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Summary 
Locomotion with all its diversity and complexity is one of the most striking features of 

living organisms. The central nervous system controls locomotion via numerous elementary 
neural circuits.  Spinal networks capable of generating rhythmic activity and control of spinal 
motor neuron output are termed central pattern generators (CPGs). CPGs are located in the 
ventral part of the spinal cord. CPGs of both sides of the spinal cord are connected by 
commissural interneurons, which play a key role in bilateral coordination of movement. 
Commissural interneurons have different origins but all of them need to undergo differentiation, 
migrate, navigate axons to the floor plate, cross the midline and find their targets on the way to 
establish functional connections. There are various guidance cue molecules and cellular 
receptors which navigate axons to their targets. Robo3/Slit is a guidance system that enables 
axons to cross the ventral midline and disables re-crossing. 

The aim of this project was to identify subpopulations of spinal commissural interneurons 
(cINs) involved in bilateral movement coordination within CPGs by using the Robo3/Slit axon-
guidance system. Full Robo3 knockout mice displayed complete loss of ventral commissure and 
died shortly after birth. To solve this problem a conditional Robo3lox/lox knockout line was 
generated. The role of specific cIN subpopulations can be determined by breeding Robo3lox/lox 
mice with mice expressing Cre recombinase in various populations of spinal cord neurons. 
PGKcre, Ngn2cre, Pax7cre, Wnt1cre, Nkx6.2cre and Sim1cre mouse lines were bred with TomatoAi14 
reporter mice in order to visualize their expression in neuron populations. 

PGKcre:TomatoAi14 mice had shown expression in the whole spinal cord and 
surrounding cells. Ngn2cre:TomatoAi14 mice had Ngn2-expressing cells in dI2, dI6 – p2 
progenitor domain. Unexpectedly Pax7 is expressed not only in dorsal spinal cord, but also in 
cells originating from ventral p0 domain. These cells migrate towards the floor plate and might 
be involved in CPG formation. Wnt1 is presumably expressed in dI1 – dI2 domains but further 
experiments need to be done in order to understand the borders of Wnt1 expression. The results 
of PGKcre:TomatoAi14, Ngn2cre:TomatoAi14, Pax7cre:TomatoAi14 and Wnt1cre:TomatoAi14 
lines analysis suggest the possibility that dI5-derived cells migrate to the floor plate and might be 
involved in CPGs. More experiments need to be done in order to determine that. 

Ngn2cre:TomatoAi14, Pax7cre:TomatoAi14 and Wnt1cre:TomatoAi14 lines would be used 
for electrophysiological and tracing studies to pin down the cells involved in CPG formation. 
Nkx6.2cre:TomatoAi14 and Sim1cre:TomatoAi14 have shown unspecific to the spinal cord 
expression. Work on Nkx6.2cre:TomatoAi14 is in progress. 



Introduction 

Neural networks controlling locomotor activity 
Movement is one of the most significant features of living organisms and it is controlled 

by the nervous system. Maintenance of the coordinated locomotion relies on the interplay 
between many elementary neuronal networks (Grillner, 2003). Spinal networks can generate 
rhythmic activity and control the spinal motor neuron output. These networks are termed central 
pattern generators (CPGs) and reside in the ventral part of the spinal cord (Figure 1). CPGs are 
composed of a number of neurons with different origin and properties and the first step in 
understanding how neural networks function is to identify all neurons involved. According to the 
modern model of the locomotor CPG it consists of motor neurons, excitatory and inhibitory 
interneurons, Renshaw cells and commissural interneurons. Commissural interneurons are 
known to be essential for bilateral coordination (Zhang et al., 2008).  

Figure 1. Schematic model of a locomotor CPG. CIN – commissural interneuron, Ia – Ia inhibitory 
interneuron, EI – excitatory interneuron, R – Renshaw cell, MN – motor neuron. 

 

Development of spinal cord neuronal networks 
All neuronal cells originate from one germinal neuroepithelial cell layer and need to 

undergo a number of developmental processes to wire up into functional networks. On their way 
to circuit formation neurons go through specification of their identity, neuronal polarization, 
neurites outgrowth, navigation of axons and dendrites, target recognition, synapse formation and 
refinement. All these processes are coordinated by transcription patterns and molecular 
programmes of neurons and their environment. Groups of cells termed “early developmental 
organizing centers” coordinate the dorsoventral patterning in the spinal cord. For example, the 
sonic hedgehog (Shh) protein secreted from the notochord and the floor plate induces 
differentiation of the ventral cell population (Patten and Plazek, 2000). On the contrary bone 
morphogenic proteins (BMP) secreted from the roof plate and dorsal ectoderm influence the 
differentiation of dorsal cell populations. After differentiation into dorsal and ventral progenitor 
domains each of them differentiates into classes of neurons (Figure 2). It has been shown that 
dorsal progenitors differentiate into six early (dI1-dI6) and two late (dILA, dILB) classes of 
neurons and ventral progenitors into four classes of interneurons (V0-V3) and motor neurons 
(Goulding, 2009). Differentiatied neural cells send their axons to different parts of the spinal 
cord and establish functional connections. Axon navigation is directed by different signals such 
as guidance cue molecules, growth-promoting factors, cell adhesion molecules and molecules of 
the extracellular matrix. Guidance cue molecules are membrane-bound or secreted ligands for 
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receptors on the growth cone of an axon. Most guidance cue molecules have been divided into 
four conserved families: Netrins, Ephrins, Semaphorins and Slits. Their receptors are 
respectively: DCC, Eph-receptors, Neuropilins and Plexins, and Robo (Brose and Tessier-
Lavigne, 2000; Frisen et al. 1999; Stein et al. 2001, Nakamura et al. 2000).  

 
Figure 2. Spinal cord patterning and cell specification scheme. Interactions between transcription factors 

give rise to dorsal and ventral progenitor domains, which differentiate into neuronal cell types. These cell types can 
be recognized by their specific expression of postmitotic transcription factors.  

 

Commissural axon pathfinding 
In order to establish connections between the contralateral sides of the central nervous 

system, neurons send their axons across the ventral midline. Axons of spinal commissural 
neurons are attracted to the midline by the floor plate chemoattractants: netrin and sonic 
hedgehog. Once they reach the midline, axons cross it, turn longitudinally and continue growing 
towards their targets on the opposite side of the spinal cord. But how is this process regulated? 
Why do axons leave the midline? Why do only commissural axons cross the midline? And why 
do they not recross but rather grow alongside the midline? 

The answers lie in coordinated and precise expression regulation of guidance cues within 
the midline and receptor repertoire on growth cones. In the case of commissure formation, 
repulsive factors from the Slit family and their Robo receptors coordinate axons of ipsi- and 
contralateral interneurons. 

 

Robo/Slit guidance system 

Slits 
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The Slit gene was first identified in a genetic screen for embryonic patterning defects in 
Drosophila (Nüsslein-Volhard et al. 1984) and later in screens for commissural axon pathfinding 
defects (Hummel et al. 1999, Seeger et al. 1993). All Slit proteins are secreted and have a 
common structure: four leucine-rich repeats (LRRs), seven to nine epidermal growth factor 
(EGF)-like domains, a laminin G domain and a cysteine-rich domain on the C-terminus (Figure 
3, A). Most Slits are cleaved by an unknown protease within the EGF-like region (Dickson, 



Gilestro 2006), and the role of this cleavage in axon guidance remains unknown but it has been 
shown to be important in axon branching (Brose, Tessier-Lavigne, 2000). 

Mammals have at least three Slit genes (Slit-1, Slit-2, Slit-3) which are expressed by 
ventral midline cells. Slit-2 can repel axons of spinal motor neurons (Brose et al. 1999) and Slit-
1 and Slit-2 can repel olfactory bulb axons (Li et al. 1999). Disruption of all three Slit genes in 
mice leads to aberrant midline crossing or stalling at the midline. Studies on Drosophila, 
Caenorhabditis elegans and mice have shown a conserved repellent effect of Slit on the 
commissural axons (Dickson, Gilestro 2006). Mammalian Slit-2 is known to interact with 
laminin-1 and netrin-1 and these interactions may potentially modulate Slit functions. Slit 
proteins may also differ in ability to bind laminin isoforms present within the midline. Thus Slit 
diffusion may be restricted in this way (Brose et al. 1999). 

Figure 3. Schematic structure of Slit and Robo proteins. (A) Slit structure. (B) Robo1-2 and Robo3 
structure.  

 

Robos 
The Robo (stands for roundabout) gene was also identified in genetic screening for 

commissural pathfinding defects (Seger et al. 1993). If due to mutation Robo loses its functions, 
not only commissural axons cross and recross the midline, but also ipsilateral axons aberrantly 
cross the midline (Seger et al. 1993). Four Robo genes have been found in mammals: Robo1, 
Robo2, Robo3 (known also as Rig-1) and Robo4 (known also as Magic Roundabout). Robo was 
shown to be a receptor for Slit (Brose et al. 1999). Vertebrate Robo and Drosophila Robo gene 
families have arisen independently by gene duplications, and are not orthologs despite a similar 
name. All members of vertebrate Robo family, except for Robo4, are expressed in central 
nervous system, including commissural interneurons (Dickson, Gilestro 2006). 
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Robos are transmembrane receptor proteins that belong to the immunoglobulin 
superfamily.  Robo consists of an extracellular, a single transmembrane and a cytoplasmic 
domain (Figure 3, B). The extracellular domain is composed of five immunoglobulin-like (Ig) 
and three fibronectin type III (FN3) repeats. Robo proteins are highly conserved among different 
species (from C. elegans to vertebrates) (Brose, Tessier-Lavigne 2000). Robo and Slit proteins 
interact biochemically in cell-binding and immunoprecipitation assays (Brose et al. 1999, Li et 
al. 1999). It has been shown that the first two Ig domains function as a Slit-binding site and are 
the most conserved regions of Robo receptors. The intracellular part of Robo is quite variable but 
has four conserved sequence motifs named CC0-3. It has been suggested that CC motifs are the 
recognition sites for signaling proteins. Not all members of Robo family have all four CC motifs: 
vertebrate Robo3 lacks CC1 motif (Sabatier et al. 2004). Thus Robo proteins may interact with 
different combinations of cytoplasmic signaling molecules, which may lead to variety of cell 
responses to Slit cues. 

 

Crossing the midline 
Both ipsilateral and commissural axons are attracted to the midline, but only commissural 

axons cross it. The reason for this is the difference in posttranscriptional regulation of Robo 
proteins, allowing repulsive effect of Slit on ipsilateral axons and suppressing it for commissural 
axons (Dickson, Gilestro 2006).  

The expression of Robos is very complex. In mammals Robo1-3 are expressed in distinct 
but overlapping populations of neural cells and have restricted cellular localization. Robo1 and 
Robo2 expression levels are low before commissural axons cross the midline, but rise 
dramatically after the crossing (Figure 4). On contrary Robo3 expression is high before crossing 
and low after (Sabatier et al 2004). Knockout studies on mice have shown that in Robo3-/- 
embryos, commissural axons become prematurely responsive to Slit signals and turn 
longitudinally on the ipsilateral side rather than cross the midline. This commissureless 
phenotype could be partially suppressed by removing either Robo1 or both Slit-1 and Slit-2 
(Sabatier et al 2004). Explant assays have shown that pre-crossing commissural axons from 
Robo3-/- embryos are repelled by Slit. In humans, horizontal gaze palsy and progressive scoliosis 
(HGPPS) syndrome has been associated with mutations in human Robo3. The syndrome is 
characterized by aberrant ipsilateral projections of major axon pathways that fail to cross the 
midline in hindbrain (Dickson, Gilestro 2006).  

Taken together these data suggest that Robo3 inhibits the Slit-Robo1 signaling cascade in 
pre-crossing segments of commissural axons (Figure 4). But what is the mechanism of this 
inhibition? It has been shown that Robo3 neither regulates Robo1 trafficking, nor protein 
synthesis level (Sabatier et al 2004). Robo3 has been suggested to sequester Robo1 in form of 
inactive complexes and prevents it from binding to Slits (Dickson, Gilestro 2006). Camurri and 
colleagues had shown that two forms of Robo3 (Robo3A and Robo3B also known as Robo3.1 
and Robo3.2) can be generated by differential intron retention, a form of alternative splicing. 
Robo3A and Robo3B have been shown to segregate respectively to pre- and post-crossing 
segments of commissural axons. They have opposite influence on crossing axons: Robo3A 
facilitates midline entering and Robo3B expels axons from the midline (Chen et al. 2008). The 
upregulation of Robo3B on post-crossing segment of commissural axons plays an important role 
in leaving the midline and prevents re-crossing (Reeber, Kaprielian, 2009). These two forms 
structurally differ in only N-terminus and have different binding abilities: Robo3B binds Slit-2 in 
vitro and Robo3A does not, but is able to form complexes with Robo1. These Robo3A-Robo1 
heterodimers may play role of nonfunctional sequestering complexes due to inability of Robo3A 
to bind Slit (Camurri et al. 2005). The finding of a leucine to proline mutation in one of the 



HGPPS patients also supports this model. This mutation disrupts Robo3A but not Robo3B, 
indicating the importance of Robo3A form for proper midline crossing. An alternative model of 
Robo3-Robo1 interaction postulates that Robo3 may interfere with Robo1 downstream signaling 
cascades (Sabatier et al 2004).  

 
Figure 4. Regulation of midline crossing by Robo and Slit. Robo3 suppresses Robo1-mediated Slit action, 

allowing Netrin/DCC-mediated attraction of the commissural axon to the floorplate. Once the axon have crossed the 
floorplate, Robo3 expression goes down and it can not suppres Slit-mediated repulsion. As a concequence axon 
becomes repelled by the floor plate and never recross it. 

 

Spatial regulation of Robo levels 
Robo1 and Robo2 have been shown to have low expression levels on precrossing 

segments of commissural axons and high on postcrossing segments. Knockout experiments with 
Robo3-/- mouse embryos show that this distribution is not regulated by Robo3 (Sabatier et al 
2004). Another possibility is that Robo1 and Robo2 levels are kept low on precrossing segments 
due to yet unknown signal present in midline or the motor column which axons pass on the way 
to the floor plate (Dickson, Gilestro 2006). Thus an axon with a lower concentration of Robo1 
would be more prone to enter the midline, where the level of Robo1 is decreased even more due 
to the exposure to this signal and expression of Robo3, and an axon with a higher level of Robo1 
would be repelled by Slit and would not enter the midline.  

It could have been that Slits are the signal molecules that downregulate Robo expression 
levels, as they are highly expressed in vertebrate motor columns and midline cells. Thus due to 
ligand-receptor interactions they may remove Robos from axon surface by ligand-mediated 
receptor endocytosis. Nevertheless neither Slits, nor Robos have high expression levels in the 
dorsal spinal cord (Brose et al. 1999) and Robos are not the only molecules with different 
expression levels on pre- and postcrossing segments of commissure axons (Dickson, Gilestro 
2006). But Slits do contribute to Robos expression levels: in Slit-1; Slit-2; Slit-3 triple-knockout 
mice embryos Robo proteins have been shown to accumulate on commissure axons at the 
midline (Kidd et al. 1999, Long et al. 2004). 
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Leaving the midline 
Despite being attracted to the midline, commissural axons do not linger there and 

continue the journey to their targets on the contralateral side of the spinal cord. But why do they 
leave the attractive midline? And why do they never recross it? It has been suggested that 
commissural axons lose their sensitivity to midline chemoattractants when they reach the 
midline, and gain sensitivity to repellents on the way through it. 

A subsequent loss of sensitivity to the midline attractant netrin could facilitate moving 
through the midline. The support to this idea came from explant experiments with hindbrain 
commissural axons that have crossed the midline. After being exposed to the ectopic floor plate 
that is the source of netrin, these axons were not attracted to it, unless the endogenous floor plate 
was removed. These results indicate that commissural axons lose their sensitivity to netrin-1, 
secreted from the floor plate, after crossing the midline (Shirasaki et al. 1998). It has been 
demonstrated that exposure of Xenopus neuron cultures from embryonic stage 22 to Slit blocks 
the attraction to netrin-1 but does not cause any repulsion effect (Stein and Tessier-Lavigne 
2001). This blocking effect seems to be caused by Slit-dependent interaction between the CC1 
domain of Robo1 and the P3 domain of the netrin-1 receptor DCC (Deleted in colorectal cancer) 
(Stein et al. 2001). This Robo1-DCC interaction may prevent DCC from signaling and thus 
mediate the loss of sensitivity to netrin-1 (Figure 4).  

As one of powerful repellents, Slit does not only prevent ipsilateral axons from crossing 
the midline but also keeps commissural axons from stalling at the midline. Commissural neurons 
cultured in vitro are sensitive to Slit-2 only after crossing the floor plate (Zou et al. 2000). Slit-1; 
Slit-2 double mutant mice have shown no severe guidance defects in spinal cord (Plump et al. 
2002). To investigate the importance of Slits for repelling postcrossing commissural axons from 
the midline, Slit triple-knockout mice were generated. In Slit triple-knockout mouse embryos 
some of the commissural axons were able to leave the midline, which suggests that there might 
be additional midline repellents (Long et al. 2004). Commissural axons gain sensitivity to Slits 
once they cross the floor plate. This gain of sensitivity to repulsive cues concurs with 
upregulation of Robo1 and Robo2 protein levels (Long et al. 2004). At this point Robo3 levels 
remain high but it cannot inhibit Robo1-mediated repulsion any more. There are several possible 
explanations to this phenomenon. It may be that increase in Robo1 synthesis simply overcomes 
the effect of Robo3 and Robo3 is not able to sequester all Robo1 molecules in form of inactive 
complexes (Sabatier et al. 2004, Camurri et al. 2005). The second possibility is that Robo3 is 
needed only to commit commissural axons to entering and crossing the midline, and that is not 
relevant after crossing (Dickson, Gilestro 2006). A third explanation is that after crossing Robo3 
becomes inactivated by a yet unknown mechanism (Sabatier et al. 2004). 

  



Cre-lox recombination system 
The cre-lox recombination system is a genetic tool for site-specific recombination of 

DNA in vivo and is used to knock-in the genes of interest. Site-specific recombinase Cre is able 
to identify, bind and cut double stranded DNA on loxP sites. Recombination takes place when 
Cre is expressed in cells with loxP sites in their genome. To knock-in a gene, a genetic construct 
with a promoter, a stop codon, flanked with loxP sites, and a gene of interest (here, tomato), are 
inserted in a cell genome. A stop codon will prevent RNA polymerase from transcribing the gene 
of interest in absence of Cre recombinase. If Cre is present, loxP-flanked DNA will be excised 
and the gene of interest will be transcribed (Figure 5).  

 
Figure 5. Schematic drawing of Cre-Lox system. A genetic construct, with a strong promoter, stop codon, 

flanked with Lox sites, and a gene of interest, is inserted in genomic DNA. Once Cre recombinase is present in the 
cell, it excises a flanked region and gene of interest can be transcribed. F0 – F0 generation, F1 – F1 generation.  

 

Aim of the project 
The aim of the project is to identify subpopulations of spinal cINs involved in bilateral 

coordination within CPGs by using Robo3/Slit axon-guidance system.  

Full Robo3 knockout mice exhibit a complete loss of ventral commissure in spinal cord 
and hindbrain and die shortly after birth, therefore it is impossible to study physiology of 
postnatal locomotion. In order to solve this problem a conditional Robo3 knockout mouse was 
generated (Ranier et al. 2010). Cell-specific inactivation of Robo3 is achieved by crossing 
Robo3lox/lox mice with mouse lines expressing Cre recombinase in specific subpopulations of 
spinal cINs. The conditional mice will be used to determine the role of specific cIN 
subpopulations in locomotor CPGs. Locomotor activity generated by CPGs will be measured in 
electrophysiological experiments and cINs will be visualized by retrograde tracing method.  

My part of the project consists in evaluating the Cre-mouse lines using a TomatoAi14 
reporter mouse, which expresses Tomato, a red fluorescent cytoplasmic protein, in order to 
determine that right cIN subpopulations will be affected after Robo3 conditional knockout.  
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Material and methods 

Mouse lines 
Wnt1cre and Ngn2cre mice (from Alen Chédotal) and PGKcre, Pax7cre, Nkx6.2cre, Sim1cre 

mice were bred with TomatoAi14 reporter mice in order to determine the localization of targeted 
progenitor domains and their daughter neuron subpopulations.  

 

Genotyping 

During breeding all litters were genotyped with help of the PCR method, using primers 
for Cre, lox and Tomato. 

 

Immunohistochemical analysis of mouse lines 
Embryos were dissected out after 11.5 days of development, fixed by immersion in 4% 

paraformaldehyde for 2 hours and cryoprotected in 10% sucrose (1 hour) and 30% sucrose 
(overnight). Fixed embryos were embedded in O.C.T. (Sakura) and stored at −80°C until 
sectioning. 12μm cryosections were incubated with primary antibodies in PBS, 0,1% Triton X-
100, 0,3% BSA, 5% goat serum at 4°C overnight. The following day, sections were washed in 
PBS and incubated with secondary antibodies in the same blocking solution (for 2 hours). Slides 
were mounted in Mowiol mounting medium.  

The following primary antibodies were used: goat anti-Ngn1 (1:50, Santa Cruz 
Biotechnology), mouse anti-Pax7 (1:50, Developmental Studies Hybridoma Bank), mouse anti-
Nkx2.2 (1:100, Developmental Studies Hybridoma Bank), guinea pig anti-Nkx6.2 (kind gift 
from Johan Ericsson lab), mouse anti-Isl1 (1:500, Developmental Studies Hybridoma Bank), 
mouse anti-Evx1 (1:50, Developmental Studies Hybridoma Bank), mouse anti-En1 (1:10, 
Developmental Studies Hybridoma Bank), guinea pig anti-Lbx1 (1:10000, kind gift from C. 
Birchmeyer), mouse anti-Brn3a (1:500, Chemicon), mouse anti-Nkx6.1 (1:100, Developmental 
Studies Hybridoma Bank), rabbit anti-Pax2 (1:1000, Convace). The following primary 
antibodies were used: anti-goat, anti-guinea pig coupled to Alexa Fluor 488 (1:200, Invitrogen), 
anti-mouse, anti-rabbit coupled to Alexa Fluor 488 (1:500, Invitrogen), anti-guinea pig coupled 
to Cy5 (1:100). Sections counterstained with DAPI (1:1000, Sigma). 

Pictures were taken on a confocal microscope (Karl Zeiss) and processed by Velocity 
software (Improvision). 
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Results 

Sim1cre:TomatoAi14 mouse line 
Sim1cre:TomatoAi14 mouse line had been generated in order to visualize the V3 cINs. 

Unfortunately in Sim1cre mouse line Cre expression in the spinal cord was not specific, therefore 
Tomato protein expression was not observed in V3 subpopulation of spinal cord cINs (data not 
shown). 

 

Nkx6.2cre:TomatoAi14 mouse line 
Nkx6.2cre:TomatoAi14 mouse line had been generated in order to visualize the V0-V3 

cINs. The expression of TomatoAi14 was not specific to the spinal cord due to the Cre 
expression in the germ cells (data not shown). Work on this line is in progress.  

 

PGKcre:TomatoAi14 mouse line 

PGKcre:TomatoAi14 mouse line was used as a control for a full knockout mice as 
phosphoglycerate kinase (PGK) is expressed in all somatic cells (Figure 6). Pax7+/PGK+ cells are 
derived from dorsal progenitor domains (Figure 6, A´, H). Brn3a+/Lbx1-/PGK+ cells are derived 
from dI1, dI2 and dI3 domains and migrate down in ventral direction (Figure 6, B´, H). 
Brn3a+/Lbx1+/PGK+ originate from dI5 and some cells also migrate towards the floor plate 
(Figure 6, B´, H). Brn3a-/Lbx1+/PGK+ come from dI4 and dI6 and also migrate ventrally (Figure 
6, B´, H). Localization of daughter cells from p2, p0, dI6 and dI4 domains was confirmed by 
Pax2/Lbx1 staining. Pax2+/Lbx1-/PGK+ cells belong to ventral domains p2 and p0 (Figure 6, C´, 
H). Pax2+/Lbx1+/PGK+ cells originate from dI4, dI6 domains (Figure 6, C´, H). Evx1+/PGK+ 
neurons come from p0 domain in ventral half of spinal cord (Figure 6, D´, H). Nkx6.2+/PGK+ 
and Nkx2.2+/PGK+ cells belong to ventral p1 (Figure 6, F´, H) and respectively p3 (Figure 6, G´, 
H) progenitor domains. Isl1+/PGK+ cells are derived from dorsal dI3 domain and ventral 
progenitor of motor neurons (pMN) (Figure 6, E´, H). 

Pax7cre:TomatoAi14 mouse line 

Pax7cre:TomatoAi14 was generated to visualize cells with dorsal origin. Pax7+/Tomato+ 
cells originate from dorsal progenitor domains (Figure 7, A´, H). Pax7+/Tomato- neurons belong 
to p0 ventral progenitor domain (Figure 7, A´, H). Brn3a+/Lbx1-/Pax7+ cells are derived from dI1 
- dI3, dI5 domains (Figure 7, B´, H). Brn3a-/Lbx1+/Pax7+ are derived from dI4, dI6 (Figure 7, 
B´, H), and Brn3a+/Lbx1+/Pax7+ neurons originate from dI5 (Figure 7, B´, H). Nkx6.2+/Pax7- 
belong to p1 ventral domain and Nkx6.2+/Pax7+ presumably belong to dI5 and dI6 domains 
(Figure 7, C´, H). Evx1+/Pax7- neurons are derived from p0 and Evx1+/Pax7+ originate from dI6 
(Figure 7, D´, H). Isl1+/Pax7-cells take rise from pMN and Isl1+/Pax7+ cells – from dI3 (Figure 7, 
E´, H). Nkx2.2+/Pax7- belong to p3 ventral progenitor domain (Figure 7, F´, H). Nkx6.1+/Pax2-

/Pax7- cells belong to p2 – p3 domains, Nkx6.1-/Pax2+/Pax7+ originate from dI4, dI6, p0 
domains, and Nkx6.1-/Pax2+/Pax7- neurons originate from p2 (Figure 7, G´, H). 



Figure 6. Immunological stainings of E11.5 PGKcre:TomatoAi14 spinal cord. A-G, photomicrographs of 
lumbar part of spinal cord, stained for transcription factors as indicated on the left. A, D-G, arrows point at 
Pax7+/PGK+ (A´), Evx1+/PGK+ (D´), Isl1+/PGK+ (E´), Nkx6.2+/PGK+ (F´) and Nkx2.2+/PGK+ (G´) neurons. B, B´, 
Brn3a+/Lbx1-/PGK+ (arrows), Brn3a-/Lbx1+/PGK+ (arrowheads) and Brn3a+/Lbx1+/PGK+ cells (stars). C, C´ 
Pax2+/Lbx1-/PGK+ (arrows), Pax2-/Lbx1+/PGK+ (arrowheads) and Pax2+/Lbx1+/PGK+ (stars) neurons. A, dash line 
schematically indicates position of the spinal cord. White boxes in A-G indicate areas of higher magnification in 
corresponding panels on the right (A´-G´). Scale bars, 100μm. H, schematic representation of identified progenitor 
domains, their transcription factors and sets of their postmitotic transcription factors.  

13 
 



Figure 7. Pax7 expression in E11.5 spinal cord of Pax7cre:TomatoAi14 mouse embryos. A-G, photomicrographs of 
lumbar part of spinal cord, stained for transcription factors as indicated on the left. A, C-G, arrows point at 
Pax7+/Tomato+ (A´), Nkx6.2+/Pax7+ (C´), Evx1+/Pax7+ (D´), Isl1+/Pax7+ (E´), Nkx2.2+/Pax7+ (F´) and Nkx6.1-

/Pax2+/Pax7+ (G) neurons. B, B´, Brn3a+/Lbx1-/Pax7+ (arrows), Brn3a-/Lbx1+/Pax7+ (arrowheads) and Brn3a+/Lbx1-

/Ngn2+ cells (stars). White boxes in A-G indicate areas of higher magnification corresponding panels on the right 
A´-G´. Scale bars, 100μm. H, schematic representation of identified progenitor domains, the transcription factors 
and sets of the postmitotic transcription factors. 
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Ngn2cre:TomatoAi14 mouse line 

Ngn2cre:TomatoAi14 was generated to visualize Ngn2 expressing progenitor domains 
(Figure 8, 9). Pax2+/Ngn2-/Nkx6.1- cells are derived from dI4 (Figure 8, A´, A´´, D). 
Pax2+/Ngn2+/Nkx6.1- cells are derived from dI6 and p0 domains (Figure 8, A´, A´´, D). 
Pax2+/Ngn2+/Nkx6.1+ cells come from p2 progenitor domain (Figure 8, A´´, D). Nkx6.1+/Ngn2+ 
originate from p2 and Nkx6.1+/Ngn2- - from pMN and p3 domains (Figure 9, E-E´´, G). 
Pax7+/Ngn2+ neurons belong to dI6 (Figure 8, B´, B´´, D). Pax7+/Ngn2- cells belong to dI1 – dI5 
dorsal progenitor domains (Figure 8, B´, B´´, D). Brn3a+/Lbx1-/Ngn2+ cells arise from dI2 and 
Brn3a+/Lbx1-/Ngn2- originate from dI1 - dI3 domains (Figure 8, C, D). These neurons also 
migrate towards the ventral midline. (Figure 8, C-C´´, D). Brn3a+/ Lbx1+/Ngn2+ are derived from 
dI6 progenitor domain (Figure 8, C´, D). Ngn1+/Ngn2+ cells derive from dI6 – p2 domains 
(Figure 9, A´, A´´, G). I have also shown that there is a dorsal population of Ngn1+/Ngn2- 
neurons (Figure 9, A). Evx1+/Ngn2+ are derived from p0 (Figure 9, B´, B´´, G). Nkx6.2+/Ngn2+ 
come from p1 (Figure 9, C´, C´´, G). Nkx2.2+/Ngn2- neurons belong to p3 (Figure 9, D´, D´´, G) 
and Isl1+/Ngn2- cells originate from pMN domain (Figure 9, F´, F´´, G). I have shown that there 
are few Isl1+/Ngn2+ cells both in cervical and lumbar parts of spinal cord (Figure 9, F´, F´´, G).  

  
Figure 8. Ngn2 is expressed in dI2 and dI6 dorsal progenitor domains. A-C, photomicrographs of cervical part of 
spinal cord, stained for transcription factors as indicated on the left. White boxes in A-C indicate areas of higher 
magnification in cervical and lumbar parts (corresponding panels on the right A´-C´ and A´´-C´´). A-A´´ 
Pax2+/Nkx6.1-/Ngn2+ (arrows), Pax2-/Nkx6.1+/Ngn2+ (arrowheads) and Pax2+/Nkx6.1+/Ngn2+ cells (stars). B-B´´, 
arrows point at Pax7+/Ngn2+. C-C´´, Brn3a+/Lbx1-/Ngn2+ (arrows), Brn3a-/Lbx1+/Ngn2+ (arrowheads) and 
Brn3a+/Lbx1+/Ngn2+ cells (stars). A, dash line schematically indicates position of the spinal cord. Scale bars, 
100μm. D, schematic representation of identified progenitor domains, their transcription factors and sets of their 
postmitotic transcription factors. 
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Figure 9. Ngn2 is expressed in p0-p2 ventral progenitor domains. A-F, photomicrographs of cervical part 
of spinal cord, stained for transcription factors as indicated on the left. A-F, arrows point at Ngn1+/Ngn2+ (A´, A´´), 
Evx1+/Ngn2+ (B´, B´´), Nkx6.2+/Ngn2+ (C´, C´´), Nkx2.2+/Ngn2+ (D´, D´´), Nkx6.1+/Ngn2+ (E´, E´´) and 
Isl1+/Ngn2+ (F´, F´´) neurons. White boxes in A-F indicate areas of higher magnification in cervical and lumbar 
parts (corresponding panels on the right A´-F´ and A´´-F´´).Scale bars, 100μm. G, schematic representation of 
identified progenitor domains, their transcription factors and sets of their postmitotic transcription factors. 

 

Wnt1cre:TomatoAi14 mouse line 

Wnt1cre:TomatoAi14 was established to determine the progenitor domains which express 
Wnt1 and visualize their migration pathways (Figure 10). Pax7+/Wnt1+ cells belong to dI1 and 
dI2 dorsal progenitor domains (Figure 10, A´, I). Brn3a+/Wnt1+ neurons originate from dI1 and 
dI2, Brn3a+/Wnt1- cells originate from dI3 and dI5 and some of them migrate towards the floor 
plate (Figure 10, B´, I). Pax2+/Lbx1-/Wnt1- cells take rise from p0 and p2, and 
Pax2+/Lbx1+/Wnt1- originate from dI4 and dI6 (Figure 10, C´, I). En1+/Wnt1- cells originate 
from p1 (Figure 10, D´, I). Evx1+/Wnt1- cells come from p0 domain (Figure 10, E´, I). 
Nkx6.2+/Wnt1- cells belong to p1 and presumably p0 (Figure 10, F´, I). Nkx2.2+/Wnt1- cells 
come from p3 ventral domain (Figure 10, G´, I). Isl1+/Wnt1- neurons originate from pMN 
(Figure 10, H´, I). There are also Isl1+/Wnt1- and Isl1+/Wnt1+ cells in dorsal part of spinal cord 
(Figure 10, H).  
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Figure 10. Immunological identification of Wnt1-expressing neurons origin. A-H, photomicrographs of 
lumbar part of spinal cord, stained for transcription factors as indicated on the left. A, B, D-H, arrows point at 
Pax7+/Wnt1+ (A´), Brn3a+/Wnt1+ (B´), En1+/Wnt1+ (D´), Evx1+/Wnt1+ (E´), Nkx6.2+/Wnt1+ (F´), Nkx2.2+/Wnt1+ 
(G)  and Isl1+/Wnt1+ (H) neurons. C, C´, Pax2+/Lbx1-/Wnt1+ (arrows) and Pax2+/Lbx1+/Wnt1- (arrowheads) cells. 
White boxes in A-H indicate areas of higher magnification corresponding panels on the right A´-H´. Scale bars, 
100μm. I, schematic representation of identified progenitor domains, their transcription factors and sets of their 
postmitotic transcription factors. 
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Discussion 

We generated PGKcre:TomatoAi14, Ngn2cre:TomatoAi14, Pax7cre:TomatoAi14, 
Wnt1cre:TomatoAi14, Nkx6.2cre:TomatoAi14 and Sim1cre:TomatoAi14 mouse lines to visualize 
expression of transcription factors in the spinal cord neuron populations. Expression patterns of 
PGK-, Ngn2-, Pax7- and Wnt1-expressing cells were confirmed. PGKcre:TomatoAi14 mice were 
generated to mimic a full knockout mice and investigate whether Tomato expression might 
interfere with the expression of transcription factors and immunological stainings. These animals 
were used as control group, where all cells are expressing TomatoAi14 reporter protein. 
Ngn2cre:TomatoAi14, Pax7cre:TomatoAi14, Wnt1cre:TomatoAi14, Nkx6.2cre:TomatoAi14 and 
Sim1cre:TomatoAi14 lines were created to target specific cell populations. As 
electrophysiological experiments are performed on lumbar part of spinal cord, I am mostly 
interested in analysis of lumbar part. I have shown that in the cervical part of E11.5 spinal cord 
expression of some transcription factors is turned on earlier than it is in lumbar part.  

 

PGKcre:TomatoAi14 

As PGK is expressed in all somatic cells, in PGKcre:TomatoAi14 mice Cre recombinase 
and Tomato are also expressed in the same cells. According to my results Tomato protein is 
expressed in all spinal cord neurons and surrounding cells, but has different expression levels. 
Evx1 expression was not distinct probably due to very high expression levels of Tomato in the 
same cells. In all other cases Tomato protein did not seem to interfere with immunological 
stainings for transcription factors and, hence with transcription factors expression.  According to 
my results Brn3a+/Lbx1-/PGK+  neurons most likely originate from dI2 domain and migrate 
towards to ventral side of spinal cord where they are involved in CPG formation. 
Brn3a+/Lbx1+/PGK+ and Pax2-/Lbx1+/PGK+ cells presumably belong to one neuron population, 
which originate from dI5, but at E11.5 these cells are located more ventral and seem to migrate 
towards the floor plate. These data suggest that dI5 domain may give rise to neurons, involved in 
CPGs.  

 

Pax7cre:TomatoAi14 

Pax7 is expressed in dI1 – dI6 domains. In lumbar part of E11.5 spinal cord Tomato is 
not expressed in dI1-dI2 dorsal domains, but it is in more developed cervical part (data not 
shown). Immunohistochemistry has shown that Pax7+ cells do not belong only to dorsal 
progenitor domains (Pax7+/Tomato+), but there also are Pax7+/Tomato- neurons, which belong to 
p0 ventral progenitor. These data was confirmed with Evx1 staining: Evx1+/Pax7+ cells and 
Evx1+/Pax7- cells, which are located under last Tomato-expressing dI6 domain. Brn3a+/Lbx1-

/Pax7- cells may originate from the uppermost dorsal dI1 – dI3 domains, where Tomato is not 
expressed yet. Brn3a+/Lbx1-/Pax7+ cells, which migrate downwards, presumably originate from 
dI2. There is a small population of Brn3a+/Lbx1+/Pax7+ cells , which migrate towards the floor 
plate and might originate from dI5. I have shown that there is a population of Nkx6.1+/Pax7+ 

neurons that might originate from dI5 and dI6. These results are coherent with previous 
electrophysiological data (not shown), but more experiments need to be done to confirm the 
precise expression pattern of those two domains. Despite the existence of Isl1+/Pax7+ in the 
dorsal part of spinal cord, they have not been found in the ventral part, excluding migration of 
dI3-derived cells down to the midline in E11.5 spinal cord. Unexpectedly there were no 
Nkx6.1+/Pax2+/Pax7- cells despite the overlapping Pax2 and Nkx6.1 expression in p2 ventral 
domain. It may by that Pax2 as a post mitotic transcription factor is simply not expressed yet in 
Nkx6.1+ neurons from p2.  
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Ngn2cre:TomatoAi14 

 Previous studies have shown dorsally originated Ngn+/Math1+ and Ngn+/Math1- neurons, 
which migrate ventrally and are involved in CPG formation (Simmons et al. 2001). These cells 
presumably belong to dI2 and dI6 domains. Ngn2 expression was also demonstrated in ventral 
spinal cord (Scardigli et al. 2001). I have confirmed that Ngn2 is expressed in most part of the 
spinal cord except for the last two ventral domains, occupied by Isl1+/Ngn2-  cells (pMN) and 
Nkx2.2+/Ngn2- neurons (p3). There are few Isl1+/Ngn2+ cells both in the cervical and lumbar 
parts of the spinal cord but they are located in motor columns or seem to migrate towards the 
motor column. It is unclear whether Ngn2 is co expressed with Isl1 in dI3 population or Isl1 is 
expressed in Ngn2+ dI2 domain, which migrates downwards. I have confirmed that there is a 
subpopulation of Pax2+/Ngn2+ and Brn3a+/Lbx1-/Ngn2+  cells that originates from dI6 and 
migrates to the floor plate. But except for these cells, there are Brn3a+/Lbx1+/Ngn2+ neurons that 
presumably originate from dI5 domain. Such cells were found only in cervical part of E11.5 
embryos, but these may suggest that Brn3a+/Lbx1+/Ngn2+ cells can be present in lumbar part 
later in the development as cervical part develops faster. I have also shown that there are 
Nkx2.2+/Ngn2+ cells in the cervical part of the spinal cord (not more than one cell per section), 
which might be explained by a later developmental state of cervical part. 

 

Wnt1cre:TomatoAi14 

The dI1 and dI2 neurons express Wnt1, and I have shown that dI2 daughter 
Brn3a+/Wnt1+ cells migrate towards the midline. Still it cannot be excluded that these cells 
belong to neighboring progenitor domains. Isl1 staining has revealed that there are 
subpopulations of Isl1+/Wnt1+ and Isl1+/Wnt1- cells in the dorsal part of spinal cord. Some of the 
Isl1+/Wnt1+ cells seem to migrate down to the motor column. It is unclear whether Isl1 is 
expressed in the dI2 population, which is migrating ventrally, or Wnt1 is expressed in the dI3 
domain, and dI3 daughter cells migrate in ventral direction. Some Brn3a+/Wnt1- neurons migrate 
in floor plate direction and it is also unclear which domain they belong to. If Wnt1 is expressed 
only in dI1 and dI2, then Brn3a+/Wnt1- can belong to dI3 and dI5, and these means that cells 
from dI3 and/or dI5 are migrating ventrally. Another possibility is that Wnt1 is expressed also in 
dI3 and these Brn3a+/Wnt1- cells are dI5 daughter neurons, which have been shown to migrate 
ventrally in PGKcre:TomatoAi14, Ngn2cre:TomatoAi14 and Pax7cre:TomatoAi14 lines. 
Unexpectedly I have found Pax2+/Lbx1-/Wnt1+ and En1+/Wnt1+ cells in ventral spinal cord (but 
not more than one cell per section). Ventral p0 and p2 are the only domains where Pax2 is 
expressed without Lbx1, but Wnt1 expression has been shown neither in these ventral domains, 
nor in En1-expressing p1.  
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