar post-mitotic commissural axon pattern with V0D 

populations. V0C and V0G classes represent around 5% of V0 populations and appear at GD11.5-12.0. 

These cholinergic and glutamatergic interneurons are distributed along the spinal cord in a gradient, so 

that a greater number of cholinergic neurons are found in more anterior levels and a greater number of 

glutamatergic neurons are found in more posterior levels (Zagoraiou et al. 2009). They project their 

axons ispsilaterally and bilaterally towards motoneurons. V1 cells are characterized by the expression 

of the transcription factor En1 (Engrailed homeobox 1) and their function is related to limb articulation in 

flexion and extension, since they project their axons rostrally and ispsilaterally towards the motoneurons. 

V1 populations can be distinguished in Ia inhibitory interneurons, that mediate reciprocal inhibition, and 

Renshaw cells, that mediate inhibitory feedback to integrate limb and muscle length information into the 

spinal circuitry (Francius et al. 2013). V2 cells are subdivided into ispsilaterally projecting V2a 
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interneurons which regulate burst robustness and left/right coordination during walking; V2b inhibitory 

interneurons involved in the coordination of flexor-extensor motor activity (Zhang et al., 2014); and V2c. 

V3 populations consist in glutamatergic interneurons that send projections predominantly contralaterally 

and caudally (Goulding 2009). They are known to establish connections with V1 Ia and Renshaw cells, 

motor neurons and V2 interneurons (Zhang et al., 2008). The loss of V3 neurons was found to affect 

floor plate development, therefore affecting commissural interneuron projections that mediate left-right 

coordination (Holz et al. 2010). Hence, this population of interneurons appears to ensure a balanced 

motor rhythm during walking (Zhang et al., 2008). Finally, the motor neurons are located between the 

V2 and V3 interneurons, whose progenitors, pMN, are born at GD9.5 in mouse and are specified by the 

morphogen Shh, diffused through the floor plate (Roelink et al. 1994). These progenitors give rise to 

somatic alpha motor neurons, that innervate skeletal muscle in the medial and lateral motor columns, 

gamma motor neurons, that innervate intrafusal fibres of the muscle spindles and preganglionic motor 

neurons of the autonomic nervous system. Generation of each of these classes and their organization 

into motor columns and motor pools require the subsequent expression of additional transcription factors 

(Lin et al. 1998). These factors then drive the unique characteristics of a single motor neural type, such 

as guidance to the target and establishment of proper connectivity with sensory neurons and 

interneurons (Lu, Niu, and Alaynick 2015). 

In the dorsal zone of the spinal cord, the neural progenitors identified as dP1-dP6 differentiate into their 

respective interneurons, dI1-dI6. The dorsal-most progenitors dP1-dP3 are dependent on signals 

emanating from the roof plate, such as Bone Morphogenic Proteins (BMP) and Wnt, and are born in 

mouse embryos between GD9.5 and GD10.5 (Helms and Johnson 1998). They then differentiate into 

post-mitotic neurons dI1-dI3 between GD10.5 and GD11.5 and migrate ventrally (Gross et al., 2002). 

The intermediate dorsal progenitors dP4-dP6 originate the interneurons dI4-dI6 between GD10 and 

GD12.5 (Lu et al., 2015). The dorsal-most progenitors dP1 express the basic helix-loop-helix (bHLH) TF 

Atonal Homolog 1 (Atoh1) which is induced by the TF Msx1 and Msx2 (Duval et al. 2014) during spinal 

cord development. They are known to express Olig3, Pax6, Pax7 and Msx1 as well (Müller et al. 2005; 

Helms and Johnson 1998; Gowan et al. 2001) and give rise to the glutamatergic interneurons dI1A and 

dI1B, which express Lhx2/9 (LIM Homeobox protein 2 and 9), BarH1 (Bar Homeobox protein 1) and 

Brn3a (Brain-specific homeobox protein 3A) (Alaynick et al., 2011; Helms & Johnson, 1998). A study 

shows that this population was not obtained in Bmp7 mutant mice, demonstrating the importance of this 

pathway in the induction of this identity of cells (Le Dreau et al. 2012). The dI1 interneurons migrate to 

the deep dorsal horn and intermediate grey matter, where they receive proprioceptive input from the 

periphery and form commissural projections towards the dorsal and ventral spinocerebellar tract 

throught the floor plate (Helms and Johnson 1998, Fig. 7). dI2 interneurons are contralaterally projecting, 

relay interneurons that migrate to the intermediate spinal cord and ventral horn (Gowan et al., 2001; 

Gross et al., 2002). They are thought to carry sensory information via the spinothalamic tract to the 

thalamus (Gross et al., 2002). Arising from bHLH transcription factors Msx1, Olig3 and Neurog1,2 

(neurogenin 1 and 2) expressing progenitors, these neurons express Lhx1,5 and FoxD3 (Forkhead 

homeobox D3) (Alaynick et al., 2011; Gowan et al., 2001; Gross et al., 2002). dI3 cells are excitatory 

interneurons located in the deep dorsal horn and intermediate spinal cord (Gowan et al. 2001). These 
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cells target motor neurons monosynaptically, as revealed by rabies tracing experiments (Stepien et al., 

2010). They have axons that project rostrally, ipsilaterally, and longitudinally in two fascicles. A ventral 

fascicle enters the ventral lateral funiculus and re-enters the cord when it encounters sensory axons at 

ventral root exit points and the dorsal fascicle enters the dorsal funiculus and similarly re-enters the cord 

but at the dorsal root entry zone (Avraham et al. 2010). In mice, dl3 appear to transport input from low 

threshold cutaneous afferents to the motor neurons, which is critical in hand/forelimb grip (Bui et al. 

2013). These interneurons express Tlx3 (T-cell leukaemia homeobox 3) and Isl1 (Insulin enhancer 

protein 1) (Gross et al., 2002) and arise from dP3 progenitors that express Msx1, Olig3, Neurog2 and 

Gsh2 (Glutathione synthase 2) (Alaynick et al., 2011; Müller et al., 2005). It has also been shown that, 

like dI1 interneurons, dI3 are dependent on BMP signalling activation (Le Dreau et al. 2012). dP4 neural 

progenitors express Pax6, Pax7, Ptf1a (pancreas-specific transcription factor 1a), Gsh1 and Gsh2 

(Alaynick et al., 2011; Gross et al., 2002) and generate  GABAergic ipsilaterally projecting, 

somatosensory associative dI4 interneurons expressing Pax2, Lhx1,5 and even Ptf1a and migrate 

laterally to the deep dorsal horn (Gross et al., 2002; Müller et al., 2002). Indeed, dI4 fate is dependent 

on Ptf1a and the loss of this gene results in loss of all GABAergic dorsal neurons and respecification to 

dI5 fate (Meredith et al., 2009). It has also been shown that over expression of Olig3 can inhibit formation 

of dI4 and Olig3 loss of function results in expansion of this population (Müller et al. 2005). dI5 cells are 

contralaterally projecting, glutamatergic, somatosensory interneurons of the dorsal horn. They express 

Lbx1 (Ladybird homeobox 1), Brn3a, Tlx1,3 and Lmx1b (LIM Homeobox 1b) (Alaynick et al., 2011; Gross 

et al., 2002; Müller et al., 2002) and are differentiated from dP5, Gsh1,2 expressing neural progenitors. 

Just like dI1 and dI3 IN, dI5 induction has been shown to be dependent on BMP7 signalling pathway 

activation (Le Dreau et al. 2012). dI6 interneurons are the most ventrally located of the dorsal ones. 

They are commissural inhibitory GABAergic interneurons that appear to contribute to motor function, in 

particular, being involved in rhythmic right-left alternation (Goulding, 2009; Gross et al., 2002; Müller et 

al., 2002). They express Lbx1, Lhx1,5 and Pax2 and arise from Pax7, Dbx2 and Neurog1,2 expressing 

progenitors (Alaynick et al., 2011). There is a subclass of late born (GD13.5) interneurons that derive 

from pdIL neuroprogenitors named dIL IN. They represent a second wave of neurogenesis and 

constitute most of the interneuron population in the superficial dorsal horn in the Rexed laminae I-III 

(Gross et al., 2002; Müller et al., 2002). They are ipsilaterally projecting, association neurons that 

express Lbx1 (Gross et al., 2000; Müller et al., 2002) and subdivide into dILA and dILB. While dILA 

interneurons express Pax2, Lhx1,5 and Ptf1a and are GABAergic, the dILB cells express Tlx1,3, Lmx1b 

and Brn3a and are glutamatergic (Cheng et al., 2004; Pillai et al., 2007). Furthermore, dILB IN migrate 

dorsolaterally settling in the superficial dorsal horn in the Rexed laminae I-III (Gross et al., 2000; Müller 

et al., 2002) and receive input from cutaneous sensory neurons which detect the noxious stimuli, 

commonly known to cause pain (Chen et al., 2001; Gross et al., 2002). Among these distinct classes of 

dorsal interneurons, one can distinguish two distinct functional groups: the dorsal most (dI1-dI3) relay 

interneurons transmitting somatosensory information to the brain and the dI4-dI6 association 

interneurons, integrating sensory information within the spinal cord. 

As it was depicted above, there has been a powerful focus on the understanding of how transcriptional 

networks control spinal neuronal cell fates. In one hand, it allows the identification of downstream factors 
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that direct cell-specific characteristics. On the other hand, it has permitted a solid genetic analysis of 

spinal neurons, using transcription factors as class-specific tools to follow the changes in cell fate and 

function. 

        

 

Figure 1 – In vivo expression patterns of progenitor and post-mitotic markers and representation of the 
opposing gradient of BMP and Shh in the developing neural tube (A). Representation of a transverse section 
of the spinal cord showing the distinct interneuron populations along the dorso ventral axis (B, adapted 
from Lai et al., 2016). VZ – Ventricular zone. MZ – Marginal zone. 

 

 

ii. Signalling Pathways involved in spinal cord patterning 

 

Distinct signalling pathways have been shown to play an important role in the specification of the 

different interneuron populations in the spinal cord, in particular, FGF, RA, Wnt and BMP. They are 

activated upon binding of the respective ligand, which acts as a morphogen, meaning that they are 

locally secreted and act at a distance to govern tissue patterning. Also, by definition, the signal 

interpretation of these morphogens occurs in a highly context-dependent manner. Changes in the rate 

of production and the speed of diffusion, which determine the molecule distribution in a tissue, contribute 

to different levels of the signal. The information for differentially induce target genes is mostly provided 

by the concentration of the ligand, producing different levels of signal transduction. However, other 

dynamical properties can also carry this type of information, such as the duration, the amount of signal 

accumulated over time and the speed at which the level increases or decreases. Additionally, if a signal 

oscillates, the number and frequency of the oscillation can also communicate such information (Sagner 

and Briscoe 2017). This mechanism induces the diversity of cells previously presented. Next, the 

signalling cascades involved in the spinal cord patterning are described. 

A B 
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1. FGF signalling 

 

Fibroblast Growth Factor (FGF) signalling has been shown to play a key role in the maintenance of a 

stem cell pool in the caudal region of the elongating neural tube. Without this pathway active, there is 

no production of the precursors required for such purpose, therefore, there is no growth of the body axis. 

For the induction of this cascade (Fig. 2), the FGF ligands bind to membrane receptors (FGFR) and a 

complex is formed which comprises two ligands, two receptors and two heparin sulphate chains, on 

which each FGF binds to both receptors (Beenken and Mohammadi 2009). Then, there is a step of 

phosphorylation of the tyrosine residues on the docking protein FGFR substrate 2 alpha (FRS2α) which 

allows the binding of adaptor proteins associated with signal activation. A complex consisting of FRS2α, 

guanine nucleotide exchange factor 2 (GRB2), GRB2-associated binding protein (GAB1), son of 

sevenless (SOS) and tyrosine phosphatase (SHP2) is then formed and promotes the activation of the 

RAS/mitogen-activating protein kinase (MAPK) and phosphoinositide 3 kinase / protein kinase 

(PI3K/AKT) pathways (Teven et al. 2014). The RAS/MAPK pathway is associated with cellular 

proliferation and differentiation and the PI3K/AKT one is implicated in cell survival and cell fate 

determination (Teven et al. 2014, Fig.2). 

 

 

Figure 2 - Schematics representing the FGF signalling pathway (adapted from Teven et al., 2014). The 
acronyms are clarified in the text above, except for RAS (Rat sarcoma), RAF (Rapidly Accelerated 
Fibrosarcoma), ERK (Extracellular signal-regulated kinase) and PDK (Phosphoinositide-dependent kinase). 
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2. RA signalling 

 

During embryogenesis, Retinoic Acid (RA) signalling is inducing the specification of neural cell types. In 

most animals, the source of retinoids is diet-derived, since they cannot be synthetized by the cells. In 

mammals, the main circulating retinoid is retinol (Vitamin A). This molecule can be uptaken by the cells 

and bind to cellular retinol-binding proteins (CRBP) which control their intracellular levels. Retinol is then 

transformed into retinaldehyde by retinol dehydrogenases (RDH) which is consequently oxidize into 

retinoic acid by retinaldehyde dehydrogenases (RALDH). Cellular retinoic acid-binding proteins 

(CRABP) bind to RA to control their levels and to facilitate its transfer into the nucleus. Here, RA binds 

to retinoic acid receptors (RAR) which act in heterodimeric combinations with retinoid X receptors (RXR) 

by binding to retinoic acid responsive elements (RARE) in the DNA. RAR/RXR dimers can also bind to 

RARE in the absence of ligand, thereby recruiting co-repressor complexes and maintaining target gene 

repression. In the presence of ligand, a conformational change leads to the release of co-repressors 

and the recruitment of co-activator complexes (Fig. 3). 

 

 

 

Figure 3 –Schematics showing the RA uptake mechanism and signalling pathway (adapted from Rhinn & 
Dolle, 2012). The acronyms are clarified in the text above except for TBP (TATA-binding protein) and TAF 

(TBP-associated factor). 

 

 

3. Wnt signalling 

 

The activation of the Wnt pathway during development promotes the early specification of the spinal 

cord, providing the information to induce caudal cell types in the neural tube. The hallmark of the 

canonical Wnt signalling (Fig. 4) is the accumulation and translocation of the effector β-catenin into the 
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nucleus. In the absence of the ligand, the effector is degraded by a complex comprising Axin, 

adenomatosis polyposis coli (APC), protein phosphatase 2A (PP2A), glycogen synthase kinase 3 

(GSK3) and casein kinase 1α (CK1α). Phosphorylation of β-catenin within this complex by Casein 

Kinase and GSK3 targets it for ubiquitination and subsequent proteolytic destruction by the proteosomal 

machinery. The binding of the ligand to the membrane receptor complex induces the binding of Axin to 

the cytoplasmic tail of lipoprotein-related protein 5/6 (LRP5/6) while the Dishevelled protein binds to the 

Frizzled (Fz) and Axin. This triggers the disruption of this destruction complex, causing an accumulation 

of β-catenin in the cytoplasm and its translocation to the nucleus. The receptor complex includes 

proteins of the Fz receptor family and co-receptors such as the lipoprotein-related protein 5/6 (LRP5/6) 

that mediates the canonical Wnt signal. Once in the nucleus, β-catenin functions as a co-activator, since 

it binds to transcription factors of the transcription factor/lymphoid enhancer-binding factor (TCF/LEF) 

family, thus acting on responsive elements in the DNA and promoting the expression of Wnt target 

genes (Komiya and Habas 2000). 

 

 

Figure 4 - Representation of the canonical Wnt signalling pathway. All the acronyms are clarified in the 
text above. 

 

 

4. BMP signalling 

 

Bone Morphogenic Proteins are a group of signalling molecules that belong to the Transforming Growth 

Factor β (TGF-β) superfamily of proteins. Their activity was first observed in the mid-1960s when it was 

discovered that they could induce ectopic bone formation (Urist 1965). Many studies have since 

demonstrated the ability of BMPs to induce mesenchymal stem cells to differentiate into bone, 

confirming their role in bone and cartilage formation. BMPs also play important roles in maintaining adult 

tissue homeostasis, such as joint integrity, initiation of fracture repair, and vascular remodelling. This 
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signalling has also been reported to be crucial to limb, eye, kidney and seminal vesicle development 

and to spermatogenesis and ovarian function (Wang et al. 2014). These different functions are 

determined by one of the 15 types of BMP. However, its most relevant function for this project is the role 

during spinal cord development, which consists in the specification of dorsal neuro-progenitors and 

therefore dorsal interneurons, in the spinal cord. 

BMPs initiate the signal transduction cascade (Fig. 5) by binding to the membrane serine/threonine 

kinase receptors BMPRI and BMPRII and forming a heterotetrameric complex comprised of two 

receptors of each type (Heldin et al., 1997; Wang et al., 2014). Upon formation of this complex, the 

active type II receptor transphosphorylates the type I receptor. This allows the phosphorylation of the 

immediately downstream substrate proteins known as the receptor-regulated Smad (R-Smad), which 

are Smad1/5/8. These then associate with  the co-mediator Smad4, forming a multimeric complex 

composed of two molecules of R-Smad and one molecule of Smad4 (Gámez et al., 2013). 

Consequently, this complex can translocate to the nucleus where it functions as a transcription factor 

with co-activators or co-repressors to regulate gene expression. Inhibitory Smad6 and Smad7 have 

been shown to be involved in feedback inhibition of the signalling pathway by preventing the 

phosphorylation of R-Smad by type I receptors, binding to active receptor complexes (Derynck & Zhang, 

2003; Gámez et al., 2013; Heldin et al., 1997). BMP signalling is also modulated extracellularly by 

antagonists such as Noggin by directly binding to the pathway’s ligand (Heldin et al., 1997). 

 

 

 

Figure 5 - Representation of the BMP signalling pathway (adapted from Gámez et al., 2013). MH1 and MH2 
represent the two protein domains of the R-Smad and Smad4. 
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iii. Embryonic origin of spinal progenitors 

 

In the process of development, after the formation of the blastocyst, the inner cell mass is composed of 

pluripotent stem cells and it is from where the Embryonic Stem Cells are obtained at GD4.5. This mass 

differentiates into the three germ layers during gastrulation. In this step, cells ingress from the surface 

ectoderm into the interior of the embryo through a primitive streak to form the mesodermal and 

endodermal layers. Both the Peripheral and the Central Nervous Systems (PNS and CNS) arise from 

the ectoderm and this neural specification has been widely studied. At the beginning, many research 

groups were trying to identify a molecule responsible for this neural induction, but later on new 

experiments were performed showing that many heterologous substances could generate ectopic 

neural structures indicating the complexity of this specification. First Bone Morphogenic Protein 4 

(BMP4) was identified as an effective inhibitor of neural fate, promoting epidermal differentiation (P. A. 

Wilson and Hemmati-Brivanlou 1995). At the same time, some molecules such as Noggin were found 

to promote neuralisation (Lamb et al. 1993) which then turned out to be binding partners of BMP, acting 

as inhibitors of this signalling pathway. Afterwards, it was pondered the idea that BMP inhibition might 

not be sufficient for neural induction. This led to the discovery that inhibition of Fibroblast Growth Factor 

(FGF) signalling completely blocks neural induction in prospective neural plate explants (Streit et al., 

2000). Consistent with this finding in chick, injecting noggin together with a dominant-negative FGF 

receptor 1 (FGFR1) construct into Xenopus embryos did not lead to the neuralisation of the animal caps 

taken afterwards (Launay et al., 1996). This suggests that FGF signalling is required for BMP 

antagonists to induce neural markers. Additionally, it has been proposed that the activation of the FGF 

effector Mitogen-activated protein kinase (MAPK) by FGF or other factors can inhibit downstream targets 

of BMP (Koshida et al., 2002; Pera et al., 2001; Wilson et al., 2000). In particular it has been shown that 

FGF signalling can phosphorylate a region in the BMP effector Smad1, inactivating it (Pera et al., 2003). 

Furthermore, it has been claimed that FGF can direct ectodermal cells to a neural fate in the absence 

of other signals (Storey et al. 1998) but it is generally believed that it doesn’t act as a direct neural 

inducer in vertebrates, or at least not by itself. Besides the importance of BMP and FGF pathways in 

neural differentiation, Wnt was also identified as playing a key role in that induction. It was shown to 

block the response of the epiblast cells to FGF, permitting the continuation of BMP signalling, therefore 

directing to an epidermal fate (Wilson et al., 2001). To confirm this, Wnt antagonism was found to 

stimulate neural differentiation in vitro from mouse embryonic stem cells (ESC) (Aubert et al., 2002). 

Conversely, neural induction in Xenopus was reported to require the activation of the canonical Wnt 

signalling, showing that this represses BMP pathway (Baker et al., 1999). This apparent contradiction 

can be explained by differences in timing. In the early gastrula stage, Wnt signalling may need to be 

inhibited for FGF to downregulate BMP expression (Bainter et al., 2001). However, later when the 

embryo is acquiring a dorsoventral polarity, Wnt signals are required to specify a dorsal identity (Baker 

et al., 1999; Stern, 2005).  
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The described process of neural induction occurs in the formation of the central nervous system. The 

CNS starts to form when epiblast cells start to thicken in front of the anterior primitive streak, known as 

the anterior neural plate. Studies show that the forebrain forms in the rostral-most part of this structure 

whereas midbrain, hindbrain and the prospective spinal cord form in the region closest to the primitive 

streak. Inhibition of BMP or Wnt signalling pathways seems to promote the formation of anterior neural 

tissue (with forebrain character), which could then be patterned by posteriorizing signals such as Wnt, 

RA or FGF (Stern 2005). This suggests a premise that the acquisition of neural fate starts with induction 

of anterior neural plate and that this gives rise to the entire CNS. However, the discovery of bipotent 

neuromesodermal progenitors (NMP) that contribute to the formation of spinal cord and paraxial 

mesoderm in the mouse embryo (Tzouanacou et al., 2009) showed that some posterior neural tissue is 

generated independently of the mechanism described for the anterior neural plate. This population of 

cells was successfully generated in vitro from differentiation of ESC (Gouti et al. 2014; Tsakiridis et al. 

2014; Turner et al. 2014) presenting the potential use of NMP in therapeutic medicine. Their bipotency 

was confirmed when they were derived from ESC and produced both neural and an emerging 

mesodermal populations (Turner et al. 2014). This supported the idea that NMP persist during body axis 

elongation, generating new neural and mesodermal tissues over an extended period. This type of cells 

is located in the node-streak border in the anterior primitive streak and in the adjacent caudal lateral 

epiblast (Fig. 6). The existence of this population of cells which derive into a portion of the CNS as well 

A B C 

Figure 6 - Representation the mouse caudal central nervous system at GD7.5 (A) and at GD8.5 (B) 
showing the formation and further differentiation of neuromesodermal progenitors (adapted from 
Henrique et al., 2015). PS – Posterior Streak; CLE – Caudal Lateral Epiblast; NSB – Node-streak border; 
FB – Forebrain; MB – Midbrain; HB – Hindbrain; PNT – Pre-neural tube. Schematics depicting the 
antagonism between FGF and RA pathways and the elongation of the spinal cord (C, adapted from Rhinn 

& Dolle, 2012). 
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as into mesoderm challenges the established notion of the formation of the three germ layers and neural 

cell fate acquisition from within the ectoderm.  

 

At first, NMP were thought to derive from the anterior neural plate and their setting aside from the 

neuroepithelium was dependent of the formation of the anterior neural tissue. However, it was later 

proposed that the induction of NMP close to the primitive streak involves a distinct step independent of 

the formation of the anterior neural tissue (Henrique et al., 2015). There are no unique markers for these 

types of cells, however they were found to co-express the early mesodermal marker brachyury (Bra) 

and the neural progenitor marker Sox2, which can be used to identify the NMP. For example, this co-

expression in GD8.5 mouse embryos in the caudal lateral epiblast was shown to correspond to the 

location of the NMP (Tsakiridis et al. 2014). In recent years, many in vivo and in vitro studies revealed 

how the expression of these two transcription factors are regulated by Wnt, FGF and BMP signalling 

pathways. These studies also uncovered regulatory links between these pathways and additional TF 

involved in generating and patterning the posterior body. As it was described above, Wnt and FGF 

signalling are known to promote posterior neural identity in vertebrates so they are expected as well to 

be associated with NMP formation. Indeed they were shown to promote a specific Sox2 enhancer (N1) 

activity in the caudal lateral epiblast (Takemoto et al., 2006) and the signals are locally provided by cells 

in the anterior primitive streak and adjacent epiblast. The ligand Wnt3a is known to induce Bra 

expression (Yamaguchi et al., 1999) and to arrange the genetic network controlling the formation of the 

paraxial mesoderm (Nowotschin et al., 2012). The loss of this ligand greatly affects the formation of 

mesodermal versus neural fates in mouse inhibiting the formation of posterior mesodermal structures 

(Takada et al. 1994). On the contrary, increasing Wnt activity by overexpressing an activated form of β-

catenin induces mesodermal at the expense of neural fate. These findings led to the formulation of a 

model in which Wnt signalling controls the fate of these bipotent NP, promoting mesodermal fates and 

inhibiting neural ones (Martin and Kimelman 2012). However, Wnt3a expression was shown to 

persevere in mouse mutants expected to generate neural tissue despite the failure to produce 

mesoderm, suggesting that its role is to maintain NMP identity (Takemoto et al., 2011) but prolonged 

exposure can bias these cells towards mesodermal fate (Garriock et al. 2015). In another study, ectopic 

Wnt3a was promoted by a Cdx2 enhancer in the posterior epiblast, which acts before Bra expression. 

In these embryos, the neural tube was not generated and mesoderm formation was blocked (Jurberg et 

al., 2014). Moreover, these high Wnt3a-expressing cells maintained their epiblast identity, suggesting 

that a premature activation of Wnt pathway may interfere with the establishment of the NMP state. In 

conclusion, parameters such as timing and duration of Wnt pathway activity are vital for the induction 

and maintenance of NMP and prolonged signalling appears to promote a mesodermal fate. Furthermore, 

Wnt signalling was found to be required for the expression of Cdx genes which function as important 

mediators of Hox genes (which determine the anterior to posterior identity) (Mazzoni et al. 2013). 

Removing Cdx genes in the mouse embryo caused the truncation of the body axis, which could be 

rescued to some extent by exposure to Wnt and FGF signalling (Young et al. 2009), linking Cdx activity 

to the induction and maintenance of axial progenitors such as NMP. FGF signalling was also reported 

to be implicated in neural and mesodermal induction and posteriorisation. The loss of ligands for this 
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pathway in mouse gastrula has demonstrated its direct requirement for the production of posterior neural 

and mesodermal tissues (Naiche et al., 2011), and it was suggested to be important for the maintenance 

of the NMP state. It is also known that FGF and Wnt signalling operate in a positive feedback loop in 

posterior tissues. For example, Wnt3a is required for Fgf8 expression in the primitive streak (Aulehla et 

al. 2003). All of these findings summarise the importance of Wnt and FGF signalling in the maintenance 

of neuromesodermal progenitors and in the induction of neural and mesodermal fate. 

We got interested in the caudal region of the developing CNS after the induction of neural fate, since it 

is where the extension of the spinal cord takes place. Besides the described function of FGF signalling 

in promoting neural differentiation, it is also known to be responsible for keeping a stem cell pool in the 

caudal region of the elongating neural tube as an antagonist of RA signalling (Fig. 6C, Rhinn and Dolle 

2012). In this posterior zone, somitogenesis occurs, on which segmented epithelial structures are 

formed sequentially along the left and right paraxial mesoderm. Their dorsal portion differentiates into 

muscle and dermis, whereas their ventral part gives rise to vertebral column and ribs. Somitogenesis is 

a rhythmic process in which a molecular oscillator driven by Wnt and Notch signalling generates cyclic 

waves of gene expression that progress rostrally across the presomitic mesoderm (Gibb et al., 2010). 

This system interacts with a set of signalling gradients to create a maturation front displaced posteriorly 

as the embryonic axis elongates (reviewed by Rhinn & Dolle, 2012 and Gibb et al., 2010). It has been 

shown that the mechanism controlling the position of this front involves a caudal-to-rostral FGF gradient 

and an opposing RA gradient (Fig. 6C, Del Corral et al. 2003). The Cyp26a1 gene which is involved in 

the mediation of RA levels was used to show that the signalling activity becomes progressively excluded 

from the posterior-most mesoderm (Ribes et al, 2009). As mentioned, there is an antagonism between 

RA and FGF, where the latter prevents RA levels in the caudal neural plate, maintaining a proliferative 

stem zone. Once the FGF signal is attenuated along the mesoderm, RA promotes differentiation and 

determination of ventral neural cell types (Diez and Storey 2004). Wnt signalling mediates this transition 

from FGF to RA signalling during body elongation (Olivera-Martinez and Storey 2007). 

Besides mesodermal differentiation during elongation, RA signalling also controls the bilateral symmetry 

of the left and right somatic columns as well as the cell fate differentiation in the developing spinal cord. 

RA diffuses from the paraxial somites to the adjacent neural tube to control the molecular events 

necessary for the specification of neuronal cell types in the spinal cord (Del Corral et al. 2003). The first 

somite appears at around GD7.5, which is just after the appearance of the NMP (Wymeersch et al. 

2016). Hox genes provide positional information to the emerging axial tissues, instructing them how to 

undergo appropriate morphogenesis. Mammals achieve the appropriate Hox-mediated spatial 

patterning through the initial timed-sequenced activation of their Hox clusters in response to early 

embryonic signals (Forlani et al., 2003; Neijts et al., 2016). In vertebrates, all Hox genes of a cluster are 

transcribed from the same DNA strand and the first to be expressed are located at 3’ ends, followed by 

more 5’ located genes. These genes are initially activated in the posterior streak area as a response to 

Wnt3 signals (Neijts et al. 2016) and successively more 5’ located Hox genes are induced afterwards. 

Also, an increasing number of posterior Hox genes are sequentially transcribed. Therefore, after the first 

group of these genes is activated that correspond to the anterior ones, more centrally located ones are 

enhanced by a feed-forward effect of Cdx transcription factors, which are Wnt-dependent (Neijts et al., 
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2017). The enhancement of more 5’-located posterior Hox genes responds to the presence of Gdf11 

(Growth differentiation factor 11, also known as BMP11), a TGF-β signal released by posterior 

embryonic tissues after GD8.0 (Gaunt et al., 2013; Liu et al., 2001). The proliferation of Hox-instructed 

cells takes place concomitantly with the segmentation of the presomitic mesoderm into somites. The 

end of the sequential Hox gene activation is fixed by the transcription of the last genes of the clusters 

(Neijts et al., 2017). These genes play a crucial role in retroinhibiting the function of more anterior HOX 

proteins and arrest axial elongation (Young et al. 2009). This coincides with both the slowing down of 

axial tissue production and a reduction in the size of the presomitic mesoderm (Gomez and Pourquie 

2009). In an opposite way, more anterior Hox genes antagonize Cdx2 and more centrally located ones 

in their task of axial stimulation, by directly interfering with the activation of Wnt and FGF pathways 

(Amin et al. 2016). In conclusion, the sequential expression of the Hox genes promotes the elongation 

of the spinal cord. This means that, the antero-posterior axis can be identified as a time line (Fig. 7), 

since over time, more posterior structures are formed and more posterior Hox genes are expressed. 

 

 

 

Figure 7 - Representation of the developing spinal cord showing the three different structural axes: dorso-
ventral, antero-posterior and left-right, depicting the time line (t) that portrays the elongation of the neural 
tube as well as an example of a dI1 interneuron projection towards the brain. Adapted from R&D Systems: 

“Sonic Hedgehog: a morphogen involved in axon guidance”. 
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iv. In vitro generation of spinal neural progenitors 

 

To better define the signals and mechanisms regulating NMP formation, many laboratories adopted an 

in vitro approach, exploring the capacity of pluripotent stem cells to differentiate into multiple cell types. 

In all the studies, the activation of Wnt signalling by the GSK3β inhibitor CHIRON99021 at precise time 

points was crucial to generate NMP. The appearance of a Bra+/Sox2+ population of cells differentiated 

from mouse epiblast stem cells was first described with an exposure to CHIRON99021 for 48 hours from 

the beginning, in the presence of FGF2 and activin (an inhibitor of TGF-β-related factors) (Tsakiridis et 

al. 2014). However, in this study, the NMP consisted on a minor population that co-existed with a larger 

population of mesendoderm progenitors. Subsequent work demonstrated that the exposure of mouse 

and human ESC to CHIRON99021 and FGF2 in the absence of activin provided a more efficient 

generation of NMP, reaching 80% (Gouti et al. 2014). In this protocol, the first two days included FGF2 

to induce epiblast-like cells and a third day in presence of FGF2 and CHIRON99021 to generate NMP. 

In a parallel study, a responsive window from day 2 to day 3 of differentiation for the generation of NMP 

was identified by exposing the cells to CHIR99021 and that induction was more efficient when FGF2 

was also included (Turner et al. 2014). These studies further demonstrated that these progenitors could 

differentiate into neural cells by removing CHIRON99021 and FGF2 and replacing them with retinoic 

acid and sonic hedgehog (Shh) agonist or into a mesodermal fate by maintaining CHIRON99021. Gouti 

et al., 2014 also performed an analysis of Hox genes, revealing that NMP sequentially activate more 

posterior combinations. Moreover, the exposure to RA downregulated Bra expression, promoted neural 

fate and generated motoneurons with antero-posterior identities depending on the concentration of RA 

(Maury et al. 2014; Gouti et al. 2017). ESC that were induced to anterior neural tissue for 3 days did not 

exhibit posterior Hox gene expression in response to FGF2/CHIRON99021, suggesting that 

posteriorisation must take place before or during neural induction (Gouti et al. 2014).  

 

 

v. Dorso-ventral patterning of the spinal cord 

 

After the acquisition of the caudal neural fate, along the entire antero-posterior axis of the spinal cord, 

there is a specification of different identity of interneurons along the dorso-ventral axis. Upon 

gastrulation, the dorsal mesoderm signals the ectoderm above to lengthen, thereby forming the neural 

plate (Keller et al., 1992). After, its edges start to thicken and lift until the folds fuse together to form the 

neural tube. As it begins to develop, the notochord starts to secret the factor Sonic Hedgehog (Shh) 

which promotes the floor plate to secrete it as well. Meanwhile, the overlying ectoderm secretes Bone 

Morphogenic Protein (BMP) which induces the roof plate to secrete it too. In the same way that the floor 

plate secretes the morphogen Shh, which induces the formation of ventral neuro-progenitors (Patten 

and Placzek 2000), the roof plate secretes the protein BMP, that is known to promote dorsal populations 

in the spinal cord. An opposing gradient of BMP and Shh is therefore created (Fig. 1A). The blockade 
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of BMP signalling by overexpressing inhibitory Smad6 and Smad7 in the neural tube reduced the 

number of dI1, dI3 and dI5 neurons generated without altering progenitor markers, suggesting the 

pathway’s role during neurogenesis (Hazen et al., 2011; Le Dreau et al., 2012, 2014). Early 

overexpression of constitutively active forms of the BMP receptors Alk3 (BMPR1a) and Alk6 (BMPR1b) 

in the neural tube was shown to increase dI1/3 generation, while overexpression at later stages had no 

effect on IN number (Yamauchi et al., 2008), showing that BMP signalling involvement in the patterning 

of D-V axis occurs in the specification of progenitors and not later in the generation of interneurons. 

Indeed, the role of BMP signalling in neurogenesis is independent of the early role in patterning the 

dorsal neural tube (Le Dreau et al. 2012). Moreover, blocking the pathway by overexpressing Noggin 

slows the proliferation rate of the neural progenitors (Chesnutt et al., 2004). Furthermore, it was 

demonstrated that BMPs have an importance in establish expression domains of Wnt ligands, receptors 

and antagonists (Chesnutt et al., 2004), and that Wnt pathway acts mitogenically to expand the 

populations of neural progenitor cells specified by BMP (Chesnutt et al., 2004). This shows that BMP 

and Wnt work as a couple in patterning and growth to generate dorsal neural fates in the appropriate 

proportions within the neural tube. Similarly, another study confirms that BMP acts primarily as a 

patterning signal, while canonical Wnt signalling promotes cell cycle progression in stem and progenitor 

cells (Ille et al. 2007). Moreover, it demonstrates that BMP counteracts the proliferation induced by Wnt 

and conversely, that Wnt antagonizes BMP-dependent neuronal differentiation. Thus, a mutually 

inhibitory crosstalk between Wnt and BMP signalling controls the balance between proliferation and 

differentiation. This way, a model emerged in which dorsal Wnt/BMP signal integration ensures that 

growth and patterning rates are levelling off in the dorsal spinal cord, thus guaranteeing that patterning 

processes are coordinated with growth during spinal cord development (Ille et al. 2007). 

Some experiments further characterise BMP as a morphogen, measuring the response of cells to 

different parameters of the exposure of this ligand. Neural plate explants from chick embryos were 

assessed for the response to the signalling and for patterning markers (Tozer et al., 2013) in exposure 

to different concentrations and durations of BMP4. The results showed that the response (assessed by 

a construct of luciferase and a BMP responsive element (BRE)) increases with concentration up to 16 

ng/mL and with duration up to 24 hours with a maximum at around 18 hours (except for low 

concentrations, in which the response reached a maximum at 24 hours). Besides, the patterning 

markers assessment revealed an increase in expression levels, a maximum and a subsequent decrease 

according to both concentration and duration (Tozer et al., 2013). They also demonstrate that a 24-hour 

exposure to BMP4 converted the explants to Olig3 positive dP1-dP3 progenitors. Another study focused 

further on the response of the mouse cells to TGF-β, showing that the speed of ligand presentation has 

a key influence on TGF-β signalling (Sorre et al., 2014). Also, they identified the response (assessed by 

a construct of GFP with Smad4) to a specific concentration to be transient and adaptive, increasing 

immediately after addition of morphogen, reaching a maximum after 1 hour, decreasing and reaching 

the basal level 6 hours after addition. They further demonstrated that by exposing the cells to TGF-β in 

a strategy of pulses separated by a sufficiently low amount of time could maintain the response 

(assessed by a construct of luciferase and a Smad binding site CAGA12) at a high level, since it did not 

have enough time to decrease (Sorre et al., 2014). 
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vi. Establishment of neuralisation protocols 

 

Before arriving at the laboratory, three distinct protocols (described in the Materials and Methods 

section) had been designed to induce mESC towards a neural fate (Fig. 8A). They were inspired from 

neuralising conditions and respectively called neural basal medium (from Turner et al., 2014), FGF (for 

neural basal medium supplemented with 10ng/ml FGF, for 3 days of exposure, from Gouti et al., 2014) 

and LS (for neural basal medium supplemented with 10 nM LDN and 20 nM SB, for 2 days of exposure, 

from Maury et al. 2015). ESC were grown under these three conditions, and exposed between day 2 

and day 3 either to 3mM CHIRON99021 (CHIR), 10nM RA or to both components. Sox2+ (an early 

neural marker) and Bra+ (a mesodermal marker) cells were quantified under each condition. Results 

indicate that at day 2 of differentiation, a majority of cells (more than 85%) do expressed the early neural 

marker Sox2 under each condition. This neural state is maintained under LS neuralising condition in 

similar proportions at day 3, independently of treatment with CHIR or RA. When grown under neural 

basal conditions (Ø), cells adopted 3 distinct fates with an enrichment in Sox2+ (50%) over Sox2+Bra+ 

(neuromesodermal progenitors, 24%) and Bra+ (mesodermal fates, 11%) cells. Upon CHIR addition, an 

enrichment in NMP was observed while Sox2+ and Bra+ cells were less abundant than in the absence 

of any factors. Upon RA addition alone or in combination with CHIR, a vast majority of cells expressed 

Sox2 (at least 74%) while the respective proportions of NMP (3% and 7%) and Bra+ cells (0.5%) were 

reduced when compared to the control. With a neuralisation with FGF for 3 days, upon CHIR addition, 

there was a strong enrichment in Bra+ cells. As observed under neurobasal conditions, RA alone or in 

combination with CHIR strongly favours the Sox2+ population (71% and 60%) to the expend of NMP 

and mesodermal progenitors. From these results, it was concluded that neural cells grown under LS 

conditions were insensitive to CHIR and RA treatment, while RA alone or in combination with CHIR 

strongly favours neural fates under basal conditions or in presence of FGF. CHIR favours NMP fates, 

while in combination with FGF it increases the proportion of mesodermal progenitors and inhibits neural 

specification. This neuromesodermal or mesodermal enrichment upon CHIR addition was 

counterbalanced by RA.  
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Figure 8 - Effect of CHIR and RA exposure under three distinct neuralisation conditions. (A) Description of 
the protocols comprising neural basal medium (Ø), supplemented with FGF or LDN+SB (LS). Wnt activation 
(in presence of CHIR), retinoic acid addition (RA) and the combination of both were performed and 
compared to the control (Ø). Day 2 (B) and day 3 (C) immunodetection of Sox2+ cells, Bra+ cells and 
Sox2+Bra+ under the different conditions. (C) Quantification of the proportion of each cell type per image 
field expressed as a percentage (mean ± s.e.m), according to the neuralising conditions. Unpublished data 
from Duval, Nathalie. 

 

 

 

vii. Aim of the Project 

This project has the objective of characterizing the state of the cells during the course of differentiation. 

This means that throughout the protocol, samples were taken at different time points to check if the cells 

sequentially neuralised, caudalised onto a spinal fate and ultimately dorsalised. Besides, since there 

has been a bit of controversy about whether BMP really acts has a dorsalising agent, this project also 

has the intention of testing the molecule’s potential for such specification. 
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VI. Materials and Methods 

 

Cell lines description and maintenance 

Mouse Embryonic fibroblasts (MEF) derived from GD13.5 mouse embryos in 129 genetic background 

(Gift from B. Drayton) were cultured at 37 °C in 5% CO2 in Dulbecco’s Modified Eagle Medium (DMEM) 

(Thermo Fisher Scientific), containing 4.5 g/L D-glucose, 1mM pyruvate, 10% Fetal Bovine Serum (FBS) 

(Eurobio), 3.97mM Glutamax (Thermo Fisher Scientific), 100 U/mL Penicillin, 100 μg/mL Streptomycin 

and 0.1 mM β-mercaptoethanol (Thermo Fisher Scientific). Cells were split at 80% confluence once 

every 3 days, 1 into 5 with a 0.05% Trypsin-EDTA solution (Thermo Fisher Scientific). To generate 

mouse Embryonic Stem Cell (ESC) feeders, MEF proliferation was blocked with 5 μg/mL mitomycin 

(Sigma) for 2h. Aliquots of mitomycin treated EF (miMEF) were then frozen (4x105 cells/tube) and stored 

for up to 6 months at -80°C. 

Mouse ESC line HM1 was used for the purposes of this project (Gift from Dr. M. Gouti). This line was 

obtained from HPRT-deficient 129 strain mice that had been produced by blastocyst injection of 

E14TG2a cells (Magin et al., 1992). The HM1 ESC were seeded onto 90% confluent miMEF on plates 

that were pre-coated for 1 h at 37°C with 0.1% gelatine solution (Sigma). The ESC culture medium was 

composed of DMEM Embryomax (4.5 mg/L Glucose, 2.25 g/L Sodium Bicarbonate, without L-Glutamine 

and Sodium Pyruvate, Millipore), 15% ESC qualified FBS Embryomax (Millipore), supplemented with 

2mM L-Glutamine, 0.1mM non-essential amino acids (NEAA), Nucleosides (cytidine, guanidine, 

adenosine, uridine 8 mg/L each, thymidine 2.4 mg/L, Millipore), 100 U/mL Penicillin, 100 μg/mL 

Streptomycin, 0.1 mM β-mercaptoethanol and 103 U/mL Leukaemia Inhibitory Factor (LIF, Millipore). 

The medium was renewed every day and cells were split every two days 1 into 8. The passage number 

of the cells was, in average, 15. 

 

Differentiation protocol 

ESC and their MEF were split and seeded into a new Petri dish. After 30 minutes, the MEF attached to 

the bottom of the dish and the ESC in suspension were harvested. This operation was repeated once 

more. After two washes in PBS, they were suspended in 10mL of differentiation medium at a 

concentration of 5x104 cells/mL and placed in 100mm polystyrene non-treated culture dish (Corning). 

There, they aggregated to form embryoid bodies (EB). The differentiation medium contained half of 

Advanced DMEM/F12 (Thermo Fisher Scientific) and half of Neurobasal medium (Thermo Fisher 

Scientific) and it was supplemented with 2 mM L-Glutamine, 100 U/mL Penicillin, 100 μg/mL 

Streptomycin, 0.1 mM of β-mercaptoethanol and with 1X N2 and 1X B27 without Vitamin A (Thermo 

Fisher Scientific). The medium was renewed every day from the second day of differentiation. To do so, 

EB were collected in a 50ml falcon tube and spin at 500 rpm for 3 min. After a PBS wash followed by a 

centrifugation, they were suspended with fresh differentiation medium and plated into a new Petri dish. 

Molecules acting on developmental signalling pathways have been added along the differentiation 
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course (Fig. 9A, 10A). During the first three days of culture, the EB were let to grow in the differentiation 

medium or in presence of 10 ng/mL of Fibroblast Growth Factor 2 (FGF2) for 3 days. Alternatively, 10 

nM LDN-193189 and 20µM SB-431542, which are, respectively, Bone Morphogenic Protein (BMP) and 

Transforming Growth Factor β (TGF-β) antagonists were placed into the cultured medium for the first 2 

days. Between day 2 and day 3 of differentiation, 3 μM of the GSK3 inhibitor CHIR9901 (CHIR) and/or 

10 nM Retinoic Acid (RA) could be added. From day 3 onwards, the EB were always grown in the 

differentiation medium supplemented with 10 nM Retinoic Acid (RA). Finally, to promote the 

dorsalisation of cell fates, EB were grown in presence of mouse BMP4. BMP4 was added between day 

3 and day 4 at a 5ng/ml concentration. A time-lapse of the cell response was measured by qRT-PCR, 

therefore, in this case, samples were collected at times after addition of (in hours): 0; 0.25; 0.5; 0.75; 1; 

1.5; 2; 4; 6; 12; 24; 48 (N=2). As a control, a condition in the absence of BMP4 was included and samples 

were taken at (in hours after addition): 0; 1; 6; 12; 24; 48 (N=3) (Fig. 12Bi). Several of the exposure 

parameters were altered to assess improvement of the response of cells. First, EB were submitted to 

several of BMP4 concentrations ranging from 1ng/mL to 13 ng/mL between day 3 and day 4. Second, 

treatments with 5ng/mL BMP4 from day 2.5 were tested. Finally, response of the EB to one-hour-pulse 

of 5ng/mL BMP4 from day3 or two 4 one-hour-pulses of 5ng/mL BMP4 every 6 hours from day 3 was 

assessed. After each pulse, the EBs were rinsed with PBS before being transferred in fresh medium 

supplemented with 10 nM Retinoic Acid (RA) (Fig. 12Aii). 

 

Samples collection 

EB were collected at discrete differentiation time points to assess for the expression of neuronal identity 

markers either by RT-qPCR or by immunohistochemistry. For the first type of analysis, 50-250 μL of EB 

were collected and for the second, 500-2000 μL of EB were withdrawn. In all cases, cells were washed 

once with 1X Phosphate Buffer Saline (PBS), before proceeding further. 

 

RNA extraction 

mRNA was extracted from the collected cells using the NucleoSpin® RNA kit (Macherey-Nagel). Cells 

were rinsed with 1X PBS and lysed in 350 μL of RA1 buffer and 3,5 μL of β-mercaptoethanol. Lysate 

was then filtrated on a column during 1 minute of centrifugation at 11000g. Nucleic acids were then 

precipitated by addition of 350 μL of 70% ethanol and fixed on the membrane of a second silicate 

column. Salts were washed once with MDB buffer and DNA was digested with DNase for 15 minutes. 

The column was washed once with RAW2 buffer and twice with RA3 buffer. RNA was eluted in 40 μL 

of RNase-free water and concentrations were measured with Nano Drop 1000. 
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Reverse Transcription 

cDNA was generated from RNA quantities ranging from 0.5 μg to 2 µg using the SuperScript IV Reverse 

Transcriptase from Thermo Fischer Scientific. The RNA, 3.7 µM random primers, 3.7 µM oligodT and 

0.75 mM dNTP diluted in water to reach a volume of 27µl were first heated at 65°C for 10minutes for 

denaturation. Then, 8 µl of 5X transcription buffer, 2 µL of 100 mM DTT, 1 µL of RNase inhibitor (20 

U/µL) and 2 µl of SuperScript IVReverse Transcriptase (100 U/µL) were added. The samples were 

incubated for 10 minutes at 23°C and then for 20 minutes at 50 °C. At the end, the reverse transcriptase 

was inactivated for 10 minutes at 80 °C and double-stranded cDNA molecules were obtained. 

 

Real-time quantitative PCR 

Real-time quantitative PCR (RT-qPCR) was performed in 384-well plates with a LightCycler 480 II 

(Roche) using 4 μL of cDNA diluted 1/20, 5 μL of 2X SYBR Green I Master® (Roche) and 10 μM of 

forward and reverse primers (see list below). Nuclease-free water was added to the cDNA to reach a 

final volume of 10 μL. After 5 minutes at 95 °C to activate the enzyme, 45 cycles were performed. Each 

cycle included 10 seconds of denaturation at 95 °C, 15 seconds of hybridization at 60 °C and 20 seconds 

of elongation at 72 °C. After the 45 cycles, samples were submitted to an ascending thermal gradient 

from 65 °C to 97 °C to perform a melt curve analysis and assess if the PCR produced a single and 

specific product. The program of the LightCycler provides at the end, a Ct for each well, which 

correspond to the cycle from which PCR products become detectable. For each sample, the Ct was 

evaluated in three technical replicates. If one Ct value was divergent from the other two Ct values, it 

was discarded. Then, the mean value of all remaining Ct was utilised to calculate the expression (RE) 

of each gene relative to that of the TATA-box Binding Protein (TBP), a housekeeping gene (equation 1). 

 

𝑅𝐸 𝑜𝑓 𝑔𝑒𝑛𝑒 𝐴 𝑖𝑛 𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛 𝑋 =
𝐸𝐴 𝑜𝑓 𝑇𝐵𝑃 𝑖𝑛 𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛 𝑋𝐶𝑡 𝑇𝐵𝑃

𝐸𝐴 𝑜𝑓 𝑔𝑒𝑛𝑒 𝐴 𝑖𝑛 𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛 𝑋𝐶𝑡 𝑜𝑓 𝑔𝑒𝑛𝑒 𝐴   Equation 1 

 

EA, being the efficiency of amplification of the used primers. The efficiency was evaluated thanks to 

qPCR performed from cDNA templates prepared from dissected GD11.5 spinal cord (a tissue where the 

corresponding gene is supposed to be expressed) with three different dilutions (1/10, 1/100 and 1/1000). 

The slope of the trend line log(𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛) = 𝑓(𝐶𝑡) was calculated and the EA was calculated using 

equation 2. 

𝐸𝐴 = 10
(−1

𝑠𝑙𝑜𝑝𝑒⁄ )
      Equation 2 

 

Finally, the RE of each gene was then normalized to either the RE of the gene in GD11.5 dissected 

spinal cord or in ESCs. 
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Sequences of the used primers: 

Fw-TBP: GAAGAACAATCCAGACTAGCAGCA 

Rev-TBP: CCTTATAGGGAACTTCACATCACAG 

Fw-Msx1: TCCTCAAGCTGCCAGAAGAT 

Rev-Msx1: TGAAAGGCGTCCTGGGCTTGC 

Fw-Gsh1: CTGCTGCACTCTACCAGACC 

Rev-Gsh1: ATGTTGGAGGCGAACTCTCG 

Fw-Dbx2: AGCTCGCAGGGGGATTTTAC 

Rev-Dbx2: TCCGCCATTTCATCCTTCGG 

Fw-Nkx6.1: CCCGGAGTGATGCAGAGT 

Rev-Nkx6.1: GAACGTGGGTCTGGTGTGTT 

Fw-Neurog1: GACACTGAGTCCTGGGGTTC 

Rev-Neurog1: GTCGTGTGGAGCAGGTCTTT 

Fw-Neurog2: GTGCAGCGCATCAAGAAGAC 

Rev-Neurog2: TGAGCGCCCAGATGTAATTG 

Fw-Atoh1: GCTGGTAAGGAGAAGCGGCTGTG 

Rev-Atoh1: TGTACCCCATTCACCTGTTTGC 

Fw-Id2: CTCCAAGCTCAAGGAACTGG 

Rev-Id2: TGCTATCATTCGACATAAGCTCAG 

Table 1 – List of primer pairs used in this project and their corresponding efficiency. 

Gene Efficiency Gene Efficiency 

TBP 1,89144 Atoh1 1,717978 

Msx1 2,081955 Id2 1,7436 

Gsh1 2,161811 Hoxa3 2,38039 

Dbx2 2,61277 Hoxb4 1,79018 

Nkx6.1 1,802895 Hoxc6 2,08521 

Neurog1 2,01672 Otx2 2,11104 

Neurog2 2,33156   
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Fw-Hoxa3: ACCTCCCCCACACCACCTCG 

Rev-Hoxa3: GCAACTCTCCTGGCTCACA 

Fw-Hoxb4: CACGGTAAACCCCAATTACG 

Rev-Hoxb4: GAAACTCCTTCTCCAACTCCAG 

Fw-Hoxc6: ACACAGACCTCAATCGCTCAG 

Rev-Hoxc6: CGAGTTAGGTAGCGGTTGAAG 

Fw-Otx2: GGAAGAGGTGGCACTGAAAAT 

Rev-Otx2: ACTGGCCACTTGTTCCACTC 

 

 

Immuno-fluorescence 

Samples fixation and mounting 

Collected EB were fixed for 7 minutes with cold 4 % Paraformaldehyde, washed twice in PBS 1X and 

incubated in sucrose (30% in PBS) for 30 minutes, at room temperature. Sucrose was then removed 

and replaced by an Optimum Cutting Temperature (OCT) compound into blocks, being quickly solidified 

using dry ice. In a single block, 2 to 5 different conditions were included and their orientation was noted 

so that the correct samples would, afterwards, be correctly analysed. EB suspensions in OCT were then 

pipetted into a plastic mould also containing OCT medium. The mould containing different samples of 

EB was quickly transferred onto dry ice to allow fast solidification. Moulds were then stored at -80°C till 

cryosectioning (14-16μm width slices, cryostat LEICA CM 3050S). Serial sections were collected onto 

glass slides and stored at -80°C., 

 

Immunostaining 

Glass slides were removed from -80°C, sections were dried in the air for 15-30 minutes and washed 

three times in 1X PBS at room temperature to remove the OCT medium. They were surrounded with a 

hydrophobic film with an ImmEdge Hydrophobic Barrier PAP pen. Blocking was achieved by incubating 

the sections for one hour with PBST (PBS 1X + 0.1% Triton 100X) supplemented with 1 % BSA. Then, 

100 µL of blocking solution mixed with primary antibodies (listed below) was added to the slide and 

incubated overnight at 4 °C in a humidified chamber. On the next day, slides were rinsed twice and 

washed 3 times in PBST and incubated for 2-3 hours with 100 µL of blocking solution containing 

secondary antibodies (donkey against mouse, goat, guinea pig or rabbit, coupled to Alexa Fluorophores 

A488, A568 or A647, diluted 1/300, Thermo Fisher Scientific). 2 rinses and 3 washes in PBST were 

followed by one wash in H2O. After addition of 100 μL of Moviol (anti fading mounting medium) a glass 

coverslip was placed on the sections. Once the mounting medium solidified (1h at room temperature), 
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nail polish was used to seal coverslips with glass slides. Images were taken with an LS 780 Confocal 

microscope (Leica) with 3 Z-stacks at 0.8 nm average total width and a magnification of 40x, by adjusting 

the signal and background intensity. 

 

 

Table 2 – List of primary antibodies used in this project. 

Protein Species Dilution Provider (reference) 

FoxD3 Guinea pig 1/5000 From T. Muller and K. Birchmeier 

Pax2 Rabbit 1/500 Thermo Fisher Scientific (716000) 

Lhx1/5 Mouse 1/20 DSHB (4F2) 

Lbx1 Guinea pig 1/10000 From T. Muller and K. Birchmeier 

Tlx3 Rabbit 1/10000 From K. Birchmeier 

Evx1 Mouse 1/500 DSHB (99.1-3A2) 

Pax7 Mouse 1/50 DSHB (PAX7) 

Pax6 Rabbit 1/250 Biolegend (PRB-278P) 

Olig3 Guinea pig 1/10000 From T. Muller and K. Birchmeier 

Dbx1 Rabbit 1/100 Pierani et al., 1999 

Sox2 Rabbit 1/200 Thermo Fisher Scientific (48-1400) 

Nkx6.1 Mouse 1/200 DSHB (F55A10) 

Cdx2 Rabbit 1/1000 Abcam (76541) 

HuC/D Mouse 1/1000 Thermo Fisher Scientific (16A11) 

pSMAD1/5/8 Rabbit 1/500 Cell Signalling Technology (13820S) 

 

 

Image processing and gene quantification 

All the confocal images were processed using a script to be run in the program Fiji. The quantification 

of the gene expression was performed using Cell Profiler which calculates the intensity of the signals 

and provides the percentage of cells expressing one, two or three genes of interest at the same time, 

relative to the total number of cells analysed. This is achieved first by creating a segmentation on the 

nuclei using a DAPI fluorescence intensity with a settled threshold. Then, the program assesses the 

intensity of the other channels on the previously segmented nuclei providing the count and percentage 

of the ones expressing. The quantification was performed per field with a minimum of 4 fields per 

condition for statistical purposes. The averages of counted nuclei per field was 1263 for D3 samples, 

1698 for D5 samples and 1974 for D7 samples. 

 

 

Statistical Analysis 
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Statistical analysis was performed using the program Prism Graphpad. Two-ways Anova tests were 

used to evaluate the significance of the difference between conditions in the presence and in the 

absence of BMP in the culture medium. Non-parametric t-tests were used to evaluate pair-wise 

comparisons between conditions. P-values are indicated as * if P ≤ 0.05, ** if P ≤ 0.01, *** if P ≤ 0.001 

and **** if P ≤ 0.0001. 

 

 

 

Table 4 – Number of experiments for Bra/Sox2 and Cdx2 
immunostainings for each neuralising and caudalising condition. 

N Ø  
Ø CHIR RA CHIR+RA 

Bra Sox2 
day 2 

5 
   

Bra Sox2 
day3 

5 4 4 4 

Cdx2 day3 5 4 4 5  
FGF 

 
Ø CHIR RA CHIR+RA 

Bra Sox2 
day 2 

7    

Bra Sox2 
day3 

3 3 2 2 

Cdx2 day3 3 3 3 4  
LDN+SB  

Ø CHIR RA CHIR+RA 

Bra Sox2 
day 2 

5    

Bra Sox2 
day3 

3 3 3 3 

Cdx2 day3 3 5 3 4 

 

Table 3 – Number of experiments for each gene and each condition, assessed by qRT-PCR at day 5. 

N Ø FGF LDN+SB BMP FGF+BM
P 

LDN+SB+BM
P 

Otx2 6 3 3 
   

Hoxa3 6 3 4 
   

Hoxb4 4 3 4 
   

Hoxc6 6 4 4 
   

Msx1 6 9 3 6 12 3 

Gsh1 6 3 3 6 4 3 

Dbx2 6 5 3 6 5 3 

Nkx6.1 5 4 3 5 4 3 

Id2  5   8  
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Table 5 – Number of experiments for progenitor and interneuron markers, assessed by immunostaining, 
for each condition. 

N Ø FGF LDN+S
B 

BMP FGF+BM
P 

LDN+SB+BM
P 

NP markers 
day 5 

3 4 3 3 4 3 

IN  markers 
day 7 

3 3 3 3 3 3 

 

 

Table 6 – Number of experiments for Id2 expression, 
assessed by qRT-PCR at day 5, for each condition. 

Condition N  at day 5 

No BMP 5 

BMP day 2.5 – day 3.5 3 

BMP day 2.5 – day 4 3 

BMP day 3 – day 4 8 

BMP 1 pulse 2 

BMP 4 pulses 1 
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VII. Results 

 

i. Generation of early spinal neuroprogenitors 

 

It was first assessed whether the molecules added during the time of differentiation influence the 

induction of specific markers genes or proteins of the antero-posterior axis of vertebrate embryos (Fig. 

9D). Cdx2 stands amongst these markers. This homeodomain TF is restricted to the caudal most part 

of vertebrate embryos, including all the progenitor cells that will give rise to the mid-cervical to the lumbar 

spinal cord and is not found in progenitor cells giving rise to the anterior nervous system (Britz et al. 

2015). Immunodetection of this protein was performed from the second day to the fourth day of 

differentiation of the ESC derived EB. At day 2 and day 4, little Cdx2 was detected within the EB 

whatever the conditions in which they were grown (data not shown). In contrast, on the third day of 

differentiation, Cdx2 was detected and the amount of cells expressing this protein was highly dependent 

on the molecules added during the time course of differentiation (Fig. 9B, C). In presence of the TGF-β 

and BMP signal antagonists LDN-193189 and SB-431542 (LDN+SB) during the first two days of 

differentiation, very few cells exhibited Cdx2 expression even when posteriorizing molecules such as 

CHIR9901 were added (Fig. 9B ix-xii, C iii). This suggests that cells within LDN+SB treated EB can’t be 

driven towards a spinal cord like fate. When the EB were let to differentiate simply in the neural basal 

medium (Fig. 9B i) or in the presence of FGF2 for 3 days (Fig. 9B v), the induction of Cdx2 could be 

detected in half of the EBs but never reached more than 25% of cells (Fig. 9C i, ii). Upon addition of 

CHIR9902 between day 2 and 3 in the medium of EB that were grown in neural basal medium between 

the day 0 and 2, Cdx2 was detected in half of the cells (Fig. 9B ii, C i). Co-immunostaining of Cdx2 and 

Sox2 confirmed that all Cdx2 positive cells were neural progenitors expressing Sox2 (Fig. 9B ii) and that 

all Sox2+ cells were also Cdx2 positive. The later observation suggests thus that CHIR treatment is 

sufficient to orient all neural progenitor to a caudal Cdx2 positive state. In presence of FGF2 between 

day 2 and day 3, CHIR addition was also sufficient to induce Cdx2 expression in Sox2 positive cells 

(Fig. 9B vi). However, the number of Cdx2 positive cells per EB varied a lot from one experiment to 

another (Fig. 9C ii); as seen for the number of Sox2 positive cells between sets of experiments (Fig. 7). 

Compared to CHIR99021, the addition of retinoic acid (RA) between day 2 and day 3 of differentiation 

had little potential to promote Cdx2 in EB grown either in neural basal medium between days 0 and 2 or 

in presence of FGF2 (Fig. 9B iii, vii, C i,ii). More strikingly, when CHIR was combined to RA treatment 

between days 2 and 3, the expression of Cdx2 was seen in more than 85% of cells in the EB, no matter 

whether they were grown beforehand simply in neural basal medium or in presence of FGF2 (Fig. 9B 

iv, viii, C i,ii). In these two conditions, Cdx2 and Sox2 expressions were also perfectly overlapping (Fig. 

9B iv, viii). This indicates that in these two conditions, cells acquire a neural caudal fate.  
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Figure 9 - Characterization of A-P markers in ESC-derived NP. (A) Differentiation protocol comprising three 
different neuralising conditions (Ø; FGF: FGF2 between day 0 and day 3; LS: LDN+SB between day 0 and day 2) 
and four caudalising conditions (Ø; CHIR: CHIR9901 between day 2 and day 3; RA: retinoic acid from day 2 till the 
end; CHIR + RA). (B) Expression of the early caudal marker Cdx2 and the NP marker Sox2 in day 3 NP grown in 
different neuralising and caudalising conditions. Scale bar = 50 μm. (C) Quantification of the proportion of Cdx2+ 
cells per image field expressed as a percentage (mean ± s.e.m.), according to neuralising and caudalising condition. 
(D) In vivo expression pattern of A-P axis neural tube markers Cdx2, Otx2, Hoxa3, Hoxb4 and Hoxc6. (E) 
Expression of Otx2, Hoxa3, Hoxb4 and Hoxc6 in NP grown with CHIR and RA, quantified by RT-qPCR relative to 
TBP and normalized to their levels in ESC for Otx2 or to their levels in GD11.5 dissected spinal cord for the other 
genes (mean ± s.e.m.). Statistical analysis: * if P<0.1; ** if P<0.01; *** if P<0.001; **** if P<0.0001. 
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We next wanted to refine the analysis of the A-P state of the cells generated in presence of CHIR and 

RA during day 2 and day 3 by assessing the expression of A-P markers by qRT-PCR. It included Otx2, 

a marker of the forebrain, Hoxa3 whose expression is high in the rhombomeres 4, 5 and 6 of the 

hindbrain and weaker in the spinal cord, Hoxb4 which labels the rhombomere 7 and the entire spinal 

cord, including its cervical part and Hoxc6 whose expression is limited to the spinal cord from its brachial 

to its lumbar domain (Fig. 9D). The results show that no matter the condition, the expression levels of 

the anterior brain marker Otx2 were very low compared to that detected in ESC (Fig. 9E i), suggesting 

that even in presence of LDN+SB, cells are oriented towards either a hindbrain or a spinal cord like fate. 

In contrast to Otx2, the levels of mRNA of all Hox genes chosen were in the range of that detected in 

the GD11.5 spinal cord. In EB grown in LDN+SB, the levels of Hoxa3 were more than half of those 

detected in the GD11.5 spinal cord. In this condition, the levels of Hoxb4 were almost three times more 

elevated than in the spinal cord, while those of Hoxc6 were lower. Taken together with the low number 

of Cdx2 positive cells in EB at day 3, this data supports the idea that in presence of LDN+SB between 

days 0 and 2, and CHIR and RA between days 2 and 3, cells are oriented towards a posterior hindbrain 

state. In presence of FGF2, or when EB were simply grown in neural basal medium during the first two 

days of differentiation, the levels of Hoxa3 are a quarter of that detected in the embryonic spinal cord, 

while the levels of Hoxb4 are superior than those found in embryonic spinal cord. This is coherent with 

cells the EB grown in these two conditions having acquired a spinal cord fate and displaying Cdx2 

expression at day 3 of differentiation. In presence of FGF2, the levels of Hoxc6 were slightly elevated 

compared to when EBs were simply grown in presence of neural basal medium between day 0 and day 

2, but only represented less than half of the levels detected in the embryonic spinal cord. This suggests 

that most of cells in these two conditions are similar to cervical spinal progenitors and that in presence 

of FGF2, few cells are further posteriorized and display brachial traits. This is in agreement with 

immunostaining for Hoxc8 performed at day 7 of differentiation showing that this brachial marker can 

only be detected in a small fraction of neurons of the EB grown in presence of FGF2 (data not shown). 

All together, these results indicate that the activation of Wnt signalling (by the addition of CHIR99021) 

and RA signalling between day 2 and day 3 of differentiation is sufficient to specify cell towards a spinal 

cord fate under neurobasal and FGF conditions. Inhibiting TGFβ and BMP signals prevents the Wnt-

potentiated posteriorisation to operate.  
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ii. Generation of two classes of dorsal spinal progenitors 

  

Next, we investigated the dorso-ventral state of the ESC derived neural progenitors at day 5 of 

differentiation (Fig. 10). We concentrated on the conditions where EB were cultured in presence of CHIR 

and RA between day 2 and day 3, and beforehand they have been placed simply in the neural basal 

medium or in presence of FGF2 from day 0 to day 3 or of LDN+SB between day 0 and day 2 (Fig. 10A). 

We first performed immunostaining on sectioned EB for Pax6, Pax7, Olig3, Nkx6.1 and Dbx1 proteins, 

which are respectively expressed in pMN to dP1, dP6 to dP1, dP3 to dP1, floor plate to p2 and p0 and 

dp6 domains of the developing spinal cord (Alaynick et al., 2011; Fig. 10D). This revealed that whatever 

the growth conditions during the first 3 days of differentiation, more than 90% of cells within the EB 

expressed the neuroprogenitor marker Pax6 (Fig. 10B i-iii’). When EB were grown in the neural basal 

medium for the first two days or in presence of FGF2 for the first 3 days, these Pax6 positive cells also 

expressed Pax7 (Fig. 10B i, ii). Quantifications indicated that the fraction of Pax6;Pax7 double positive 

cells reached more than 75% of all Pax6+ neuroprogenitors (Fig. 10C i). This number of Pax6;Pax7 

double positive cells was lower when EB were neuralised with LDN+SB (Fig. 10B iii, 2C i). Furthermore, 

in all neuralising conditions, ESC derived EB displayed very few Olig3 positive cells (Fig. 10A i’, ii’, iii’, 

C ii). Similarly, very few cells expressing the markers Nkx6.1 and Dbx1 could be observed in all the 

conditions (Fig. 10B iv, v, vi) but only in 1/5 of all EB (data not quantified), further supporting the idea 

that the neural progenitors generated within the EB are reminiscent the dP6 to dP4 progenitors of the 

embryonic spinal cord. To further confirm these results, we then quantified by qRT-PCR the levels of 

Msx1, Gsh1, Dbx2, Nkx6.1 transcripts in EB after 5 days of differentiation (Fig. 10E). In vivo, Msx1 

marks dorsal progenitors and its expression is very dynamic during the course of development. In a 

GD9.5 mouse neural tube Msx1 expression overlaps with that of Olig3 (Duval et al., 2014, Fig. 10D). 

Gsh1 and Dbx2 are normally found in the dP6-dP4 and p1-dp5 domains, respectively (Alaynick et al., 

2011, Fig. 10D). Consistent with the immunostaining, Nkx6.1 mRNA was detected in all the conditions 

(Fig. 10B iv, v, vi and E i). It was slightly higher in EB grown in neural basal medium between day 0 and 

day 3 compared to EB cultured with FGF2 or LDN+SB. Dbx2 was mainly detected in EB grown in the 

neurobasal condition. Notably, Msx1 was barely detected compared to the levels of the transcripts 

detected in GD11.5 spinal cord (Fig. 10E i). In contrast, the levels of Dbx2 were higher in EB than in the 

developing spinal cord (Fig. 10E ii). This is consistent with the neuralization conditions barely affecting 

the D-V state of the cells and with the cells harbouring a dP4-dP6 state. Nkx6.1, Dbx2 and Gsh1 levels 

varied substantially between experiments (Fig. 10E i, ii, iii,).  
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Figure 10 - Characterization of D-V markers in ESC-derived day 5 NP. (A) Differentiation protocol comprising 
three different neuralising conditions (Ø; FGF: FGF2 between day 0 and day 3; LS: LDN+SB between day 0 and 
day 2). The cells were all grown in presence of CHIR9901 between day 2 and day 3 and RA from day 2 till the end. 
In some conditions, BMP4 was also included in the medium between day 3 and day 4 to dorsalise the cell identity. 
(B) Expression of the D-V markers Pax6, Pax7, Olig3, Nkx6.1 and Dbx1 in day 5 NP grown in different neuralising 
and in the absence (i-vi) or presence (vii-xii) of BMP. Scale bar = 50 μm. (C) Quantification of the proportion of 
dorsal progenitors (defined as the total number of cells expressing either Olig3 only, Pax7 only or co-expressing 
both of these markers) (i) and only Olig3+ nuclei (ii), expressed as percentages of NP expressing at least one of 
the three markers Olig3, Pax6 and Pax7 (mean ± s.e.m.), according to neuralising and dorsalising conditions. (D) 
In vivo expression pattern of D-V axis neural tube markers Nkx6.1, Dbx1, Dbx2, Pax6, Gsh1, Pax7 and Olig3. (E) 
Expression of Nkx6.1, Dbx2, Gsh1 and Msx1 quantified by RT-qPCR relative to TBP and normalized to their levels 
in GD11.5 dissected spinal cord (mean ± s.e.m.). Statistical analysis: * if P<0.1; ** if P<0.01; *** if P<0.001; **** if 
P<0.0001. 
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In order to generate NP harbouring an even more dorsal state, we decided to submit the NP to BMP4 

from day 3 to day 4. This morphogen is indeed one of the RP secreted morphogens that dorsalises 

spinal fate (Tozer et al., 2013). The addition of BMP did not impair the neuralization process, since all 

the cells at day 5 express neuronal markers such as Pax6 (Fig. 10B vii-ix’). Strikingly, in presence of 

BMP, Olig3 expression was greatly induced. Notably, in the NB and FGF conditions, Olig3+ cells 

represented 50% of all NP (Fig. 10B vii’, viii’, C ii). In LDN+SB, the amount of Olig3 positive cells was 

not greater than 25% (Fig. 10B ix’, C ii). In this condition, we noticed that the levels of Pax7+ cells were 

increased upon the addition of BMP (Fig. 10B ix’). The analysis of Msx1, Gsh1, Dbx2, Nkx6.1 expression 

levels further confirmed that the addition of BMP4 was sufficient to further dorsalise the state of cells to 

reach dP3-dP1 like state (Fig. 10E). Notably, in presence of BMP4, the levels of Nkx6.1 and Dbx2 were 

greatly reduced (Fig. 10E i, ii), while those of Msx1 were increased (Fig. 10E iv). Gsh1 expression did 

not change upon BMP4 exposure (Fig. 10E iii). 

 

iii. Generation of two classes of dorsal spinal interneurons 

 

Next, we got interested into neurons originating from the ESC-derived NP. First, we noted on day 7 of 

the differentiation that there were neurons produced in the EB by analysing the distribution of the 

proteins HuC and HuD, both expressed in newly born neurons (Fig. 11A i-iii, B i-iii). We concomitantly 

marked the undifferentiated progenitors using an antibody raised against the TF Sox2. Sox2 and HuC/D 

were detected in all conditions (Fig. 11A i-iii). The two types of markers were mutually exclusive inside 

the EB and the relative ratio of cells expressing one or the other marker varied between conditions. 

Notably, more Sox2 positive cells were seen upon BMP treatment, suggesting that this signal inhibits 

the terminal differentiation of NP (comparison between Fig. 11B i-iii, A i-iii). We have not been able to 

quantify this result, as the signal coming from HuC/D was difficult to associate to a given cell due to its 

fuzzy distribution around the nuclei of cells. Second, we performed two sets of immunodetections for 

three TF, each expressed in specific neuronal subpopulations at day 7 of differentiation (Fig. 11C). On 

the one hand, we had labelled sections of EB with Evx1, Lbx1 and Tlx3 which are respectively found in 

vivo in V0, dI6 to dI4 and dI3 and dI5 interneurons (Fig. 11A iv-vi, B iv-vi, C). On the other hand, sections 

were incubated with a mix containing antibodies recognising Pax2, Lhx1/Lhx5 and FoxD3 (Fig. 11A vii-

ix, data not shown, B vii-ix). Pax2 is found in vivo in the ventral IN V1 and V0 and the dorsal IN dI6 (Fig. 

11C), Lhx1/5 are present in the same neurons and are additionally expressed by dI2 IN (Fig. 11C) and 

FoxD3 is observed in dI2 and V1 IN (Fig. 11C). All of these markers were detected in the EB whatever 

the condition (Fig. 11A, B) and the presence of BMP4 influenced greatly their relative abundance (Fig. 

11D). In absence of BMP4, the predominant marker was Lbx1 (Fig. 11A iv, v, vi), suggesting that the 

cells are similar to dI6-dI4 IN. This is in agreement with the NP displaying a dP6 to dP4 signature, Pax6+, 

Pax7+, Olig3-. Confirming this, the number of cells displaying ventral traits such as the FoxD3+; Pax2+ 

V1 and the Evx1+ V0 represented less than 5% of all cells, but when EB were solely grown in neural 

basal medium for the first three days, these types of cells represented a fifth of all (Fig. 11D ii). Similarly, 

the number of Tlx3+; Lbx1- dI3 and Foxd3+; Pax2- dI2 cells was limited in these conditions.  
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Figure 11 - Characterization of post-mitotic markers in ESC-derived day 7 NP. Expression, in day 7 NP grown 
in presence of the three neuralising conditions either in the absence (A) or in the presence (B) of BMP, of the post-
mitotic and progenitor markers respectively HuC/D and Sox2 (i-iii) and the D-V post-mitotic markers Tlx3, Lbx1 and 
Evx1 (iv-vi); Pax2 and FoxD3 (vii-ix). Scale bar = 50 μm. (C) In vivo expression pattern of D-V axis spinal cord 
markers Lbx1, Tlx3, Evx1, Pax2, Lhx1/5 and FoxD3. (D) (i) Quantification of the proportion of all the previously 
mentioned D-V markers according to neuralising and dorsalising condition. (ii) Specification of the different spinal 
cord identities according to neuralising and dorsalising condition (mean ± s.e.m.). The colour code corresponds to 
that in Fig. 11C. Statistical analysis: * if P<0.1; ** if P<0.01; *** if P<0.001; **** if P<0.0001. 
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Unexpectedly, the culture conditions during the first days of differentiation had an effect on the amount 

of Tlx3+; Lbx1+ dI5 produced neurons (Fig. 11E ii). Notably, these neurons were generated in LDN+SB 

and FGF conditions but not when cells were grown in neurobasal medium. In presence of BMP4, we 

first noticed that the total of cells expressing any of these post-mitotic markers was reduced compared 

to when EB were grown without BMP4 (Fig. 11D i), further supporting the idea that BMP4 blocks the 

entry in terminal differentiation. More importantly and expectedly, the identity of the produced neurons 

in presence of this signal was even more dorsalised than without BMP4 (Fig. 11B, D ii). As such, the EB 

exhibited a significant number of cells expressing Tlx3 but not Lbx1, and thus are reminiscent to the dI3 

IN. Similarly, the dI2 cells that express FoxD3 but not Pax2 were greatly increased compared to 

conditions without BMP4. Strikingly, in presence of BMP4, the EB are not devoid of ventral cell types 

and few Evx1+ V0 like cells could be seen. This is explained by a technical issue in these conditions 

consisting on the appearance of spots of Evx1 in the images, thereby over evaluating the number of 

cells expressing this marker. However, as expected there is no co-expression between Evx1 and any 

other marker of the same immunostaining (Lbx1 and Tlx3) in any condition. As antibodies for dI1 markers 

were not available, this interneuron population could not be detected in the EB. 

 

iv. Impact of manipulating BMP signalling during neural differentiation of ESC 

 

The heterogeneity in the identity of neural progenitors and post-mitotic cells we have encountered 

pushed us to test the possibility that the response to BMP4 could be optimized. We notably wanted to 

test whether we could produce more pure populations of cells by manipulating the concentration of 

BMP4. Therefore, the cells were submitted to different parameters of timing of exposure and duration of 

exposure. For these experiments, it was decided to use conditions where the NP harboured a spinal 

fate (see Fig. 8 and 9) and where all types of interneurons were produced (Fig. 11). Hence, we chose 

the condition where EB were placed in FGF for the first 3 days, then in presence of CHIR between the 

second and the third day of differentiation and RA from the second day to the end (Fig 10A). We first 

wanted to be able to assess the levels of BMP intracellular signalling. For this, we have chosen on the 

one hand to quantify by qRT-PCR the levels of Id2 transcripts, expressed in the developing spinal cord 

(Wine-Lee et al. 2004), a known downstream target of the signalling pathway in the developing neural 

tube (Samanta and Kessler 2004) as well as an early immediate BMP response marker in mESC 

(Hollnagel et al. 1999) and on the other hand to visualize the phosphorylated forms of SMAD1/5/8 by 

immunochemistry (Fig. 12B ii-iii’). Based on published results showing that the dynamics of response of 

cells to TGF-β molecules is fast (Sorre et al., 2014), samples were taken at 0; 0.25; 0.5; 0.75; 1; 1.5; 2; 

4; 6; 12; 18; 24 and 48 hours after the addition of BMP. For comparison, samples that have not been 

treated with BMP4 were also taken (Fig. 12B i in grey). Interestingly, 1 hour after BMP4 addition (73 

hours of differentiation), the Id2 expression increased by a 6-fold factor. This maximum was reached 

progressively to then decay and plateau around 5 hours later (78 hours of differentiation). This temporal 

profile resembles the adaptation of cell response to TFG-β (Sorre et al., 2014) and suggests that the 

intracellular signalling could be decreased by negative feedback within the pathway or by decreased 
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availability of the ligand. The profile of Id2 after 96 hours was peculiar. First, the ligand was removed 

from the culture after 96 hours of differentiation and Id2 expression remained higher in the condition that 

received BMP4 than in the condition without the morphogen. Second, with or without BMP4, Id2 

expression tended to increase from 84 hours to 108 hours of differentiation. Interestingly, in vivo while 

Id2 expression matches perfectly the gradient of BMP signalling at early stages of spinal neural 

differentiation, it then displayed divergent patterns of expression that are less correlated (Jen et al., 

1997). Phosphorylated SMAD1/5/8 staining revealed that 1 hour after addition of BMP, only the cells on 

the edge of the EB responded to the ligand, suggesting that the ligand penetration within the tissue 

takes time. In agreement with an adaptation taking place, on day 5 of differentiation, if almost all the 

cells were positive for this staining (Fig. 12B ii, iii) the intensity of expression within positive cells was 

lower than after 1 hour. 

As previously shown, the intracellular signalling is dynamic in time and within the EB, so experiments 

were designed in an attempt to optimise EB responsiveness to BMP. We first submitted the EB to distinct 

concentrations of BMP4 between day 3 and day 4 ranging from 0 to 13 ng/mL. Evaluation of the levels 

of Id2 and Msx1 after 5 days of culture (Fig. 12C) showed that no matter the concentration, the response 

was higher in presence of BMP4 than in the condition without the ligand. The levels of expression of 

these two genes correlated with the amount of ligand the cells were submitted to a concentration up to 

5 ng/mL. Hence the concentration of BMP4 can influence the overall levels of signalling within EB and 

the expression of fate markers. Above this concentration, the levels of Id2 and Msx1 decreased, 

suggesting that the intracellular signalling cannot be further potentiated by increasing concentration. 

Moreover, immunodetection for Olig3 on sectioned EB grown with increasing concentrations of BMP4 

indicated that from 5ng/ml to 13ng/ml the amount of Olig3 positive cells per EB is roughly similar (data 

not shown). In EB grown with 1ng/ml of BMP4, very few Olig3 positive cells were detected, while at 

3ng/ml of BMP4, a lot of heterogeneity was observed as some EB presented as many Olig3+ cells as 

when grown with 5ng/ml of BMP and some EB presented less Olig3+ cells (data not shown). 

Next, we evaluated the impact of adding 5ng/mL of BMP4 12 hours earlier than before, at 2.5 days of 

differentiation and for 24 hours (Fig. 12A iib). The expression of the signalling pathway target Id2 

revealed a similar response of the cells, with a 5-fold increase above control (Fig. 12D i). At 72 hours of 

differentiation, the culture medium had to be changed to remove CHIR and FGF, therefore BMP had to 

be added again, resulting in a new induction of Id2 but this time less than a 2-fold increase (Fig. 12D i). 

We evaluated the consequence of this complex dynamic of BMP signalling on the expression of identity 

markers at day 5 of differentiation. Immunodetection of Olig3 revealed that the number of cells 

expressing this dP1 to dP3 marker was similar upon the addition of BMP4 from day 2.5 or from day 3 

(Fig. 12D iv-v’, vii). Similarly, the levels of expression of Msx1 and Neurog2 were induced to similar 

levels when BMP4 was added to the medium at days 2.5 or 3 (Fig. 12D ii, iii). These results suggested 

that between day 2.5 or day 3 of differentiation, the timing of exposure had little incidence on the fate of 

cells. We have also tested to culture the EB with BMP4 from day 2.5 up to day 4 of differentiation. This 

condition also generated very similar cell fates to the condition where BMP4 was added between day 3 

and day 4 (data not shown). 
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Figure 12 - Assessment of the BMP signalling effect in the cell fate. (A) Overall protocol of differentiation 
comprising the presence of FGF2 between day 0 and day 3, CHIR9901 between day 2 and day 3 and RA between 
day 2 till the end (i) plus the presence of BMP4 in distinct modes of exposure (ii): continuous exposure between 
day 3 and day 4 (a); day 2.5 and day 3.5 (b); day 2.5 and day 4 (c); 1 pulse of 1 hour at day 3 (d); 4 pulses of 1 
hour separated by 5 hours starting at day 3 (e). (B) Expression of Id2 by RT-qPCR from day 3 to day 5 in presence 
and absence of BMP (i) and of pSMAD1/5/8 and Sox2 by immunohistochemistry at 73 hours (ii) and at 96 hours 
(iii) of differentiation in condition (a). Scale bar = 50 μm. (C) Expression of Mxs1 in day 5 NP in response to different 
concentrations of BMP4 in condition (a). (D) Expression of Id2 from day 2.5 on comparing condition (b) with the 
absence of BMP (i). Expression of Msx1 (ii) and Neurog2 (iii) by RT-qPCR and Pax6 and Olig3 (iv-v) in day 5 NP 
subjected to conditions (a) and (b). Scale bar = 50 μm.  Quantification of the proportion of Olig3 within the image 
field at day 5 in conditions (a) and (b). (E) Expression of Id2 (i), Msx1 (ii) and Neurog2 (iii) by RT-qPCR in day 5 
NP grown in conditions (a), (d) and (e) relative to TBP and normalised to their levels in GD11.5 dissected spinal 
cord. (iv-vi) Expression of Pax6 and Olig3 at day 5 in conditions (a), (d) and (e). Scale bar = 50 μm. (vii) 
Quantification of the proportion of Olig3 within the image field at day 5 in conditions (a), (d) and (e) (mean ± s.e.m.). 
The solid orange bars correspond to the positive control, which consist in the continuous exposure to 5 ng/mL of 
BMP4 for 24 hours starting in day 3. The solid grey bars correspond to the negative control, which consists in the 

condition performed in the absence of BMP4. 

 

The temporal dynamics of Id2 expression levels raised the possibility that the duration of exposure could 

have little incidence on the cell response. One could imagine that only the amplitude of signalling is 

ng/mL 
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important for the response. To test this idea, we submitted the EB to 5ng/ml of BMP4 for just a pulse of 

1 hour at day 3 (Fig. 12E i). This pulse of one hour of exposure to BMP4 was not sufficient to induce the 

levels of Id2 to that observed in conditions were the EBs were placed in presence of BMP4 for 24 hours 

from day 3 (Fig. 12E i). Furthermore, this exposure was not sufficient to induce the expression of Msx1, 

Olig3 and Neurog2. The levels of these three markers were as low as in condition without BMP4 (Fig. 

12E ii, iii, vii). This suggested that the duration of exposure is an important parameter for the response 

of cells. Finally, we wanted to overcome the adaptation, by submitting the EB to several pulses of BMP4 

instead of a continuous incubation of the EB with the ligand. This type of approach was successful to 

promote and overcome the adaptation of cells to TGF-β (Sorre et al., 2014). Hence, we submitted EB 

to 4 pulses of one hour each separated by 5 hours. At day 5 of differentiation, the levels of Id2, Msx1 

and Neurog2 were as high as in EB submitted continuously to BMP4 between day 3 and day 4 (Fig. 

12E i-iii). Quantification of the number of Olig3 positive cells revealed that the 4 pulses induced also this 

marker, but the number of cells was slightly reduced compared to the condition where EB have seen 

BMP4 from day 3 to day 4 of differentiation (Fig. 12E iv-vi’, vii). 

In summary, these data demonstrate a dynamic response of cells within EB to BMP with a maximal 

amplitude after 1 hour exposure in correlation with a fast response of cells located at the periphery of 

the EB. According to Msx1 expression measurements, an optimal BMP4 concentration of 5ng/ml was 

determined. Compared to a 24 h BMP exposure between day 3 and day 4, earlier and/or longer BMP 

exposure do not enhance dorsal markers expression. Four successive 1 hour BMP exposures and BMP 

addition between day 3 and day 4 have a similar optimal impact on dorsal markers expression.   
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VIII. Discussion 

 

The aim of this project was to direct the in vitro differentiation of mouse ESC sequentially towards neural, 

spinal and dorsal fates. Therefore, specific morphogens that were known to play a role during the spinal 

neurogenesis in vivo were used for such purposes. The efficiency of action of those molecules on 

specification was assessed by characterising neural cell types produced under various conditions.  

 

i.  In vitro neuralisation and caudalization protocols 

 

According to Sox2 and Cdx2 immunostaining, it appears that RA favours neuralisation, since with this 

molecule alone, only a portion of Sox2+ cells express Cdx2. On the other hand, CHIR99021 promotes 

the caudalization of the neural cells, considering that there is a full co-expression of both markers. This 

is in agreement with the fact that activation of the Wnt pathway has been shown in the literature to 

induce Cdx genes in the posterior streak (Neijts et al. 2016), which give rise to the populations 

expressing posterior Hox genes later on (Neijts et al., 2017). My results fit with this data, showing a 

caudalization potential of Wnt pathway. More importantly, when combined, RA and CHIR99021 promote 

a strong increase in the generation of Sox2+Cdx2+, demonstrating their requirement in a synergistic way 

for both neural and caudal fates. The inhibition of BMP and TGF-β signalling appeared to enhance by 

its own the differentiation towards a neural fate, shown by the high expression of Sox2. This confirmed 

previous in vivo studies, demonstrating neural induction by such an inhibition (P. A. Wilson and 

Hemmati-Brivanlou 1995; Lamb et al. 1993). Similar findings were also demonstrated in vitro in 

differentiating ESC (S. M. S. M. Chambers et al. 2009; S. M. Chambers et al. 2012; Maury et al. 2014). 

However, these inhibitors (LDN+SB) did not allow much expression of the early caudal marker Cdx2, 

suggesting their implication in repressing posterior fates. This shows that inhibition of BMP and TGF-β 

signalling triggers the neuralisation but promotes an anterior fate. Though, in this condition, activating 

Wnt with CHIR99021 weakly promotes caudal specification, therefore inducing a small increase in the 

Cdx2 expression. Indeed, it was previously shown that the inhibition of BMP/TGF-β or Wnt pathways 

induces an anterior/forebrain fate (reviewed in Stern, 2005). According to my results, in the condition 

with both CHIR99021 and RA, either the presence or absence of FGF promoted equally the expression 

of Cdx2 and Sox2 in more than 80% of the cells, at day 3 of differentiation. However, at day 5, Hox gene 

analysis in presence of FGF revealed an induction of the spinal cord marker Hoxb4 and the more 

posterior marker Hoxc6, compared to the neurobasal condition. This shows that indeed FGF signalling 

further potentiated posterior fates in NP. These results are in agreement with previous studies that show 

its posteriorisation potential (Naiche et al., 2011; Gouti et al., 2014) and suggest that posteriorisation 

specification can take place in vitro at the time of neural induction. It is also relevant to note that the 

neurobasal medium has a potential to promote caudal and neural fate. However, Hox analysis reveals 

that FGF may have a stronger posteriorizing potential. All things considered, the condition which 
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comprised the presence of FGF, CHIR99021 and RA in the culture was where a higher proportion of 

neural spinal cord precursor cells were obtained. Moreover, these findings confirmed the inductive 

potential of RA for neuralisation and caudalisation, of CHIR99021 for caudalisation and of FGF for the 

posteriorisation and neuralisation. 

 

ii. Dorso-ventral specification 

Analysis of dorso-ventral markers on day 5 of differentiation demonstrated for the first time that in 

absence of exogenous BMP, a majority of dorsal spinal progenitors (Pax7+) can be generated in the 

presence or in the absence of FGF. However, they did not express Olig3 and presented a dP4-dP6 

identity, and further differentiated into associative dI4-dI6 post-mitotic interneurons. It is noteworthy that 

in the neurobasal condition some ventral Nkx6.1+ or Dbx1,2+ cells were generated, pointing to a possible 

production of the ventral patterning signal Shh endogenously. These ventral phenotypes are less 

abundant in the presence of FGF raising the possibility of an inhibition of Shh signalling. Strikingly, 

dorsalization of the cells was achieved in the absence of the dorsal patterning signal BMP. This can be 

explained by the hypothesis that even without adding this morphogen to the culture, there may be 

endogenous production of the signal, which can be grounded by the results on Fig. 12 showing 

detectable levels of Id2 expression in this condition. Besides, it is relevant to consider that the 

neurobasal medium by itself may also contribute to dorsal patterning, still in absence of dorsalising 

exogenous morphogens. Inhibiting BMP/TGFβ with LDN+SB generated a reduced proportion of dorsal 

progenitors, underlining the importance of early endogenous BMP signalling for the specification of 

these populations. This is the condition where less spinal identities were generated, meaning that the 

NP generated in this condition are composed of mixed spinal and more anterior fates. However, adding 

BMP to the culture induces the expression of Pax7 and to a lower extend Olig3. This points to the fact 

that this signalling promotes a dorsal identity in a mixed population of anterior and spinal progenitors. In 

the other conditions, the presence of this exogenous ligand shifted the identity of the neuro-progenitors 

from dP4-dP6 to dP1-dP3 as also depicted in the literature in chick explants (Tozer et al., 2013), which 

further differentiate into relay dI1-dI3 interneurons. The presence of BMP also inhibited the expression 

of ventral markers, showing its potential to antagonize the endogenous Shh pathway. Moreover, 

immunostaining with post-mitotic markers revealed that the progenitors previously observed at day 5 

differentiated into interneurons with similar dorso-ventral identities at day 7, confirming that these cells 

arise solely from the terminal differentiation of their respective precursors and not from pools of 

progenitors from other lineages. The addition of BMP resulted in the reduction of the proportion of 

neuronal markers-expressing cells, confirmed by the reduction of the expression of the post-mitotic 

marker HuC/D and the increased expression of Sox2. This finding grounds a role for this pathway in 

inhibiting terminal differentiation and favouring neural progenitor proliferation, suggested by the fact that 

BMP antagonists promotes neuronal differentiation (Lamb et al., 1993; Stern., 2005) and that BMP 

favors NP proliferation (Chesnutt et al., 2004). This data shows that even in the absence of exogenous 

BMP4 the cells acquired dorsal fate, similar to dI4-dI6 association interneurons. They also provided 
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evidence that BMP4 acts as a powerful morphogen by dorsalising cells and promoting dI2-dI3 

populations.  

 

iii. Refinement of BMP exposure conditions 

The expression of the direct BMP signalling target transcription factor Id2 was assessed between day 3 

and day 5 of differentiation and revealed a transient adaptation in the response to this molecule (Fig.12). 

This result is in agreement with a study assessing TGF-β response with Smad4 (Sorre et al., 2014): a 

maximal response was reached 1 hour after TGF-β addition and went back to a basal level, 6 hours 

after addition. This adaptation can have two interpretations. The first is that after a quick increase in the 

response, inhibitors of the BMP signalling such as Noggin can act to decrease the response and 

promote the homeostasis of the levels of signalling via a feedback loop. The other explanation is that at 

the beginning of the exposure, this ligand has high availability, but over time it is consumed or degraded 

and therefore becomes less available. This last hypothesis can be grounded by the pSMAD1/5/8 

immunostaining that revealed an activation only in the cells located at the edge of the EB, 1 hour after 

addition of BMP, indicating that only these cells already had access to the ligand. Also, 1 day after 

addition all the cells were positive for these proteins but with lower signal demonstrating that the 

molecules could then diffuse inside and to the centre of the EB. These results support the proposition 

that the transient increased expression of Id2 is due to ligand availability and diffusion. Interestingly, 

after removal of the ligand from the medium, Id2 expression remained higher than in the control, showing 

that BMP addition promoted endogenous response after removal by washes. As a hypothesis, upon this 

removal, we propose that the cells compensate by activating endogenous BMP signalling.  

To evaluate if BMP behaves as a true morphogen, the effects of its concentration were assessed, 

revealing a maximum of Msx1 expression in the presence of 5 ng/mL of ligand. Lower concentrations 

were not enough to dorsalise the cells on the same level, while higher concentrations might induce the 

action of antagonists of BMP, resulting in lower levels of Msx1 expression. Similar impacts of 

concentration were also found in chick with the patterning markers Atoh1 and Neurog1 (Tozer et al., 

2013). To assess for improvement of the expression of dorsal markers, BMP was added 12 hours earlier 

to check if the cells were responsive to this signal at that time. Under this condition, expression of dorsal 

markers was similar to that measured upon BMP exposure between day 3 and day 4. Because the 

duration was the same as in the previous conditions, such a similar result would have been expected. 

However, increasing the duration did not enhance the expression of dorsal markers. These findings 

suggest that between day 2.5 and day 3, the time of BMP addition does not influence the acquisition of 

cell fate towards dorsal progenitors. Furthermore, in this condition, the cells had to be washed to remove 

CHIR and FGF, resulting in a new addition of the morphogen which induced a new peak in the response. 

This second addition did not enhance the expression of Msx1, Neurog2 or Olig3. As mentioned above, 

the Id2 expression chart over time presents two phases: a 6-hour accentuated adaptation phase and a 

phase with a slowly decreasing expression with levels maintained slightly above the control until day 5. 

To assess which phase contributed more to the patterning of a dorsal fate, a 1-hour exposure condition 
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was performed. The results showed a low induction of dorsal markers, compared to 24-hour exposure, 

which means that the second phase of the response may be required for the activation of endogenous 

BMP by exogenous addition. This raises a question related to the possibility that maintaining BMP in 

the culture for 48 hours instead of 24 hours could achieve the same purpose. This condition was 

assessed and did not change dorsal markers expression (data not shown). It was described that a 

repetitive exposure to TGF-β could maintain the response of the cells to this pathway in a higher level 

(Sorre et al., 2014). Four 1-hour BMP exposures were thus applied to the cells without increasing dorsal 

markers, compared to the continuous exposure. This suggests that the amplitude and the duration of 

the response could not be increased by repetitive exposures, as shown in the Id2 expression at day 5. 

Under this condition, Id2 expression at day 5 was not increased in amplitude, indicating that the 

response could not be potentiated by this treatment. In conclusion, an optimal condition was obtained, 

consisting in a continuous exposure between day 3 and day 4 of differentiation with 5 ng/mL of BMP4. 

Besides the fact that the cells present a transient adaptation upon BMP addition, and because 

concentration, duration, time and method of exposure influence the expression of dorsal markers, this 

molecule appears to act as a morphogen, under the described conditions and therefore is able to specify 

the final dorsal fate of the cells. 
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IX. Conclusion 

The in vitro approach presented in this report was shown to function as an efficient tool to study the 

mechanisms involved in the specification of dorsal spinal interneurons during embryogenesis as well as 

the distinct signalling pathways that play a key role in these processes. This study demonstrated that 

neuromesodermal progenitor state is not required for dorsal spinal interneuron in vitro differentiation and 

showed that the combination of FGF, Wnt and RA signalling pathways promote mouse ESC 

differentiation into a neural fate characteristic of the dorsal spinal cord. 

Two distinct populations of dorsal spinal progenitors were generated: the Olig3 negative dP4-dP6 

progenitors that later differentiate into associative interneurons and the Olig3 positive dP1-dP3 

progenitors obtained by adding BMP4 between day 3 and day 4 to the culture. Activation of BMP 

pathway was shown to impact negatively the terminal differentiation into interneurons. 

Despite this impact, BMP was shown to behave like a morphogen, since changes in its concentration, 

duration and time of exposure promote differently the expression of dorsal markers. Optimal conditions 

of BMP exposure were identified to induce the dorsal-most dP1-dP3 fate. 

This in vitro study contributed to the understanding of the signals involved in the patterning of the spinal 

cord. Besides, it describes an appropriate protocol to generate dorsal interneurons that could be 

extrapolated to hESC and hiPSC for further application in patient-specific drug screening and spinal 

cord repair strategies. 
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X. Perspectives 

The results obtained in this project show that some specific subclasses of cells can be generated in 

vitro. However, there is the need to assess if indeed we are producing active interneurons. For that 

purpose, their function should be evaluated, by inserting the generated cells in an embryo. For this 

manipulation, the obtained neurons must be intrinsically marked with a fluorescent protein, such as GFP, 

so that they can be identified once in the embryo. Other conditions can also be implemented to further 

continue this study, in order to either improve the dorsalization of the cells or reduce the variability. For 

example, the results obtained in this work can be grounded by an in vivo study, where the activation or 

antagonization of the described pathways could be found to play similar roles during the development 

of an embryo. Moreover, a genetic approach might be adopted, with gain and loss of function of specific 

transcription factors, which might be more powerful to improve the generation of specific dorsal neuron 

populations. Additionally, other BMP ligands may be used in the differentiation of mESC, since they 

have been suggested to induce specific dorsal fate in vitro and in vivo (Andrews et al. 2017). It has been 

shown that Wnt signalling pathway plays a role in the specification of dorsal spinal interneurons 

alongside with BMP (Ille et al. 2007). Therefore, it can modulate dorsal spinal fate acquisition. Combined 

activation of Wnt and BMP and the variation of the concentration, duration and time of exposure should 

be assessed. To facilitate this analysis, a BMP responsive element may be coupled with GFP and 

integrated in the mESC genome, so that the response of the cells to the signalling pathways could be 

measured in real time. To decrease the heterogeneity of the dorsal populations, alternative modes of 

culture, such as growing the cells in monolayers might increase the ligand and receptor accessibility. In 

addition, micropatterns and microfluidics devices may be employed to better control extrinsic molecules 

delivery.  
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