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Generating dorsal spinal progenitors and neurons from 
embryonic stem cells. Study of the impact of manipulating 
BMP signalling 
Tiago Barata 

 

ABSTRACT 

It is generally accepted that different concentrations and durations of an extrinsic morphogen cause intracellular changes such as 
transcription factors expression levels that may further control cell fate identity. Many signalling pathways play key roles in the patterning 
of the central nervous system during embryogenesis and their ligands are thought to act 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 dorsal neural spinal cord identities. BMP4 was shown to be a 
powerful morphogen to generate dorsal dP1-dP3 neuro-progenitors, which then differentiated into their respective post-mitotic 
populations. Moreover, a transient adaptive response of the cells to this morphogen was identified and its concentration, duration, time 
and mode of exposure were demonstrated to impact the expression of specific dorsal markers. From these results, an in vitro model for 
dorsal spinal cells has been set up and is now suitable for further applications including drug screening and cell therapy approaches. 
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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. 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 embryonic stem cells (ESC) into the desired 
populations. The final objective of this sort of studies is the 
construction of a cellular model to apply in medicine through drug 
screening or tissue regeneration approaches. 
During gastrulation, cells ingress from the surface ectoderm into 
the interior of the embryo through a primitive streak to form the 
mesodermal and endodermal layers. Bone Morphogenic Protein 4 
(BMP4) was identified as an effective inhibitor of neural fate, 
promoting epidermal differentiation (P. A. Wilson and Hemmati-
Brivanlou 1995) and BMP signalling antagonists,  such as Noggin 
were found to promote neuralisation (Lamb et al. 1993). Inhibition 
of Fibroblast Growth Factor (FGF) signalling was found to 
completely block neural induction in prospective neural plate 
explants (Streit et al., 2000). Wnt signalling 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), confirmed by a study showing that Wnt antagonism 
stimulates neural differentiation in vitro from mESC (Aubert et al., 
2002). Inhibition of BMP or Wnt signalling pathways appears to 
promote the formation of anterior/forebrain neural tissue, which 
could then be patterned by posteriorizing signals such as retinoic 
acid (RA) and FGF (Stern 2005). 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 
patterning 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.  
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. In this posterior region, an antagonism 

between FGF and RA pathways takes place, creating a maturation 
front displaced posteriorly as the embryonic axis elongates (Rhinn 
& Dolle, 2012). FGF maintains a caudal stem cell poll and once this 
signal is attenuated, RA promotes differentiation and 
determination of ventral spinal cell types (Diez and Storey 2004). 
Wnt signalling mediates this transition from FGF to RA signalling 
during body elongation (Olivera-Martinez and Storey 2007).  
After the acquisition of the caudal neural fate, there is a 
specification of the different identity of interneurons along the 
dorso-ventral axis. Many studies reveal the potential of BMP 
signalling for promoting the dorsal fate. The blockade of BMP 
signalling by overexpressing inhibitory Smad6 and Smad7 in the 
neural tube reduced the number of dI1, dI3 and dI5 neurons 
generated (Hazen et al., 2011; Le Dreau et al., 2012, 2014). Early 
overexpression of constitutively active forms of the BMP receptors 
in the neural tube was shown to increase dI1/dI3 generation 
(Yamauchi et al., 2008), showing the BMP signalling involvement 
in the specification of progenitors along the D-V axis. It was also 
demonstrated that a 24-hour BMP4 exposure generated Olig3 
positive dorsal spinal dP1-dP3 progenitors in chick neural tube 
explants (Tozer et al., 2013). 
In order to generate in vitro dorsal spinal progenitors, three 
distinct neuralisation protocols were designed to induce mESC 
towards a neural fate (Fig. 1A). Sox2+ (an early neural marker) and 
Bra+ (a mesodermal marker) cells were quantified under each 
condition. Those results indicate that, at day 2 of differentiation, 
all the neuralising conditions promoted the Sox2 expression in 
most of the cells (Fig. 1B). At day 3, either including solely RA or 
combining RA and CHIR9901 (CHIR, an agonist of Wnt signalling) 
promoted the Sox2 expression in most of the cells (Fig. 1C). When 
grown in presence of BMP/TGF-β signalling inhibitors (LDN-193189 
and SB-431542, LDN+SB), cells were insensitive to CHIR and RA 
treatment and expressed Sox2. NMPs (Sox2+Bra+) were generated 
only in presence of CHIR and Bra expression was observed in the 
presence of FGF in absence of RA. We then analysed if these 
different neuralising protocols could influence dorsal spinal fate 
acquisition. 
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MATERIALS AND METHODS 

Cell culture and differentiation 
Mouse ESC line HM1 were maintained in ES cell medium on mouse 
mitotically inactive embryonic fibroblasts. 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, 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. 
After two passages, removal of feeders and dissociation wit 
trypsin, mESC differentiation was initiated by seeding single cell 

suspension (5x104 cells/mL) in differentiating media in non-

adhesive treated plastic plate (day 0). Neurobasal medium 
differentiating medium was composed of half of Advanced 
DMEM/F12 (Thermo Fisher Scientific) and half of Neurobasal 
medium (Thermo Fisher Scientific) 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). This medium was supplemented 
either with FGF2 10ng/ml (FGF differentiating medium) or with 10 
nM LDN-193189 and 20µM SB-431542, (respectively, Bone 
Morphogenic Protein (BMP) and Transforming Growth Factor β 
(TGF-β) inhibitors) for LDN+SB medium.  Differentiation media 
were renewed daily from the second day of differentiation. 
Between day 2 and day 3 of differentiation, 3 μM of the GSK3 

inhibitor CHIR9901 and/or 10 nM Retinoic Acid could be added. 
From day 3 onwards, EB were transferred in neurobasal medium 
supplemented with 10 nM Retinoic Acid, replaced daily. To 
promote dorsalization, EB were grown 24 hours in presence of 
mouse BMP4 (5ng/ml) between day 3 and day 4, then washed in 
PBS before resuspension in fresh neural basal medium with RA 
renewed daily. 
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 
Total RNA was extracted from the collected EB using the 
NucleoSpin® RNA kit (Macherey-Nagel) according to the 
manufacturer instructions. 

Reverse Transcription and Real-time quantitative PCR 
cDNA was generated from RNA quantities ranging from 0.5 to 2 µg 
using the SuperScript IV Reverse Transcriptase from Thermo 
Fischer Scientific. Real-time quantitative PCR (RT-qPCR) was 
performed in 384-well plates in a LightCycler 480 II (Roche) with 
SYBR Green I Master® (Roche). The relative expression of each 
gene was calculated as a ratio of the expression of the TATA-box 
Binding Protein (TBP), a housekeeping gene. It was then 
normalized to either the expression level of the gene in GD11.5 
dissected spinal cords or in mESC. Biological duplicates or 
triplicates were measured in technical triplicates.  

 

Figure 1 - 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.
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RESULTS 

Chiron based posteriorisation of cell fates is modulated by 
condition media 

We have first assessed whether the molecules added during the 
time of differentiation influence the induction of specific marker 
genes or proteins of the antero-posterior axis of vertebrate 
embryos (Fig. 2D). Cdx2 stands amongst these markers. Expression 
of this homeodomain transcription factor 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 but is not detected in cells giving rise to the anterior 
nervous system (Britz et al. 2015). Immuno-detection 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 EBs whatever the conditions (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. 2B, C). In presence of the TGF-β and BMP 
signal antagonists (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. 
2B ix-xii, C iii). This suggests that cells treated with LDN+SB are 
weakly competent for caudal like fates. When the EB were let to 
differentiate simply in the neural basal medium (Fig. 2B i) or in the 
 
 

 
 presence of FGF2 for 3 days (Fig. 2B v), induction of Cdx2 could be 
detected in half of the EBs but never reached more than 25% of 
cells (Fig. 2C i, ii). Upon addition of CHIR between days 2 and 3 in 
the medium of EB that were grown in neural basal medium 
between days 0 and 3, Cdx2 was detected in half of the cells (Fig. 
2B ii, C i). Co-immunostaining of Cdx2 and Sox2 confirmed that all 
Cdx2 positive cells were neural progenitors expressing Sox2 (Fig. 
2B ii) and that all Sox2+ cells were Cdx2 positive. The later 
observation suggests thus that CHIR treatment is sufficient to 
orient all neural progenitor to a caudal fate. In presence of FGF2, 
CHIR addition between day 2 and day 3 was also sufficient to 
induce Cdx2 expression in Sox2 positive cells (Fig. 2B vi). However, 
the number of Cdx2 positive cells per EB varied a lot from one 
experiments to another (Fig. 2C ii). Compared to CHIR, the addition 
of RA between day 2 and day 3 of differentiation had little 
potential to promote Cdx2 in EB grown either in neural basal 
medium or in presence of FGF2 (Fig. 2B iii, vii, C i, ii). More 
strikingly, when CHIR was combined to RA treatment between the 
days 2 and 3, the expression of Cdx2 was seen in more than 85% 
of cells of EB no matter whether they were grown beforehand in 
neural basal medium or in presence of FGF2 (Fig. 2B iv, viii, C i,ii). 
In these two conditions, Cdx2 and Sox2 expression were also 
perfectly overlapping (Fig. 2B iv, viii). This indicates that in these 
two conditions, cells acquire a neural caudal fate.  
 
 

 
Figure 2 – 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 refined our analysis of the A-P state of the cells generated 
in presence of CHIR and RA during day 2 and day 3 by looking at 
the expression of A-P markers at day 5 by qRT-PCR. They 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. 2D). Our results show that no matter the condition, the 
expression levels of the anterior brain marker Otx2 were very low 
compared to those detected in ESC (Fig. 2E 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 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 that of 
Hoxc6 were low. 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 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 that of Hoxb4 are superior that to that found in 
embryonic spinal cord. This is coherent with cells the EB grown in 
neurobasal and FGF conditions having acquired a spinal caudal fate 
and displaying Cdx2 expression at day 3 of differentiation. In 
presence of FGF2, the levels of Hoxc6 were slightly elevated 
compared to when EB are 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 the day 
7 of differentiation showing that this brachial marker can only be 
detected in a 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 CHIR) 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 restricted the Wnt posteriorisation 
potential. 

 

Figure 3 - 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 Olig3+ 
and/or Pax7+ (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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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. 3). We 
concentrated on the conditions where EB were cultured in 
presence of CHIR and RA between day 2 and day3, and beforehand 
they could have been placed in the neural basal medium or in 
presence of FGF2 from day 0 to day 3 or of LDN+SB between the 
day 0 and day 2 (Fig. 3A). We first performed immunostaining on 
sectioned EBs for Pax6, Pax7, Olig3, Nkx6.1 and Dbx1 proteins, 
which are respectively expressed in the pMN to dP1, the dP6 to 
dP1, the dP3 to dP1, the floor plate to p2 and the p0 and dP6 
domains of the developing spinal cord (Alaynick et al., 2011; Fig. 
3D). This revealed that whatever the growth conditions during the 
first 3 days of differentiation, more than 90% of cells within the EB 
expressed the pan-neuronal marker Pax6 (Fig. 3B i-iii’). When EB 
were grown in neural basal medium or in presence of FGF2 for the 
first 3 days, these Pax6 positive cells also expressed Pax7 (Fig. 3B 
i, ii). Quantifications indicated that the fraction of Pax6;Pax7 
double positive cells reached more than 75% of all Pax6+ 
neuroprogenitors (Fig. 3C i). This number of Pax6;Pax7 double 
positive cells was lower when EB were neuralised with LDN+SB 
(Fig. 3B iii, C i). Furthermore, in all neuralising conditions, ESC 
derived EB displayed very few Olig3 positive cells (Fig. 3A i’, ii’, iii’, 
C ii). Similarly, very few cells expressing the markers Nkx6.1 and 
Dbx1 could be observed in all conditions (Fig. 3B 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 confirmed our results, we then quantified by q-
RTPCR the levels of Msx1, Gsh1, Dbx2, Nkx6.1 transcripts in EB 
after 5 days of differentiation (Fig. 3E). 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. 3D). Gsh1 and 
Dbx2 are normally found in the dP6-dP4 and p1-dP5 domains, 
respectively (Alaynick et al., 2011, Fig. 3D). Consistent with the 
immunostaining, Nkx6.1 mRNA was detected in all the conditions 
(Fig. 3B iv, v, vi and E i). It was slightly higher expressed 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. 3E i). In contrast, the levels of Dbx2 were 
higher in EB than in the developing spinal cord (Fig. 3E 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. 
Of note, Nkx6.1, Dbx2 and Gsh1 levels varied substantially 
between experiments (Fig. 3E i, ii, iii,).  
In order to generate NP harbouring an even more dorsal state, NP 
were exposed 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. 3B vii-ix’). Strikingly, in presence of BMP, 
Olig3 expression was greatly induced. Notably, in the neurobasal 
and FGF conditions, Olig3+ cells represented 50% of all NPs (Fig. 3B 
vii’, viii’, 8C ii). In LDN+SB, the amount of Olig3 positive cells was 
not greater than 25% (Fig. 3B ix’ and 3C ii). In this condition, we 
noticed that the levels of Pax7+ cells were increased upon the 
addition of BMP (Fig. 3B ix’). The analysis of Msx1, Gsh1, Dbx2, 
Nkx6.1 expression levels further confirmed that the addition of 
BMP4 was sufficient to dorsalise the state of cells towards dP3-dP1 
like state (Fig. 3E). Notably, in presence of BMP, the levels of 
Nkx6.1 and Dbx2 were greatly reduced (Fig. 3E I, ii), while those of 
Msx1 were increased (Fig. 3E iv). Gsh1 expression did not change 
upon BMP4 exposure (Fig. 3E iii). 

Generation of two classes of dorsal spinal interneurons 

Next, we got interested into neurons originating from the ESC-
derived NP. First, we checked on day 7 of the differentiation that 
there were neurons produced in the EB by looking at the 
distribution of the proteins HuC and HuD, both expressed in newly 
born neurons (Fig. 4A 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. 4A 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. 4B i-iii and A i-iii). We have not been able to quantify this result, 
as the HuC/D signal 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. 4C). 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. 4A iv-vi, B iv-vi, 
4C). On the other hand, sections were incubated with a mix 
containing antibodies recognising Pax2, Lhx1/Lhx5 and FoxD3 (Fig. 
4A 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. 4C), Lhx1/5 are 
present in the same neurons and are additionally expressed by dI2 
IN (Fig. 4C) and FoxD3 is observed in dI2 and V1 IN (Fig. 4C). All of 
these markers were detected in the EB whatever the condition and 
the latter influenced greatly their relative abundance (Fig. 4A, B, 
D). In absence of BMP4, the predominant marker was Lbx1 (Fig. 4A 
iv, v, vi), suggesting that the cells are similar to dI6 to 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 EBs were solely 
grown in neural basal medium for the first three days, these types 
of cells represented a fifth of all (Fig. 4D ii). Similarly, the number 
of Tlx3+;Lbx1- dI3 and Foxd3+;Pax2- dI2 cells was limited in these 
conditions.  
Unexpectedly, the culture conditions during the first days of 
differentiation had an effect on the amount of Tlx3+; Lbx1+ dI5 
produced neurons (Fig. 4E 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. 4D i), further supporting the idea that BMP4 blocks the 
entry in terminal differentiation. More importantly, the identity of 
the neurons produced in presence of this signal was even more 
dorsalised than without BMP4 (Fig. 4B, 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 and 
FoxD3+;Pax2+ V1 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. As antibodies for dI1 markers were 
not available, this interneuron population could not be detected in 
EB. 
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Figure 4 - 
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 Fig3C. Statistical 
analysis: * if P<0.1; ** if 
P<0.01; *** if P<0.001; 
**** if P<0.0001. 

 

 

 

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 purer populations of 
cells by manipulating the concentration of BMP4 the cells were 
submitted to, the timing of exposure and the duration of exposure. 
For these experiments, we decided to be in conditions where the 
NP harboured a neural spinal fate (see Fig. 1 and 2) and where all 
types of interneurons were produced (Fig. 4). Hence, we choose 
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 had received RA from the second day to the 
end (Fig. 3A). 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 RT-qPCR 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. 5B 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 haven’t been 
treated with BMP4 were also taken (Fig. 5B 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 quickly 
reached in 1 hour and Id2 expression decreased progressively to a 
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 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 but 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 
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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. 5B ii, iii) the intensity of expression within positive 
cells was lower than after 1 hour. The response is thus dynamic in 
time and within the EB, and experiments were designed in an 
attempt to optimise EB responsiveness to BMP. 
We first submitted EB to distinct concentrations of BMP4 between 
day 3 and day 4 ranging from 0 to 13ng/μL. Evaluation of the levels 
of Id2 and Msx1 after 5 days of culture (Fig. 5C) 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 markers 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 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. In agreement 
with this, 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. 5A ii). The expression of the signalling pathway target Id2 
revealed a similar response of the cells, with a 5-fold increase 
above control (Fig. 5D 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. 5D 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. 5D 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 2.5 or 3 days of 
differentiation (Fig. 5D 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 of 
differentiation (data not shown). 
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 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. 5E 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. 5E i). Furthermore, this exposure was not 
sufficient to induce the expression of Msx1, Olig3 and Neurog2. 
 
 

 

ng/mL 
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Figure 5 – 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 levels of these three markers were as low as in condition 
without BMP4 (Fig. 5E 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 EBs 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. 5E 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. 5E 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 day3 and day 4 have a similar optimal 
impact on dorsal markers expression. 

DISCUSSION 

The aim of this project was to direct the in vitro differentiation of 
mouse ESC towards neural, spinal and dorsal fates. Therefore, 
specific morphogens that were known to play a role during the 
spinal neurogenesis 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.  

 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 
to induce the first Hox genes to be expressed in the posterior 
streak (Neijts et al. 2016) as well as Cdx lineage ones 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, a strong increase in the generation 
of Sox2+Cdx2+ is observed, 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 a co-inhibition (P. A. 
Wilson and Hemmati-Brivanlou 1995; Lamb et al. 1993). This was 

also demonstrated in vitro in differentiating ESC by Chambers et 
al., 2009 and 2012 and Maury et al., 2014. However, these 
inhibitors (LDN+SB) did not allow much expression of Cdx2 (an 
early caudal marker), 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 (reviewed 
in Stern, 2005) that the inhibition of BMP/TGF-β or Wnt pathways 
induces an anterior/forebrain fate. According to my results, in the 
condition with both CHIR99021 and RA, either in 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 promoted posterior fates of NP. These 
results are in agreement with previous studies that show its 
posteriorisation potential such as Naiche et al., 2011 and 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 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 caudalization, of CHIR99021 for caudalization and FGF for the 
posteriorisation and neuralisation. 

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 
differentiate in associative 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. 5 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 
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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 
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 progenitor 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). Our 
data show that even in the absence of exogenous BMP4 the cells 
acquired dorsal fate, similar to dI4-dI6 association interneurons. 
They also provided evidence that BMP4 acts as a powerful 
morphogen by dorsalising cells and promoting dI2-dI3 
populations.  

Refinement of BMP exposure conditions 
The expression of the BMP signalling direct 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. 5). 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 in 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 was 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 dorsal 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, 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 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 to 
stimulate 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 maintains the response of the 
cells to this pathway in a higher level (Sorre et al., 2014). Four 1-
hour BMP exposure 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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