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During development of the CNS, stem and progenitor cell proliferation, cell fate 

designation, and patterning decisions are tightly regulated by interdependent networks 

of key transcriptional regulators. In a genetic approach we analyzed divergent 

functionality of the PAI and RED sub-domains of the Pax6 Paired domain (PD) during 

progenitor zone formation, motor and interneuron development, and peripheral 

connectivity at distinct levels within the neural tube: within the hindbrain, mutation of the 

PAI sub-domain severely affected patterning of the p3 and pMN domains and 

establishment of the corresponding motor neurons. Exit point designation of hypoglossal 

axons was disturbed in embryos harboring either mutations in the PD sub-domains or 

containing a functional Pax6 Null allele. At brachial spinal levels, we propose a selective 

involvement of the PAI sub-domain during patterning of ventral p2 and pMN domains, 

critically disturbing generation of specific motor neuron subtypes and increasing V2 

interneuron numbers. Our findings present a novel aspect of how Pax6 not only utilizes 

its modular structure to perform distinct functions via its paired and homeodomain. 

Individual sub-domains can exert distinct functions, generating a new level of complexity 

for transcriptional regulation by one single transcription factor not only in dorso-ventral, 

but also rostro-caudal neural tube patterning. 

 

Key words: Pax6, bi-partite paired domain, neural tube patterning, somatic motor 

neurons, LMC, MMC, V2 interneurons 

 

 

Introduction 

 

Hindbrain and spinal cord harbour a complex circuitry of interneurons and motor 

neurons that are responsible for the regulation of locomotor activity. These neurons 

arise from distinct progenitor domains whose establishment critically depends on the 

complex cross-regulatory network of class I and class II transcription factors (reviewed in 

Jessell, 2000 and Alaynick et al., 2011). In the vertebrate neural tube, genetically distinct 

classes of motor neurons are generated from two different progenitor domains: 
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branchiomotor neurons (bMN) and visceromotor neurons (vMN) are exclusively 

generated at cranial levels and derive from progenitors in the p3 domain which lies 

adjacent to the floorplate and is characterized by the expression of the transcription 

factor Nkx2.2 (Briscoe et al., 1999; Guthrie, 2007; Pattyn et al., 2003; Sander et al., 

2000). Somatic motor neurons (sMN) that will innervate target muscles of the tongue or 

the eye, and all sMN that are generated more caudally in the spinal cord derive 

exclusively from progenitor cells in the pMN domain in response to the expression of the 

transcription factors Pax6, Olig2, Nkx6.1 and Nkx6.2. Excitatory and inhibitory V2, V1 

and V0 interneurons are generated from the respective progenitor cells in the p2, p1 and 

p0 domains that are localized dorsally to the pMN and p3 domains. Furthermore, at 

spinal levels, V3 interneurons arise from the p3 domain in response to the bHLH 

transcription factor Sim1 (Briscoe et al., 2000; Ericson et al., 1997a; Goulding, 2009; 

Goulding and Pfaff, 2005). 

The highly conserved class I transcription factor Pax6 was initially found to be a 

master regulator of eye development (Hill et al., 1991; reviewed in Gehring, 1996; Hever 

et al., 2006). Belonging to the family of paired box genes which all feature a 

characteristic 384 base pair DNA sequence that encodes the paired domain (PD), Pax6 

also contains a paired-type homeodomain (HD) and a transactivation domain (TA). PD 

and HD recognize distinct DNA targets sites and regulate different molecular 

mechanisms, either in cooperation or separately. While both domains are involved in 

eye formation, loss and gain of function approaches have shown an involvement of the 

HD in the regulation of mature dopaminergic neuron survival, while only being of minor 

importance for developmental patterning mechanisms of the brain and spinal cord 

(Haubst et al., 2004; Ninkovic et al., 2010). Previous investigations in embryos harboring 

a truncated form of Pax6 which lacks the HD and TA and acts as a functional Null allele 

(Pax6Sey) not only revealed impaired patterning, proliferation and neurogenesis within 

the brain (Bishop et al., 2002; Götz et al., 1998), but also characterized its importance 

for correct progenitor domain formation and boundary establishment at cranial and high 

cervical levels: Upon loss of cross-repressive effects with Nkx2.2, the p3 domain is 

enlarged on the expense of Olig2+ progenitor cells in the pMN domain. The increased 

expression of Nkx2.2 in Pax6Sey mutant embryos triggers formation of bMN and vMN at 
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cranial levels, and of V3 interneurons at high cervical levels, while e.g. sMN that form 

the hypoglossal and the abducens nerves, as well as interneurons that are generated 

from the p2, p1 and p0 domains are lost (Ericson et al., 1997b; Osumi et al., 1997). 

Interestingly, the PD itself is structured in a bipartite modular manner and 

contains an amino-terminal PAI and a carboxy-terminal RED sub-domain that each 

consists of a helix-turn-helix motif (Fig. 1A, Epstein et al., 1994). Recently, two mouse 

lines with selective point mutations in the PAI (Pax6Leca4) or the RED (Pax6Leca2) sub-

domain of the Pax6 PD have been identified in an ENU-induced screen (Thaung et al., 

2002). Selective mutation of each sub-domain revealed distinct roles of the PAI and the 

RED domain for neurogenesis and proliferation during forebrain development: Mutation 

of the RED domain increased proliferation of both apical and basal progenitors in the 

cerebral cortex, while ablation of the PAI domain had the opposite effect and decreased 

proliferation. Neurogenesis, however, was only affected in the Pax6Leca4 mutant mice, 

which displayed a smaller, shorter cerebral cortex and a thinner cortical plate with 

reduced neuron numbers that resembled the phenotype observed in Pax6 mutant mice 

with the functional Null allele (Walcher et al., 2013). 

While the importance of Pax6 in controlling progenitor domain formation and 

neuronal fate at hindbrain levels has been well established, up to now Pax6-related 

control of progenitor cell identity and neuronal fate at spinal cord levels is only poorly 

understood. Interestingly, it appears that at more caudal levels, Pax6 becomes 

constantly less important for cross-repressive effects with Nkx2.2, while the zinc finger 

transcription factor Sp8 that to some extent is controlled by Pax6 acquires a more 

important role (Li et al., 2014). Intriguingly, the PAI and RED PD sub-domains manifest 

different functions during development of the cerebral cortex, while nothing is known 

about differential aspects of the PD sub-domains during cranial and spinal motor and 

interneuron development. In a genetic approach we analysed motor and interneuron 

formation at cranial levels in Pax6Leca2 and Pax6Leca4 mutant embryos and found that 

specifically the PAI, but not the RED domain is important for correct boundary formation 

between the p3 and pMN domains. Upon mutation of the PAI domain, a phenotype that 

is very reminiscent of what was observed in Pax6Sey mutant embryos was observed for 

motor neuron generation: the p3 domain was enlarged on the expense of the pMN 
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domain, causing the formation of bMN and vMN, while sMN were reduced in number 

and motor projections of the abducens and hypoglossal nerves were absent or largely 

reduced. Intriguingly, neither mutation of the PAI or RED PD sub-domains affected 

generation of ventral interneuron subtypes, implicating a redundant function of both sub-

domains for faithful generation of p2 and p1 progenitor zones. 

At spinal brachial levels, investigation of progenitor zone formation revealed a 

similar phenotype in Pax6Sey mutants as at cranial levels, and we observed a specific 

loss of motor neurons that constitute the medial motor column (MMC) and the lateral 

aspect of the lateral motor column (LMCl). Investigation of wholemount embryo 

preparations further corroborates these findings by revealing thinned motor projections 

of intercostal nerves and motor innervation of the dorsal forelimb. In contrast to this, in 

both Pax6Leca2 and Pax6Leca4 mutant embryos, boundary formation between the p3 and 

pMN domains occurred normally, probably also regulated through cross-repressive 

effects of Sp8 and Nkx2.2 at this important border. Intriguingly, however, we also 

observed a drop in sMN progenitors in Pax6Leca4 mutant embryos that is accompanied 

by a decrease of motor neuron numbers of the MMC and LMCl, and thinned projections 

of the respective nervous trajectories. In contrast to Pax6Sey and Pax6Leca2 mutant 

embryos, the domain containing Sp8+ progenitors was enlarged dorsally upon mutation 

of the PAI domain, and we observed a selective expanse of the p2 domain, favouring 

specifically the generation of V2a and V2b interneurons.  

Our results therefore underscore a differential functionality of the PAI and RED 

PD sub-domains during progenitor domain formation, as well as motor and interneuron 

generation. Furthermore, our data imply that specifically at brachial levels the PAI PD 

sub-domain is involved in correct establishment of the pMN and p2 progenitor zones by 

containment of V2 interneuron generation.  

Materials and Methods 

 

Mouse embryo preparation 

The genotype of mouse embryos was determined as described for Pax6Leca2, Pax6Leca4, 

Pax6Sey, and Hb9::eGFP (Hill et al., 1991; Thaung et al., 2002; Walcher et al., 2013; 

Wichterle et al., 2002). The day of vaginal plug was considered E0.5. Animals were 
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handled and housed according to the German Federal guidelines for the use and care of 

laboratory animals, and the study was approved by the Helmholtz Zentrum München 

Institutional Animal Care and Use Committee and the Regierung von Oberbayern.  

 

Immunohistochemistry and cell quantification 

The protocols for immunohistochemistry and wholemount antibody staining have been 

described previously (Huber et al., 2005; Huettl and Huber, 2011; Huettl et al., 2011). 

The following primary antibodies were used for fluorescent immunohistochemistry on 

cryosections or wholemount embryos: goat anti-Chx10 (1:250, Santa Cruz 

Biotechnology sc-21690), goat anti-FoxP1 (1:250, R&D Systems AF4534), goat anti-

Gata2 (1:25, sc-9008), goat anti-Phox2a (1:100, sc-13229), goat anti-Sox1 (1:100, sc-

1731), goat anti-Sp8 (1:200, sc-104661), mouse anti-En1 4G11, mouse anti-Isl1/2 

39.4D5, mouse anti-Lim3 4E12, mouse anti-Neurofilament 2H3, mouse anti-Nkx2.2 

74.5A5 (1:50, obtained from the Developmental Studies Hybridoma Bank developed 

under the auspices of the NICHD and maintained by The University of Iowa, Department 

of Biological Sciences, Iowa City, IA 52242), mouse anti-Ascl1 (1:100, BD Pharmigen 

556604), rabbit anti-GFP (1:2000, Invitrogen A11122), rabbit anti-Olig2 (1:500, 

Chemicon AB9610), and rabbit anti-Sim1 (1:1000, Aviva ARP33296_P050). Antibody 

staining was visualized using fluorochrome-conjugated secondary antibodies (1:250; 

Molecular Probes; Jackson Dianova). Cells were quantified per hemisphere and section 

of the hindbrain or brachial spinal cord. Significance was calculated using the Mann-

Whitney test. 

 

In situ hybridization 

In situ hybridization was performed as described before (Huber et al., 2005; Huettl et al., 

2011) using mouse digoxigenin-labelled probes for En1 (a kind gift from Nilima 

Prakash), and Foxn4 (a generous gift from Mengqing Xiang, (Del Barrio et al., 2007).  

 

Quantification of abducens and hypoglossal rootlet number and hypoglossal nerve 

thickness 
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The number of axons contributing to the abducens nerve was quantified by counting the 

projections leaving the neural tube (Fig. S1A). Hypoglossal rootlets were defined 

according to Fig. S1B. Thickness of the hypoglossal nerve was measured at the point 

where all projections contributing to the hypoglossal nerve converge to one nerve (CP in 

Fig. 1H, H’). Both sides of the embryos were analyzed. Significance was calculated 

using the Mann-Whitney test. 

 

Quantification of pre-plexus fasciculation 

Quantification of defasciculation of motor and sensory fibers before the plexus region in 

E10.5 whole mount embryos has been described before (Huettl et al., 2011). Briefly, the 

individual thickness of the 6 spinal nerves contributing to the forelimb-plexus was 

measured (“a” in Fig. 3A), summarized, and normalized to the length of the spinal cord 

from which these 6 projections originate (“b” in Fig. 3A) to determine a fasciculation 

coefficient. Both sides of the embryos were analyzed. Significance was calculated using 

the Mann-Whitney test. 

 

Quantification of distal advancement 

To quantify the distance of ingrowth of motor axons into the forelimb of E12.5 embryos, 

the length of the distal-most motor fiber (“x” in Fig. 3F) was measured starting from the 

reference point (RP) and normalized with the length of the forelimb (“y” in Fig. 3F). Both 

forelimbs were analyzed. Significance was calculated using the Mann-Whitney test. 

 

Quantification of Sp8 and Ngn1 coefficient 

The size of the domains containing either Sp8+ or Ngn1+ cells was measured (“a” in Fig. 

6A, H) and divided by the size of the entire spinal cord (“b” in Fig. 6A, H). Both 

hemispheres were analyzed. Significance was calculated using the Mann-Whitney test. 

Results 

 

Mutation of the Pax6 PAI PD sub-domain and the functional Null allele of Pax6 

impair formation of somatic motor projections at cranial levels 
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Previous analyses by Ericson et al., revealed severe defects in the formation of 

the somatic motor hypoglossal projection upon mutation of Pax6 due to a fate change of 

sMN to bMN/vMN following changed progenitor cell generation (Ericson et al., 1997b). 

To determine the role of the PAI and RED sub-domains in sMN generation at cranial 

levels, we investigated the formation of abducens and hypoglossal projections in 

wholemount embryo preparations by Hb9::eGFP fluorescence in somatic motor 

projections (Wichterle et al., 2002). In control embryos, first somatic motor axons leave 

the hindbrain at E10.5 and have formed a fasciculated abducens projection that targets 

the lateral rectus muscle of the eye by E11.5 (Fig. 1C, C’). At the level of the 

hypoglossal nerve, somatic motor rootlets have left the neural tube, fasciculated at the 

convergence point (CP in Fig. 1H, H’) and a distinct projection has joined the first 

cervical nerves at the vagal plexus. From here, hypoglossal projections start to turn 

towards the tongue by E10.5 and have passed the vagal plexus 1 day later (Fig. 1 H, 

H’). In Pax6Sey mutant embryos, only very few, if any projections were seen at the level 

of the abducens nerve, and we never observed formation of a distinct projection 

targeting the eye at any analyzed time point (arrows in Fig. 1F, F’, G). At the level of the 

hypoglossal nucleus, only very few hypoglossal rootlets (arrow in Fig. 1K) were 

observed and also the first cervical projection (C1) was severely reduced in size in all 

analyzed Pax6Sey mutant embryos when compared to control littermates at E10.5. This 

phenotype is maintained at E11.5, where very few, if any hypoglossal (arrow in Fig 1K’) 

and high cervical projections (C1) leave the neural tube and no hypoglossal nerve itself 

was found (Fig. 1K’ – M). We furthermore observed aberrantly projecting GFP-positive 

somatic motor axons projecting along the spinal accessory nerve (SAN, arrowhead in 

Fig. 1K’) in Pax6Sey mutant embryos. 

Investigation of embryos where the RED sub-domain of the Pax6 PD was 

mutated showed that at E10.5 abducens axons exit the neural tube in normal numbers 

and have formed a fasciculated projection towards the eye that is indistinguishable from 

the control situation by E11.5 (Fig. 1D, D’, G). Accordingly, the hypoglossal nerve is 

assembled by an unchanged number of hypoglossal rootlets and starts turning towards 

the tongue by E10.5 in Pax6Leca2 mutant embryos (Fig. 1I, L, M). Intriguingly, however, 

while the hypoglossal projection itself appears normal also one day later at E11.5 (Fig. 
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1I’, L, M), we also observed aberrantly projecting somatic motor fibers in the SAN 

(arrowhead in Fig. 1I’). 

In contrast, analyses of Pax6Leca4 mutant embryos revealed that abducens 

projections are absent in 2/3 of the analyzed animals and severely diminished in the rest 

(0.33 ± 0.33) when compared to control littermates (6.42 ± 0.68) at E10.5 (Fig. 1E, G). 

Also at E11.5, hardly any abducens fibers were detected in Pax6Leca4 mutant embryos 

(1.38 ± 0.46 vs. 8.25 ± 0.45; Fig. 1E’, G). At the level of the hypoglossal nucleus, 

reduced numbers of hypoglossal rootlets leave the brainstem from the caudal-most 

positions of the hypoglossal nucleus (10.40 ± 1.11 vs. 18.92 ± 0.97) and form a thinner 

projection that, however, turns correctly for the tongue at E10.5 (7.79 ± 2.70 vs. 25.34 ± 

0.95) in embryos where the PAI sub-domain was mutated (arrow in Fig. 1J, L, M). At 

E11.5, the phenotype of PaxLeca4 mutant embryos is more heterogeneous when 

compared to what we observed in Pax6Sey mutants, where the hypoglossal projection 

itself was missing entirely and only a few fibers leaving the brainstem were observed 

(Fig. 1K). Here, we found embryos in which the hypoglossal nerve formed a projection 

towards the tongue, or, as depicted in Fig. 1 J’, hypoglossal rootlets met, but only a very 

thin, short projection migrated towards the vagal plexus. However, in all analyzed 

embryos, hypoglossal rootlets were significantly reduced in number (13.88 ± 1.53) when 

compared to control littermates (21.44 ± 1.30, Fig. 1L). At the CP, the hypoglossal 

projection was always significantly thinner (14.94 ± 2.66) than in littermate controls 

(26.18 ± 1.45, Fig. 1M). Interestingly, we found similar aberrant somatic motor 

projections in the SAN in Pax6Leca4 as already observed in Pax6Leca2 and Pax6Sey mutant 

embryos (arrowhead in Fig. 1J’). Analysis of coronal sections of the hindbrain at the 

level of the hypoglossal nucleus that was localized by expression of Hb9::eGFP 

revealed that in all three Pax6 mutant lines, somatic motor axons project to dorsal 

regions and aberrantly exit the neural tube at dorsal positions (Fig. S2A – D). 

We therefore conclude that the function of the PAI sub-domain is necessary for 

the correct establishment of the somatic motor projections of the abducens and the 

hypoglossal nerves of the hindbrain. Furthermore, our data suggest an involvement of 

both PAI and RED sub-domains in exit point designation of somatic motor projections at 

cranial levels. 
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Mutation of the PAI PD sub-domain affects sMN, but not interneuron generation 

similar to Pax6Sey at hindbrain levels  

To assess whether PD sub-domain specific functions are required for generation 

of genetically distinct motor neuron progenitors at the levels of the abducens and the 

hypoglossal somatic motor nuclei, we detected progenitor cells in the p3 and pMN 

domains by immunohistochemistry against Nkx2.2 and Olig2, respectively, on coronal 

sections of embryos that express Hb9::eGFP in all sMN and thus allow for an easy 

detection of both somatic motor nuclei in the developing hindbrain. In embryos where 

the RED domain was mutated, we observed normal generation of p3 and pMN domain 

at the level of the abducens nucleus. Quantification of the expansion of the p3 domain 

and number of Nkx2.2+, as well as quantification of Olig2+ somatic motor neuron 

progenitors showed no significant alterations in Pax6Leca2 mutant embryos when 

compared to control littermates at the time points E10.5 and E11.5 (Fig. 2A, A’, C, C’, G 

– I). Accordingly, progenitor domains were established normally at hypoglossal levels at 

both evaluated time points in embryos where the RED domain was mutated (Fig. 2B, B’, 

D, D’, G – I). Quite contrary, quantification of Nkx2.2+ cells revealed a significant 

increase of p3 progenitors at both abducens and hypoglossal levels in Pax6Leca4 mutant 

embryos. According to what was observed in embryos harboring the functional Null 

allele of Pax6 (Ericson et al., 1997b), the number of Olig2+ sMN progenitors was 

significantly reduced at both investigated time points at the levels of the abducens and 

the hypoglossal nuclei. The remaining sMN progenitors were interspersed in between 

elevated numbers of progenitors of the p3 domain that was expanded in size at the level 

of the abducens nerve and the hypoglossal nerve when compared to littermate controls 

(Fig. 2E, E’, F, F’, G – I). 

To analyze whether the altered patterning of the p3 and pMN domains causes a 

fate change during cranial motor neuron establishment, we assessed generation of 

bMN, vMN and sMN at hindbrain levels. The paired homeodomain transcription factors 

Phox2a and Phox2b critically contribute to the generation of motor neurons that derive 

from the p3 domain (Brunet and Pattyn, 2002). Employing immunohistochemical staining 

against Phox2a we visualized bMN and vMN at the level of the abducens and the 
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hypoglossal nuclei in E10.5 embryos. To localize the position of the abducens and the 

hypoglossal levels we took advantage of Hb9::eGFP expression, which is expressed 

only in sMN and their projections (Fig. 1, Fig. S2, Fig. 3D – F). Additionally, we utilized 

GFP expression to quantify sMN. In control embryos, a subset of Phox2a+ cells was 

observed in ventral regions, were these neurons are born. A second pool of neurons has 

already migrated to more dorsal positions, from where the axons of these neuronal 

populations exit the neural tube and innervate muscles of the head and neck (Fig. 3A, 

A’). In embryos where the RED domain was mutated, Phox2a+ motor neurons were also 

found at dorsal and ventral positions in the neural tube. Numbers of bMN and vMN did 

not vary significantly in Pax6Leca2 mutant embryos when compared to littermate controls 

(Fig. 3C, C’, G). sMN were generated at normal numbers at both abducens and 

hypoglossal levels (Fig. 3E, E’, G), reflecting our observations in wholemount embryo 

preparations, where both somatic motor projections were established normally in 

Pax6Leca2 mutants. Pax6Leca4 mutant embryos showed a phenotype similar to that of 

Pax6Sey mutants where the abducens nerve was missing entirely. Analysis of sMN at 

this level of the hindbrain revealed a severe reduction to 1.81 ± 0.34, while in control 

embryos 9.30 ± 0.64 GFP+ neurons were observed per section in the abducens nucleus 

(Fig. 3F, G). Accordingly, investigation of p3-derived motor neurons revealed a 

significant increase of Phox2a+ motor neurons at the level of the abducens nerve in 

Pax6Leca4 mutant embryos to 80.81 ± 13.50 when compared to control littermates (42.03 

± 3.80, Fig. 3E, G). At hypoglossal levels, the phenotype observed in Pax6Leca4 mutant 

embryos was more heterogeneous than in Pax6Sey mutant embryos – however, the 

hypoglossal projection was reduced: indeed, analysis of sMN numbers showed a 

significant decrease of Hb9::eGFP+ motor neurons in the hypoglossal nucleus of 

Pax6Leca4 mutants (22.05 ± 3.05), thus forming a thinner projection, when compared to 

control embryos (32.95 ± 2.08). Corresponding to that, numbers of Phox2a+ bMN and 

vMN were significantly elevated at the level of the hypoglossal nucleus in embryos 

where the PAI domain was mutated (Fig. 3E’, F’, G). 

Previous investigations concerning Pax6 function during embryonal development 

also found that in Pax6Sey mutant embryos, V2 and V1 interneurons are lost within the 

hindbrain (Ericson et al., 1997b). We set out to explore the differential role of the Pax6 
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PD sub-domains in interneuron generation by immunohistochemical detection of Chx10+ 

V2a interneurons and En1+ V1 interneurons at E10.5 (Fig. 3B, B’). Intriguingly, we 

observed V2a and V1 interneurons in both Pax6Leca2 and Pax6Leca4 mutant embryos. 

Neurons were generated at normal numbers and were correctly positioned within the 

cranial neural tube at both abducens and hypoglossal levels (Fig. 3D – E’, H). 

Taken together, our findings suggest that a functional PAI domain is required for 

correct progenitor domain patterning by establishing cross-repressive effects between 

the p3 and the pMN domains. The subsequent generation of the respective motor 

neuron subtypes and their peripheral projections at cranial levels is affected according to 

altered patterning of the progenitor zones upon mutation of the PAI PD sub-domain, 

while the RED domain plays only a minor, if any role during progenitor zone and motor 

neuron establishment. Interestingly, interneuron generation was not impaired by 

mutation of any of the Pax6 PD sub-domains, suggesting that one functional Pax6 PD 

sub-domain is sufficient for faithful establishment of ventral interneuron populations. 

 

Late, but not initial forelimb innervation is impaired in Pax6Sey mutant embryos or 

upon mutation of the PAI PD sub-domain 

While the importance of Pax6 for motor and interneuron generation at hindbrain 

levels is well established, its role at spinal levels is only poorly understood. We therefore 

analyzed innervation of the developing forelimb in wholemount embryo preparations at 

relevant time points: By E10.5, the 6 spinal nerves that contribute to the brachial plexus 

and will later on innervate the forelimb have converged in the plexus region at the base 

of the limb (Fig. 4A). At E11.5, first target specific bundles have formed and invaded the 

limb in control embryos (Fig. S3A). By E12.5, a stereotypical innervation pattern of the 

four main nerves innervating forelimb musculature is established: The 

musculocutaneous nerve (msc) will innervate proximal ventral limb musculature. Radial 

(1, 2) and ulnar nerves (4) innervate dorsal musculature of the proximal and distal 

forelimb and paw, respectively, while the median nerve (3) targets muscles of the distal 

ventral limb and paw (Fig. 4F). 

At E10.5, a plexus was formed in embryos with a functional Null allele of Pax6, as 

well as in embryos where either the RED or the PAI sub-domains of the Pax6 PD were 
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mutated. To determine whether pre-plexus fasciculation was affected or whether spinal 

nerves were thinned due to loss of fibers we calculated a fasciculation coefficient and 

found no significant differences when comparing Pax6Leca2, Pax6Leca4, and Pax6Sey 

mutant embryos to their respective control littermates (Fig. 4A – E). Accordingly, initial 

target specific branches were formed normally in all three Pax6 mutant mouse lines at 

E11.5 (Fig. S3A – D, arrowheads). By E12.5, distinct nerve branches are formed in all 

mutant lines. Gross morphology and positioning of those projections is comparable to 

what we observed in control embryos. However, while in Pax6Leca2 mutant embryos 

quantification of distal advancement of Hb9::eGFP+ motor axons into the limb and 

analysis of the individual thickness of these motor projections innervating the forelimb 

did not show any differences (Fig. 4G, J, K), aberrations were observed in Pax6Sey and 

in Pax6Leca4 mutants. In embryos where the PAI PD sub-domain was mutated, distal 

advancement of motor nerves was not affected. Quantification of the individual thickness 

of motor nerves innervating the forelimb showed that the median and ulnar nerves were 

established normally when compared to control littermates (Fig. 4H, K). Contrary to our 

observations in Pax6Leca2 mutants, musculocutaneous (msc in Fig. 4H, 13.47 ± 0.69 vs. 

16.10 ± 0.76) and radial nerves (2, arrow in Fig. 4H, 17.05 ± 0.75 vs. 21.85 ± 1.42), as 

well as the first branch of the radial nerve (1, arrowhead in Fig. 4H, 4.98 ± 0.88 vs. 8.08 

± 0.68) were significantly thinner in Pax6Leca4 mutant embryos. In Pax6Sey mutant 

embryos, distal advancement of motor axons into the distal limb was slightly reduced 

when compared to control littermates (0.60 ± 0.007 vs. 0.65 ± 0.006; Fig. 4I, J). 

Quantification of the individual thickness of motor nerves showed that median and ulnar 

projections are established normally in Pax6Sey mutants (Fig. 4I, K). The 

musculocutaneous (msc in Fig 4I) and radial (arrow in Fig. 4I) nerves, however, were 

significantly thinner in all analyzed mutant embryos (msc: 12.18 ± 0.73; rad: 11 ± 0.66), 

a phenotype which is very reminiscent of what we observed in Pax6Leca4 mutant 

embryos. Furthermore, in 2/3 of the analyzed embryos, the first ramus branching off the 

radial nerve was missing entirely in Pax6Sey mutant embryos, while in the remaining 

embryo it was severely reduced (arrowhead in Fig. 4I, 1.97 ± 0.72 vs. 8.08 ± 0.68). 

These findings suggest a minor role of Pax6 and both PD sub-domains during 

early targeting of motor axons to the plexus region and primary formation of target 
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specific branches. However, our observations argue for an involvement of Pax6 and 

especially the PAI domain during the sophisticated establishment of distinct motor 

branches at later stages. 

 

Generation of LMCl motor neurons is impaired upon mutation of the Pax6 PAI PD 

sub-domain and in Pax6Sey mutant embryos 

The alterations in peripheral motor innervation of Pax6Sey and Pax6Leca4 mutant 

embryos prompted us to investigate progenitor zone formation and establishment of 

limb-innervating motor neurons at brachial levels. As already observed at cranial levels, 

establishment of the p3 domain that contains Nkx2.2+ progenitor cells that at spinal 

levels give rise to V3 interneurons was not altered in Pax6Leca2 mutant embryos when 

compared to control littermates. Furthermore, also Olig2+ motor neurons progenitors 

were generated in normal numbers in embryos where the RED domain was mutated 

(Fig. 5B – C’, F – H). In Pax6Sey mutant embryos we observed an expansion of the p3 

domain (E10.5: 80.08 µm ± 8.07 vs 38.12 µm ± 2.96; E11.5: 147.1 µm ± 13.37 vs. 55.61 

µm ± 3.54). Numbers of p3 progenitor cells were increased (E10.5: 54.20 ± 4.46 vs. 

30.88 ± 1.17; E11.5: 61.04 ± 3.50 vs. 40.52 ± 2.48) while numbers of Olig2+ pMN 

progenitors were markedly reduced (E10.5: 6.47 ± 2.76 vs. 22.01 ± 2.73; E11.5: 2.871 ± 

1.12 vs. 14.06 ± 1.12) in Pax6Sey mutant embryos (Fig. 5E – H), a phenotype that is 

reminiscent of previous analyses of cranial patterning and motor neuron generation 

(Ericson et al., 1997b). Interestingly, while at cranial levels Pax6Leca4 mutant embryos 

show a similar phenotype with an increased p3 domain on the expense of the pMN 

domain as Pax6Sey mutants, at brachial levels the p3 domain is not expanded and also 

numbers of Nkx2.2+ progenitor cell do not differ significantly from control littermates (Fig. 

5D, D’, F, G). Furthermore, in contrast embryos with a functional Null allele of Pax6, in 

Pax6Leca4 mutant embryos normal numbers of Olig2+ motor neuron progenitors were 

observed at E10.5 (Fig. 5C, H). Intriguingly, however, by E11.5 we observed a drop in 

motor neuron progenitor numbers in Pax6Leca4 mutant embryos to 2.87 ± 1.12 while in 

control embryos at this time point 14.06 ± 1.12 Olig2+ progenitor cells were observed per 

spinal cord hemisphere at brachial levels (Fig. 5B’, D’, H). We therefore investigated the 

establishment of spinal motor neurons that form the lateral and medial aspects of the 
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LMC which later on innervate respective dorsal and ventral limb musculature, 

respectively. Immunohistochemistry against forkhead box P1 (FoxP1) labels all motor 

neurons of the LMC (Palmesino et al., 2010). For distinction of the medial and lateral 

LMC we used antibody staining against Isl1, determining LMCm motor neurons as 

FoxP1+/Isl1+ (magenta dashed lines in Fig. S4, Fig. 5), while LMCl motor neurons are 

characterized by FoxP1 expression in absence of Isl1 (cyan dashed lines in Fig. S4, Fig. 

5). Motor neurons that will form the lateral aspect of the LMC leave the cell cycle after 

LMCm motor neurons and have to migrate past these neurons to their final positions in 

the lateral ventral spinal cord (Kania et al., 2000). By E10.5, in control embryos and also 

in all three Pax6 mutant lines, motor neurons of both molecular subtypes are generated, 

however, sub-columns have not separated yet topographically, and the proportion of 

FoxP1+/Isl1+ LMCm motor neurons contributing to the entire LMC exceeds that of 

FoxP1+/Isl1- motor neurons of the LMCl (Fig. S4A – E). By E11.5, in wildtype embryos 

motor neurons of the medial and lateral LMC constitute 50% of the entire LMC, 

respectively, and have separated into two specific sub-columns within the ventral horn at 

brachial levels (Fig. S4F, J). In embryos where either the RED or the PAI sub-domain of 

the Pax6 PD were mutated, we observed no alterations in initial segregation and 

proportioning of motor neurons of the LMC in the respective medial and lateral sub-

columns (Fig. S4G, H, J). In Pax6Sey mutant embryos FoxP1+/Isl1+ and FoxP1+/Isl1- 

motor neurons segregate into lateral and medial aspects of the LMC (Fig. 4I). However, 

upon quantification of neurons contributing to the respective sub-columns, we found that 

the proportions are not equally distributed as observed in control embryos, but that the 

proportions of the LMCm (0.56 ± 0.03) exceeds the proportion of the LMCl (0.44 ± 

0.029, p≤ 0.03, Fig. S4J). At E12.5, we observed a reduction of individual nerve 

thickness of specific nerve branches that innervate dorsal limb musculature in whole 

mount preparations of both Pax6Sey and Pax6Leca4 mutant embryos. When we quantified 

proportions of motor neurons contributing to the LMCm and LMCl, we found that in 

contrast to the wildtype situation where FoxP1+/Isl1+ and FoxP1+/Isl1- motor neurons 

contribute to the entire LMC in equal proportions (Fig. 5I, M), in Pax6Sey and Pax6Leca4 

mutant embryos the LMCl subpopulation is markedly reduced when compared to the 

proportion of the LMCm (Fig. 5K – M, Pax6Sey: 0.46 ± 0.02 vs 0.54 ± 0.02, p≤ 0.03; 
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Pax6Leca4: 0.46 ± 0.01 vs. 0.54 ± 0.01, p≤ 0.0006). In Pax6Leca2 mutant embryos, no 

alterations in the individual thickness of motor nerves innervating the distal forelimb were 

observed at E12.5. We also observed no significant alterations (p=0.06) in LMC motor 

neuron segregation at this time point (Fig. 5J, M). 

Thus, in the brachial spinal cord, the functional Null allele of Pax6 impacts on 

progenitor domain formation in a similar way as at cranial levels with an expansion of the 

p3 domain at the expense of the pMN domain. Intriguingly, neither mutation of the RED 

or the PAI domain affects formation of the p3 domain, and also motor neuron 

progenitors are initially generated at normal numbers. Nevertheless, the overall 

reduction of motor neuron progenitors in Pax6Sey mutant embryos, as well as the drop in 

progenitor cell numbers at E11.5 in Pax6Leca4 may account for reduced numbers of late-

born LMCl motor neurons. 

  

Sp8 facilitates boundary formation between p3 and pMN progenitor zones and 

establishment of medial motor column (MMC) neurons 

 Previous investigations showed that the zinc finger protein Sp8 plays a 

supplementary role to Pax6 during the establishment of the boundary between the p3 

and the pMN domains. While at rostral levels of the neural tube, Pax6 alone is 

responsible for the establishment of this boundary, at brachial level loss of Pax6 function 

leads to a rather mosaic pattern of an expanded p3 domain and interspersed motor 

neuron progenitors (Fig. 5E; E’). At lumbar levels, loss of Pax6 alone does not impair 

formation of boundaries between p3 and pMN domain at all. Upon combined 

abolishment of Pax6 and Sp8, however, disruption of the p3/pMN domain boundary was 

observed along the entire rostro-caudal axis of the spinal cord (Li et al., 2014). 

 Given the fact that Sp8 is also involved in the establishment of motor neurons 

upon repression of Nkx2.2 expression and is retained in a subpopulation of MMC 

neurons (Li et al., 2014), we analyzed the expression pattern and generation of MMC 

motor neurons in embryos with a functional Null allele of Pax6, or where the RED or PAI 

PD sub-domains of the Pax6 PD were mutated. In control embryos, expression of Sp8 

overlaps with expression of Olig2 in motor neuron progenitors, while it forms a boundary 

with Nkx2.2+ progenitor cells of the p3 domain at E11.5 (Fig. 6A). Furthermore, Sp8+ 
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cells leave the progenitor domains of the ventricular zone and migrate to more ventro-

lateral positions within the brachial spinal cord (arrows in Fig. 6A). Also in embryos, 

where the RED PD sub-domain was mutated, the domain containing Sp8+ cells was 

established normally and formed a boundary with progenitors of the p3 domain. 

Moreover, Sp8+ cells were migrating to the ventral horn of the spinal cord (arrows in 

Fig.6B, E, F). In Pax6Sey mutant embryos we observed an overlap of the expanded 

domain containing Nkx2.2+ and Sp8+ cells (bracket in Fig. 6D). While the Sp8+ domain 

was established more or less normally according to its dorso-ventral extent (Fig. 6E), we 

observed a marked decrease of neurons leaving the ventricular zone and migrating to 

the ventral horn (arrows in Fig. 6D, 3.81 ± 1.62 vs. 16.28 ± 1.61). Interestingly, in 

Pax6Leca4 mutant embryos, a clear border was formed between the p3 and the pMN 

domain by Sp8+ cells, prohibiting dorsal expansion of the p3 domain, however, the 

domain containing Sp8+ cells itself was expanded dorsally when compared to control 

littermates (362.90 ± 9.72 vs. 263.10 ± 13.99, p≤ 0.01). In accordance with the drop of 

Olig2+ motor neuron progenitors, however, we observed that significantly less Sp8+ cells 

migrated to lateral positions in the ventral horn of the spinal cord when compared to the 

wildtype situation (2.91 ± 1.39 vs. 15.63 ± 2.20). We next analyzed formation of the 

MMC utilizing fluorescent immunohistochemistry against Isl1 and Lim3. Upon mutation 

of the RED Pax6 PD sub-domain, no alterations in motor neurons numbers within the 

medial motor columns were detected when compared to control embryos (Fig. S5A, B, 

E). Also a closer investigation of Isl1+/Lim3+/Sp8+ motor neurons revealed no significant 

difference in the generation of motor neurons that form this specific sub-population of 

the MMC (Fig. 6G, H, K) in Pax6Leca2 mutant embryos in comparison with wildtype 

embryos.  

In contrast, mutation of the PAI Pax6 PD sub-domain, and also the functional Null 

allele of Pax6 resulted in a significant reduction of motor neurons that comprise the 

medial motor column (Pax6Leca4: 10.97 ± 1.36, Pax6Sey: 9.86 ± 1.90) when compared to 

control embryos (19.30 ± 1.23, Fig. S5A, C – E). A closer investigation of these motor 

neurons according to the expression of Sp8 revealed that indeed also the amount of 

these cells was significantly reduced in Pax6Leca4 (1.76 ± 0.60) and Pax6Sey (1.15 ± 0.58) 

mutant embryos when compared to littermate controls (7.31 ± 0.32, Fig. 6G, I – K). To 
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further investigate the impact of this loss of MMC neurons, we analyzed the 

establishment of intercostal projections in wholemount embryo preparations by 

quantifying a fasciculation coefficient for the first 7 intercostal nerves. In Pax6Leca2, 

intercostal projections were established normally and showed no alterations in the 

coefficient, when compared to littermate controls (Fig. S5G, K, N). Quite contrary, 

intercostal projections were reduced in thickness in both Pax6Leca4 and Pax6Sey mutant 

embryos, resulting in a significantly reduced coefficient for both analyzed time points 

(Fig. S5H, I; L – N), reflecting the loss of MMC motor neurons within the spinal cord. 

We therefore conclude that either a functional PAI or RED PD sub-domain is 

sufficient to establish correct boundaries between the p3 and the pMN domain. While 

Sp8 appears to contribute to this boundary formation, mutation of the PAI domain results 

in a marked reduction of Sp8+ MMC motor neurons and their peripheral projections. 

Furthermore, specifically the PAI domain appears to be involved in the developmental 

containment of Sp8+ progenitor cells at more dorsal positions of the spinal cord. 

 

Expression of Ngn1 and 2 is altered upon selective mutation of the PAI PD sub-

domain 

Proneural basic helix-loop-helix (bHLH) transcription factors play an important 

role in triggering neuronal differentiation. For instance, bHLH factors of the Neurogenin 

(Ngn) family, namely Ngn1 and Ngn2, promote cell cycle exit and coordinate 

neurogenesis from different neuronal progenitors, before they are downregulated upon 

differentiation of motor and interneuron subpopulation in the ventral spinal cord 

(Bertrand et al., 2002; Farah et al., 2000; Lee et al., 2005; Quinones et al., 2010; 

Scardigli et al., 2001). Our observations showed a decrease in sMN precursors in 

embryos where the Pax6 PAI PD sub-domain was mutated. Furthermore, while the 

boundary between Sp8+ pMN and Nkx2.2+ p3 progenitor domains was established 

normally, the Sp8+ domain was expanded towards more dorsal positions of the brachial 

spinal cord. These findings prompted us to investigate Ngn expression in domains 

containing neuronal precursors for motor and interneuron generation at brachial spinal 

levels. In Pax6Leca2 mutant embryos, Ngn1 and 2 were normally expressed at dorsal and 

ventral positions within the spinal cord, when compared to control littermates (Fig. 6H, I, 
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L-N). The functional Null allele in Pax6Sey mutant embryos resulted in a wildtype-like 

expression of Ngn1 (Fig. 6K, L), while Ngn2 expression was present, but largely reduced 

(Fig. 6P). Interestingly, in Pax6Leca4 mutant animals, the domain containing Ngn1+ cells 

was enlarged according to the enlargement of the domain containing Sp8+ precursors 

(Fig. 6K, L; 0.42 ± 0.022) when compared to control littermates (0.28 ± 0.01, p≤ 0.004). 

Furthermore, also expression of Ngn2 was upregulated along the ventricular zone, and, 

as opposing to what we observed upon selective mutation of the RED PD sub-domain or 

in embryos bearing a functional Null allele of Pax, Ngn2 was still expressed in the pMN 

domain (arrow in Fig. 6O), and thus can promote cell cycle exit of Olig2+ progenitors. 

Given the fact that Pax6Leca4 mutant embryos show decreased motor neuron numbers, 

and both Ngn1 and 2 have been shown to trigger generation of interneurons and/or 

motor neurons upon interaction e.g. with Olig2, this prompted us to further investigate 

interneuronal subtype generation in the ventral spinal cord. 

 

V2a and V2b interneuron numbers are increased in number upon mutation of the 

Pax6 PAI PD sub-domain 

The three different V2 interneuron subpopulations derive from a common p2 

domain, which is located dorsally to the pMN domain (Fig. S6A). The Lim HD 

transcription factor Lim3 promotes differentiation of Delta-like-4+ progenitors to V2a 

interneurons that express the homeobox transcription factor Chx10 (Crone et al., 2008). 

We found comparable total numbers of Lim3+ cells in Pax6Leca2 and Pax6Sey mutant 

embryos when compared to control littermates, however, in Pax6Sey mutant embryos the 

dorso-ventral extent of these neurons that give rise to V2a interneurons was diminished 

(Fig. S6B, C, E – G, p<0.001). Interestingly, while in Pax6Leca4 mutant embryos 

Lim3+/Isl1+ neurons that constitute the MMC where reduced in number (Fig. S5C, E), the 

total number of Lim3+ cells in the ventral spinal cord was elevated almost 2-fold to 120.9 

± 7.91 cells per spinal cord hemisphere when compared to 66.83 ± 8.56 cells in wildtype 

embryos (Fig. 7D, E, p<0.001). Furthermore, close to the ventricular zone these cells 

covered a larger dorso-ventral extent than in control embryos (110.1 µm ± 1.56 vs. 

68.29 µm ± 1.99, Fig. S6B, D, F, G) 



20 

 

Progenitor cells in the p2 domain that express Foxn4 and Ascl1 upon activation of 

Notch1 block molecular pathways that lead to the formation of V2a interneurons and are 

driven towards a V2b/c fate (Del Barrio et al., 2007; Yang et al., 2006). We performed in 

situ hybridization against Foxn4 and fluorescent immunohistochemistry against Ascl1 to 

analyze their expression pattern in the p2 domain. When compared to control embryos, 

we could not detect a difference in the number or the extent of the domain containing 

Foxn4+ progenitor cells in embryos where the RED PD sub-domain was mutated or in 

Pax6Sey mutant embryos (Fig. S6H, I, K - M). Interestingly, while the extent of the 

domain containing Ascl1+ cells was not altered in Pax6Sey mutant embryos, the number 

of Ascl1+ cells itself was diminished in Pax6Sey mutant embryos (Fig. S6Q – S, p≤0.01). 

This was not the case upon selective mutation of the Pax6 RED PD sub-domain (Fig. 

S6O, R, S). Intriguingly, we observed a drastic increase of the size of the p2 domain 

containing Foxn4+ and Ascl1+ cells, as well as an increased amount of these V2b 

interneuron progenitors upon mutation of the PAI PD sub-domain (Fig. S6 J, L, M, P, R, 

S). 

Despite being generated in the same progenitor domain in the spinal cord, 

differentiated V2 interneurons acquire separate molecular identities and obtain different 

functions during adulthood. Excitatory Chx10+ V2a interneurons are found already by 

E10.5 in wildtype embryos (data not shown) and establish a distinct patterning with two 

well-defined neuronal pools in the brachial ventral spinal cord by E11.5 (Fig. 7A, B). 

Inhibitory Gata2+ V2b interneurons form similar pools in-between V2a interneurons, and 

V2b derived Sox1+ V2c interneurons gather in a medio-ventral position within the ventral 

spinal cord (Fig. 7A, G). En1+ V1 interneurons and Sim1+ V3 interneurons that are 

generated from respective precursors in the p1 and p3 domains are located dorsally to 

V2 interneurons, or ventral to the zone where sMN are generated, respectively (Fig. 

S6A, Fig. 7A). At cranial and high cervical levels, V1 and V2 interneurons were observed 

to be absent, while V3 interneurons were increased due to a fate change from sMN to 

the V3 neuronal subtype in Pax6Sey mutant embryos (Ericson et al., 1997b). 

Investigation of interneuron generation at brachial levels in Pax6Sey mutant embryos 

revealed that according with the smaller progenitor domain, V2a interneurons are not 

absent, however, they are generated at lower numbers by E11.5 (20.58 ± 2.06, Fig. 7E, 
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F) when compared to control littermates (42.35 ± 3.74. Also V2b and V2c interneurons 

that derive from common progenitors were diminished in Pax6Sey mutant embryos (Fig. 

7J – L). In accordance with our data from cranial and high cervical levels, we found a 

complete absence of En1+ V1 interneurons from Pax6Sey mutant brachial spinal cord 

(Fig. 7P, Q), while En1 expression e.g. in the lateral mesenchyme of the shoulder was 

not affected (Fig. S7). Furthermore, consistent with the expansion of the p3 domain, we 

also found enhanced generation of V3 interneurons in embryos with a functional Null 

allele (Fig. 7U, V). Previous investigations of Pax6Leca2 mutant embryos concerning 

progenitor zone formation revealed no obvious differences from the wildtype situation. In 

accordance, also analyses of spinal V1, V2, and V3 interneuron populations did not 

show significant alterations in interneuron cell numbers. V2a, V2b, and V2c interneurons 

were generated at normal numbers and were correctly localized within the brachial 

ventral spinal cord (Fig. 7, C, F, H, K, L). Also V1 and V3 interneurons were correctly 

positioned and showed no alterations in cell number in embryos where the Pax6 RED 

PD sub-domain was mutated (Fig. 7N, Q, S, V).  

Intriguingly, upon mutation of the PAI PD sub-domain, we found that already at 

E10.5, V2a interneuron numbers are increased significantly (data not shown). This 

phenotype is evident even more drastically one day later, where Chx10+ V2a 

interneurons are rather spread over the entire medio-lateral extent between ventricular 

zone and the zone where sMN of the LMC and MMC reside. Cell numbers were 

increased more than twofold from 43.83 ± 4.12 cells per spinal cord hemisphere in 

wildtype embryos to 94.48 ± 5.81 cells in Pax6Leca4 mutant embryos (Fig. 7D, F). 

Interestingly, the increase of V2a is not due to a fate change of V2b interneurons due to 

an altered molecular setup of progenitor cells: In accordance with the increased 

numbers of V2b progenitors in the p2 domain, we also found an increase of Gata2+ V2b 

interneurons to 59.31 ± 12.43 cells in mutant embryos, when compared to 27.20 ± 1.74 

cells in control littermates (Fig. 7I, K). Interestingly, the numbers of V2c interneurons that 

derive from a subset of V2b interneurons were not altered in number upon mutation of 

the Pax6 PAI PD sub-domain (Fig. 7I; L). Within the hindbrain we observed an 

expansion of the p3 domain at the expense of the pMN domain in Pax6Leca4 mutant 

embryos, leading to an increase of p3 derived motor neurons on the expense of sMN as 
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observed in Pax6Sey mutant embryos. At brachial spinal level, this expense of the p3 

domain and increased V3 interneuron generation was still observed in Pax6Sey mutants, 

while in Pax6Leca4 mutant embryos the p3 domain was established normally in size and 

progenitor cell number. Consistent with these findings, the number of V3 interneurons 

was normal (Fig. 7T, V). Interestingly, while Ngn1 has been reported to trigger V1 

interneuron generation (Quinones et al., 2010), V1 interneurons that derive in the p1 

progenitor zone dorsally of the altered p2 domain were established in normal numbers in 

Pax6Leca4 mutant embryos even though the domain containing Ngn1+ precursors was 

enlarged (Fig. 6I) when compared to littermate controls (Fig. 7O, Q). 

We therefore conclude that the Pax6 PAI PD sub-domain acquires distinctive 

roles in cranial and brachial spinal cord: At cranial levels it promotes generation of sMN, 

while loss of function favors generation of bMN and vMN. In contrast to cranial levels, 

where the PAI PD sub-domain does not play a role in interneuron generation, it is 

specifically involved in pMN-p2 boundary formation and the containment of V2a and V2b 

interneuron generation at brachial levels, while no effects were observed on the 

generation of V1 and V3 interneurons. Intriguingly, loss of function of the Pax6 RED PD 

sub-domain can be compensated for in most of the analyzed paradigms. 

 

 

Discussion 

Locomotor behavior depends on the precise formation of connections between 

motor neurons and their peripheral target muscles and requires the coordinated activity 

of numerous neuronal subtypes. Thus, developmental regulator genes occupy crucial 

positions in the genetic networks that tightly control faithful stem and progenitor cell 

proliferation, as well as cell fate, patterning decisions, and axonal connectivity. Within 

the vertebrate hindbrain, cross-repressive interaction between the Shh-induced 

transcription factor Nkx2.2 and the Shh-repressed transcription factor Pax6 

characterizes the respective p3 and pMN progenitor domains that give rise to distinct 

motor neuron populations (Ericson et al., 1997b; Osumi et al., 1997). Interestingly, the 

bi-partite PD of Pax6 is which is mainly involved in neuronal generation reveals a 

differential functionality of the PAI and RED sub-domains during cortical development 
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(Walcher et al., 2013), raising the question whether also at hindbrain and spinal levels, 

neuronal generation may depend on sub-domain specific activity of Pax6 (summarized 

in table 1). 

 

The Pax6 PAI PD sub-domain specifically facilitates patterning of ventral motor 

progenitor domains in the hindbrain 

The pairs of class I and class II transcription factors that refine progenitor domain 

boundaries within the developing neural tube are potent repressors of each other’s 

expression (Briscoe et al., 2000). Upon loss of this cross-repressive interaction e.g. in 

Pax6Sey mutant embryos, the ventral p3 progenitor domain expands to more dorsal 

regions of the neural tube, on the expense of more dorsally localized progenitor domains 

and their respective derivatives (Ericson et al., 1997b; Osumi et al., 1997; Takahashi 

and Osumi, 2002). The intriguing fact that Pax6 not only utilizes its modular structure to 

perform distinct functions via its PA and HD (Haubst et al., 2004; Ninkovic et al., 2010), 

but even individual sub-domains of the PD that can exert distinct functions (Walcher et 

al., 2013) generates a new level of complexity for transcriptional regulation by one and 

the same transcription factor. Interestingly, only upon mutation of the Pax6 PAI PD sub-

domain, p3-pMN domain patterning and subsequent generation of somatic motor 

neurons was affected in a way that is very comparable to what was observed in Pax6Sey 

mutant mice. While these findings support the hypothesis that mainly the PAI PD sub-

domain is involved in patterning events that direct motor neuron generation within the 

hindbrain, it still needs to be elucidated whether the PAI domain redundantly 

compensates for loss of RED PD sub-domain function in Pax6Leca2 mutant embryos, or 

whether the RED sub-domain is not involved at all in cross-repressive interaction with 

Nkx2.2. Intriguingly, in embryos where either Pax6 PD sub-domain was selectively 

mutated, we observed normal generation of V1 and V2 interneurons within the 

hindbrain, which is in stark contrast to what was observed in Pax6Sey mutant embryos, or 

the expansion of the p2 domain and increased generation of V2 interneurons at brachial 

levels in embryos where the Pax6 PAI PD sub-domain was mutated. Thus, while our 

findings reveal a negligible, if any role for the RED PD sub-domain during motor 
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progenitor zone formation, it appears that either PD sub-domain is sufficient to induce 

faithful ventral interneuron generation within the vertebrate hindbrain. 

 

Exit point designation of hindbrain somatic motor axons is defective in Pax6 

mutant embryos 

 

Analyses of wholemount embryo preparations of Pax6Leca2, Pax6Leca4 and Pax6Sey 

mutant embryos revealed Hb9::eGFP positive fibers in the spinal accessory nerve (SAN) 

that is a pure bMN nerve (Guthrie, 2007). In Pax6Sey mutants and upon selective 

mutation of the PAI PD sub-domain, sMN change their fate into bMN due to altered 

patterning of the p3 and pMN progenitor domains (Ericson et al., 1997b). However, at no 

time point, Hb9::eGFP is expressed in these motor neurons, and in Pax6Leca2 mutants 

generation of these neuronal subsets was not affected at all, thus arguing for a different 

origin of these “somatic” motor fibers: either sMN mismigrate to more dorsal positions in 

the neural tube and exit the neural tube at the wrong place, or somatic motor projections 

are misguided within the spinal cord to dorsal positions where normally branchio- and 

visceromotor axons leave the hindbrain. Indeed, we found that the latter option is true: 

somatic motor neurons reside at their ventral positions within the neural tube, however, 

in all three Pax6 mutant lines, aberrant projections towards dorsal exit points were 

observed. Expression of the G-protein coupled receptor Cxcr4 was shown to enable 

somatic motor axons to identify their ventral exit points from the neural tube by 

interaction with its cytokine ligand Cxcl12 that is secreted by mesenchymal cells flanking 

the spinal cord and caudal hindbrain. Mutation of either receptor or ligand results in a 

similar phenotype as we observed in Pax6 mutant embryos: Hb9::eGFP+ somatic motor 

axons projected to dorsal positions and left the neural tube vial dorsal exit points 

(Lieberam et al., 2005). Interestingly, microarray analysis performed on cerebral cortices 

of Pax6Sey, Pax6Leca2 and Pax6Leca4 revealed differential expression of either Cxcl12 

directly, or one of the two Cxcl12-receptors, namely Cxcr7. A distinctive feature of Cxcr7 

is its high affinity for Cxcl12 and its ability to mediate efficient uptake and degradation of 

Cxcl12. Since Cxcr4 is rapidly degraded upon binding to Cxcl12, co-expression of Cxcr7 

as a decoy receptor strongly influences Cxcl12-Cxcr4 dependent guidance: e.g., 
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expression of Cxcr7 by non-migratory cells helps to shape chemokine gradients, or, in 

its function as decoy receptor, Cxcr7 is involved in sustaining responsiveness of the 

Cxcr4 pathway by preventing excessive degradation (Boldajipour et al., 2008; Haege et 

al., 2012; Hoffmann et al., 2012; Sánchez-Alcañiz et al., 2011). Up-regulation of Cxcr7, 

as observed in Pax6Leca4 mutant cortices, thus may effectively prevent Cxcl12 from 

binding to Cxcr4 and ultimately result in the same axon guidance phenotype as down-

regulation of Cxcl12, which was observed in Pax6Leca2 mutant cortices (Walcher et al., 

2013). It is thus possible that the two Pax6 PD sub-domains are differentially involved in 

the regulation of the Cxcl12-Cxcr4 system at hindbrain-levels. Investigations of earlier 

time points (E9.5) are therefore required to critically analyze expression the patterns of 

receptor-ligand systems involved in exit point designation. 

 

p3-pMN boundary formation is established normally upon mutation of the PD sub-

domains at brachial levels  

While the importance of Pax6 for neuronal specification in the hindbrain has been 

extensively demonstrated, it is still poorly understood how Pax6 affects the generation of 

motor and interneurons at brachial spinal levels. A study by Lei et al., investigating 

downstream factors of Pax6 signaling to establish faithful boundary formation between 

the p3 and the pMN domain revealed that Pax6 inhibits expression of Nkx2.2 in sMN 

progenitors by regulating the spatially restricted expression of the extracellular Wnt-

inhibitor sFRP2, and Tcf4, which is a mediator of canonical Wnt-signaling in the pMN 

domain. Loss of sFRP2 results in similar patterning defects as in Pax6Sey mutant 

embryos with a dorsal expansion of the p3 domain. In embryos harboring the functional 

Null allele of Pax6, sFRP2 is lost, and Tcf4 is downregulated in the ventral spinal cord, 

arguing that Pax6 controls ventral patterning by regulating Wnt signaling status in 

neuronal progenitors (Hurlstone and Clevers, 2002; Kawano and Kypta, 2003; Lei et al., 

2006). Interestingly, previous investigations by Li and colleagues revealed a diminishing 

importance for Pax6 itself for faithful patterning of progenitor zones in the ventral spinal 

cord according with the rostro-caudal position of the spinal cord: While at brachial 

positions the p3 domain is still enlarged, Sp8 was at least partially downregulated, and 

the pMN domain is diminished, progenitor zones are established largely normal at 
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lumbar and sacral levels in Pax6Sey mutant embryos. Only upon additional removal of 

Sp8, a similar expansion of the p3 domain at the expense of the pMN domain could be 

observed within the caudal spinal cord (Fig. 8A – D, Li et al., 2014). These findings 

coincide with observations of embryos where sFRP2 was eliminated, and a dorsal 

expansion of the p3 domain was also observed at lumbar levels (Lei et al., 2006). 

Intriguingly, in embryos where the Pax6 PD sub-domains were mutated selectively, the 

p3 domain was established normally, suggesting that the signaling pathways containing 

Nkx2.2 expression in pMN progenitor cells are still functioning. Indeed, Sp8 has been 

identified only recently to be Wnt-responsive (Dunty et al., 2014), arguing for a 

redundant function for both PAI and RED sub-domains for regulation of Wnt-signaling at 

the p3-pMN border at brachial levels to establish proper progenitor cell patterning in 

collaboration with Sp8. Further investigations concerning Sp8 expression in sFRP2 

mutant mice and combinatorial elimination of Sp8 together with either the PAI or RED 

Pax6 PD sub-domains are required to determine the molecular mechanisms for correct 

boundary formation (Lei et al., 2006; Treichel et al., 2003). 

 

Pax6 is essential for the generation of MMC and late born LMCl motor neurons 

 

Interestingly, generation of specific motor neuron subsets was affected in both 

Pax6Sey and PaxLeca4 mutant embryos. LIM homeodomain protein function is required to 

establish both the generic and columnar identities of motor neurons: Isl1 function, for 

example is required for the generation of all motor neurons (Pfaff et al., 1996), while 

Lhx3 and Lhx4 have more selective roles in the specification of motor neuron columnar 

identity (Sharma et al., 1998). Within the hindbrain, all sMN can be identified by the 

combined expression of these transcription factors, while at spinal levels, MMC neurons 

innervating axial musculature retain expression of Lhx3 and Lhx4 (Kania et al., 2000). In 

both mouse lines, this motor neuron population is decreased in cell numbers, which, 

however, might be caused by different reasons: In Pax6Sey mutant embryos an 

expanded p3 domain suggests a fate change towards V3 interneurons. In Pax6Leca4 

mutant embryos, V3 interneurons are generated at normal numbers, arguing against a 

motor neuron to V3 interneuron switch. One interesting fact that both lines share is that 
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Pax6, or more specifically the Pax6 PAI PD sub-domain impacts on generation of a 

subset of MMC motor neurons that express Lim3+/Isl1+/Sp8+. Therefore it is likely, that to 

a certain extent not only an expanded p3 domain is responsible for the loss of MMC 

neurons, but rather interaction of Pax6 with Sp8 via the PAI domain is essential for the 

generation of these specific MMC neurons. Interestingly, also for MMC neuron 

generation, the Wnt-signaling pathway was shown to play a critical role. Wnt4 is highly 

expressed in the p3 domain and facilitates MMC neuron generation from the most 

ventrally positioned Olig2+ progenitor cells in the pMN domain. In Wnt4-/- mutant mice, 

generation of MMC motor neurons is significantly diminished, switching fate to columnar 

generated motor neurons, e.g. motor neurons of the hypaxial motor column at thoracic 

levels (Agalliu et al., 2009). Whether expression of Wnt4 is affected in Pax6Sey and 

Pax6Leca4 mutant embryos still needs to be elucidated 

Next to molecular features, also differences in cell cycle exit further determine 

the sub-columnar identities of motor neurons: motor neurons that will form the medial 

aspect of the LMC leave the cell cycle before motor neurons of the prospective LMCl 

that have to migrate past the LMCm neurons to their final positions in the lateral ventral 

spinal cord. Secretion of Raldh2 by the early born motor neurons initiates down-

regulation of Lhx3 and Isl1 in motor neurons of the LMCl, and activates Lim1 that 

controls growth of LMCl axons towards dorsal limb musculature (Kania et al., 2000). In 

both Pax6Sey and Pax6Leca4 mutant embryos, total numbers of neurons of the LMC are 

not affected, however, proportions are shifted from the lateral towards the medial LMC. 

In accordance with this, projections to dorsal limb musculature were markedly thinned in 

these animals. Whether this shift is a result of diminished generation of only the LMCl 

sub-population of LMC motor neurons, or whether MMC motor neurons undergo a 

similar switch from non-columnar MMC to columnar LMCm motor neurons at brachial 

levels as observed for thoracic HMC neurons in Wnt4-/- mutant mice, and thus may 

compensate for a loss of this specific motor neuron subtype still needs to be elucidated. 

Previous studies report, that while motor neuron generation is delayed and/or 

severely diminished in Pax6Sey mutant embryos, generation of oligodendrocyte 

precursors from the ventral-most compartment of the pMN domain is only slightly 

retarded during early oligodendrocyte generation (E13.5), and indistinguishable from the 
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wildtype situation at later stages (E18.5; Sun et al., 1998). In both Pax6Sey and Pax6Leca4 

mutant embryos, a subset of Olig2+ precursors are still present, their very ventral 

position arguing for oligodendrocyte precursor generation from this specific subset of 

cells. Furthermore, it has been established that Reelin+ and Slit1+ astrocytes are 

generated in response to combinatorial activity of Pax6 and Nkx6.1, respectively. While 

loss of Pax6 causes loss of Reelin+ astrocytes, other astrocyte populations exhibited 

aberrant proliferation patterns and immature differentiation, thus inhibiting astrocyte 

maturation (Hochstim et al., 2008; Sakurai and Osumi, 2008). Analyses of embryos in 

which the respective Pax6 PD sub-domains were mutated will substantially contribute to 

further dissect the molecular mechanisms of Pax6 activity and the structure-function 

relationships of this protein according to glia cell generation. 

 

The Pax6 PAI PD sub-domain facilitates pMN-p2 progenitor domain patterning at 

brachial spinal levels 

 

In contrast to observations in Pax6Sey mutant embryos, generation of V3 and V1 

interneurons at brachial levels is taking place normally in embryos where either the PAI 

or the RED PD sub-domains are mutated. While at hindbrain levels specifically the PAI 

domain is still involved in correct patterning of the p3 and pMN progenitor domains, 

interneuron generation from the p2 and p1 domains seems to be mediated redundantly 

by both sub-domains at cranial levels. Intriguingly, though, while this appears to be the 

case also for the p3 and p1 domains in the brachial neural tube, patterning of the p2 

domain is particularly altered upon selective mutation of the PAI PD sub-domain. In 

embryos with a functional Null allele of Pax6, this domain is slightly diminished and gives 

rise to fewer interneurons, which results from a lack of activation of the direct Pax6 

target gene Ngn2 which plays a critical role for induction of V2 interneuron generation, 

and its loss recapitulates diminished generation or lack of motor and interneurons 

already observed upon mutation of Pax6 (Bel-Vialar et al., 2007; Scardigli et al., 2001). 

At least three different enhancers regulate the expression of Ngn2, and their dorso-

ventral expression-pattern is critically involved in the coordination of homeodomain 

transcription factors involved in neuronal subtype generation within the ventral spinal 
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cord. Enhancer E1, e.g. is important for the generation of V1 interneurons, and is lost in 

Pax6Sey mutant embryos, while the domains containing the E2 and E3 enhancers which 

are involved in V3, V2, and motor neuron generation were enlarged upon loss of Pax6 

(Scardigli et al., 2001). Furthermore, the phosphorylation status of Ngn2 at two specific 

serine residues is of critical importance for the interaction with LIM homeodomain 

transcription factors to generate motor neurons, while in its unphosphorylated state, 

Ngn2 promotes V2 interneuron generation (Ma et al., 2008). However, it still needs to be 

determined whether mispatterning of progenitor zones holds responsible for aberrant 

generation of neuronal populations in the ventral spinal cord, or if also post-translational 

modifications are involved. Interestingly, when compared to selective mutation of the PAI 

PD sub-domain, various phenotypes look most severe or opposite in Pax6Sey mutant 

embryos. Depending on which truncated form of Pax6 is present in the analyzed 

animals, nonsense-mediated decay or rapid protein degradation take place, effectively 

preventing binding of mutated Pax6 to its respective binding sites (Numayama-Tsuruta 

et al., 2007; Tzoulaki et al., 2005). In the Pax6Sey mutant mouse line, which was 

determined to harbor a functional Null allele (Ramaesh et al., 2009), however, truncated 

protein is still detectable (Numayama-Tsuruta et al., 2007), thus, it is likely that the 

remaining PD binds to its respective targets, however, is unable to properly interact with 

other proteins due to the lack of the remaining domains, thus acting as a dominant 

negative. In Pax6Leca2 and Pax6Leca4 mutant embryos, the respective PAI and RED sub-

domains of the Pax6 PD were selectively mutated, while all other domains are still 

functional, thus enabling other protein-protein and protein-DNA interactions, in the case 

of Ngn2 also driving generation of neurons (Lee et al., 2005). Upon mutation of the PAI 

PD sub-domain, we found that Ngn2 is still highly expressed in the ventricular zone, 

arguing for alterations in the reciprocal regulation of Pax6 and Ngn2 expression and 

maintenance in the spinal cord, which very likely affects both progenitor cell proliferation 

and differentiation to mature neurons (Bel-Vialar et al., 2007; Scardigli et al., 2001). This, 

and the fact that both PAI and RED sub-domains may compensate to a certain extent for 

the loss of the other domain very likely account for the fact that various phenotypes look 

most severe (e.g. missing V1 interneurons) or opposite (increased levels of V2 

interneurons) in the Pax6Sey mutant mouse line.  
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 Thus, our findings indicate selective roles of the Pax6 PAI PD sub-domain during 

patterning events of neuronal progenitor domains that are distinct at different levels 

within the neural tube. While at cranial levels it regulates boundary formation between 

the p3 and pMN domain, at brachial levels increase of V2 interneurons implicates a 

selective involvement of the PAI PD sub-domain for the correct establishment of the 

patterning of the pMN and p2 domains. Interestingly, the RED PD sub-domain, while not 

playing a role for neuronal generation at either level within the neural tube, affects 

axonal pathfinding of hypoglossal axons within the hindbrain. 
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Tables 

Position in the neural tube Pax6
Sey 

Pax6
Leca4 

Pax6
Leca2 

Abducens nucleus 
 
Progenitor domains 
 
Motor neurons 
 
Peripheral projections 
 
Interneurons 

 
 
↑ p3; ↓ pMN * 
 
↑ bMN, vMN; ↓sMN * 
 
Abducens nerve absent 
 
V1 and V2 not established ** 

 
 
↑ p3; ↓ pMN 
 
↑ bMN, vMN; ↓sMN 
 
Abducens nerve absent 
 
No alterations 

 
 
No alterations 
 
No alterations 
 
No alterations 
 
No alterations 

Hypoglossal nucleus 
 
Progenitor domains 
 
Motor neurons 
 
Peripheral projections 
 
 
 
 
Interneurons 

 
 
↑ p3; ↓ pMN *,** 
 
↑ bMN, vMN; ↓sMN *,** 
 
Hypoglossal nerve absent 
Aberrant somatic motor 
projections in the SAN 
 
 
V1 and V2 not established * 

 
 
↑ p3; ↓ pMN 
 
↑ bMN, vMN; ↓sMN 
 
Hypoglossal nerve largely 
reduced 
Aberrant somatic motor 
projections in the SAN 
 
No alterations 

 
 
No alterations 
 
No alterations 
 
Hypoglossal nerve normal 
Aberrant somatic motor 
projections in the SAN 
 
 
No alterations 

Brachial level 
 
Progenitor domains 
 
Motor neurons 
 
Peripheral projections 
 
 
 
Interneurons 
 

 
 
↑ p3; ↓ pMN; ↓ p2 
 
↓ MMC; ↓LMCl 
 
Thinned intercostal, msc and 
rad projections, reduced distal 
advancement 
 
↓ V1; ↓ V2a/b/c; ↑ V3 

 
 
p3 normal; ↓ pMN; ↑ p2 
 
↓ MMC; ↓LMCl 
 
Thinned intercostal, msc and 
rad projections, distal 
advancement normal 
 
V1 normal; ↑ V2a/b; V2c 
normal; V3 normal 

 
 
No alterations 
 
No alterations 
 
No alterations 
 
 
 
No alterations 

 

Table 1: Summary of phenotypes observed in Pax6Sey, Pax6Leca4 and Pax6Leca2 

mutant embryos. 

* Ericson et al., 1997b 

** Osumi et al., 1997  
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Figure Legends 

 

Figure 1: Mutation of the PAI domain and the functional Null allele of Pax6 impair 

formation of cranial somatic motor nerves.  

Fluorescent immunohistochemistry against Hb9::eGFP (green, somatic motor nerves) 

and neurofilament (red, all motor and sensory projections) on wholemount embryo 

preparations. (A) Schematic illustration of the domain structure of Pax6. (B) Schematic 

illustration of cranial nerves with abducens (green, magenta box) and hypoglossal 

(green, blue box) projections. (C, D) Somatic motor axons of the abducens nucleus 

leave the neural tube at E10.5 in control and Pax6Leca2 mutant embryos and have 

formed a distinct trajectory towards the eye by E11.5 (C’, D’). (E – G) In Pax6Leca4 and 

Pax6Sey mutant embryos, abducens projections are severely reduced or absent from the 

hindbrain (pLeca4 E10.5≤ 0.0008, pLeca4 E11.5 ≤ 0.0001; pSey E10.5≤ 0.0008, pSey E11.5≤ 0.0002). 

(H – I’) Somatic motor rootlets from the hypoglossal nucleus have formed the 

hypoglossal projection targeting the tongue muscle in control and Pax6Leca2 mutant 

embryos. (J, J’, L, M) The number of hypoglossal rootlets and hypoglossal nerve 

thickness at the point where all rootlets have converged (CP, arrow) is severely reduced 

in Pax6Leca4 mutant embryos when compared to control littermates (rootlets: pLeca4 E10.5≤ 

0.0002, pLeca4 E11.5≤ 0.003; thickness at CP: pLeca4 E10.5≤ 0.0005, pLeca4 E11.5≤ 0.002). (K, 

K’, L, M) Hypoglossal projections are largely absent from Pax6Sey mutant embryos’ 

hindbrains and do not reach the CP (arrow, rootlets: pSey E10.5≤ 0.002, pSey E11.5≤ 0.0004). 

Arrowheads in I’, J’ and K’ indicate aberrant somatic projections in the spinal accessory 

nerve observed in all three Pax6 mutants. Abbreviations: BAs= branchial (pharyngeal) 

arches, C1= first cervical spinal nerve, V= trigeminal ganglion with ophthalmic, maxillary 

and mandibular branches, VI= abducens nerve, VII/VIII= facial and vestibulocochlear 

nerve, IX= glossopharyngeal nerve, X= vagus nerve, XI= spinal accessory nerve, XII= 

hypoglossal nerve. Scale bar in J’ equals 150µm for all panels. 

 

Figure 2: Mutation of the PAI domain impacts on p3-pMN progenitor zone 

boundary formation.  
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Hb9::eGFP demarcates somatic motor neurons in the abducens and the hypoglossal 

nucleus. Fluorescent immunohistochemistry against Nkx2.2 and Olig2 labels neuronal 

progenitors in the p3 and the pMN domain, respectively. (B – D’) In Pax6Leca2 mutant 

embryos, size and number of Nkx2.2+ cells within the p3 domain at both abducens and 

hypoglossal levels were not altered when compared to control littermates at E10.5 and 

E11.5 (A – B’, G, H). Olig2+ motor neuron progenitors in the pMN domain are generated 

at normal numbers (I). (E – F’, G – I) In Pax6Leca4 mutant embryos, the p3 domain is 

enlarged at the level of the abducens and the hypoglossal nucleus while somatic motor 

neuron progenitors of the pMN domain are loosely dispersed in between Nkx2.2+ cells 

and significantly reduced in number when compared to littermate controls (abducens 

level: size p3 domain: E10.5: 118.6 µm ± 11.23 vs. 60.18 µm ± 5.15, p≤ 0.01; E11.5: 

103.8 µm ± 13.99 vs. 58.38 µm ± 1.27, p≤ 0.04; number of Nkx2.2+ cells: E10.5: 62.81 ± 

6.70 vs. 36.53 ± 3.67 p≤ 0.01; E11.5: 51.75 ± 2.91 vs. 31.50 ± 3.11, p≤ 0.03; number of 

Olig2+ progenitors: E10.5: 6.59 ± 1.47 vs. 14.77 ± 0.83, p≤ 0.002; E11.5: 2.36 ± 0.5 vs. 

9.06 ± 1.53, p≤ 0.008. Hypoglossal level: size p3 domain: E10.5: 83.21 µm ± 4.97 vs. 

53.95 µm ± 1.54, p≤ 0.0002; E11.5: 98.81 µm ± 3.13 vs. 54.96 µm ± 2.28, p≤ 0.008; 

number of Nkx2.2+ cells: E10.5: 61.88 ± 10.50 vs. 31.20 ± 1.49, p≤ 0.03; E11.5: 46.36 ± 

2.57 vs. 30.36 ± 1.62, p≤ 0.006; number of Olig2+ progenitors: E10.5: 11.02 ± 0.88 vs. 

18.72 ± 0.94, ≤ 0.002, E11.5: 7.30 ± 1.65 vs. 15.49 ± 0.82, p≤ 0.001). Scale bar in F’ 

equals 50µm for all panels. 

 

Figure 3: Branchio- and visceromotor neurons are generated on the expense of 

somatic motor neurons in Pax6Leca4 mutants.  

Fluorescent immunohistochemistry against Phox2a visualizes bMN and vMN. 

Hb9::eGFP labels sMN. Immunohistochemistry against Chx10 and En1 shows V2a and 

V1 interneurons, respectively. Yellow dashed line demarcates midline of the neural tube. 

(A – B’, G) bMN and vMN that are generated from progenitors of the p3 domain are 

established at normal numbers at both abducens and hypoglossal levels in Pax6Leca2 

mutant embryos, when compared to littermate controls. Also generation of somatic 

motor neurons is not affected by mutation of the RED domain (Hb9::eGFP+ in D – E’, G). 

(C, C’, G) In Pax6Leca4 mutant embryos, bMN and vMN numbers are increased 
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(abducens level: pLeca4≤ 0.009; hypoglossal level: pLeca4≤ 0.0034), while somatic motor 

neuron (F, F’) numbers are decreased in number when compared to control littermates 

(abducens level: pLeca4≤ 0.02; hypoglossal level: pLeca4≤ 0.04). (D –F’, H) Generation of 

Chx10+ V2a and En1+ V1 interneurons was not affected by either ablation of the PAI or 

the RED domain at both abducens and hypoglossal levels. (I) Schematic summary: 

Mutation of the RED domain in Pax6Leca2 mutant embryos does not affect progenitor 

zone or neuron generation. Similar to Pax6Sey mutants, in Pax6Leca4 mutant embryos the 

p3 domain is enlarged on the expense of the pMN domain, however, generation of V2 

and V1 interneurons is not affected. Scale bar in F’ 75µm for A – C’ and 30µm for D – 

F’.  

 

Figure 4: Formation of dorsal limb innervation is impaired in Pax6Leca4 and Pax6Sey 

mutant embryos.  

Fluorescent immunohistochemistry against Hb9::eGFP (green, motor projections) and 

neurofilament (red, motor and sensory projections) on whole mount embryo 

preparations. (A – E) At E10.5, spinal nerves from the segments C4 – Th1 (1 – 6) have 

formed the brachial plexus in control littermates. In all three Pax6 mouse lines, a normal 

brachial plexus was established. Quantification of a fasciculation coefficient shows 

normal formation of the six mixed sensory-motor spinal nerve projections that contribute 

to the brachial plexus. At E12.5, five specific nerve branches of which the motor sub-

components innervate dorsal and ventral limb musculature are detectable in control 

embryos and have grown to specific positions within the developing limb (F).  (G – I) 

This general growth pattern is not altered in Pax6Leca2, Pax6Leca4, and Pax6Sey mutant 

embryos, however, motor branches do not invade the forelimb as far as in control 

littermates in Pax6Sey mutant embryos (J, pSey≤ 0.002). Quantification of the individual 

thickness of nerves revealed that the musculocutaneous nerve (msc), the first branch of 

the radial nerve (1), and the radial nerve (2) itself are significantly thinner in Pax6Leca4 

mutant embryos when compared to control embryos (pLeca4 msc≤ 0.02, pLeca4 1≤ 0,03 pLeca4 

2≤ 0.006). Median and ulnar projections are not altered in their individual thickness (K). 

In Pax6Sey mutant embryos, in 2/3 embryos the first branch of the radial nerve was 

missing (pSey 1≤ 0.0004). Furthermore, the radial nerve itself was significantly thinner 
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when compared to littermate controls (pSey 2≤ 0.002) and also the musculocutaneous 

nerve was reduced in thickness (pSey msc≤ 0.01). Median and ulnar projections were 

established normally. Abbreviations: msc= musculocutaneous nerve, 1= 1st branch of 

the radial nerve, 2= radial nerve, 3= median nerve, 4= ulnar nerve. Scale bar in I equals 

150µm for  A – D, and 400µm for F – I. 

Figure 5: p3 and pMN progenitor zone formation and motor neuron generation at 

brachial levels.  

(A) Schematic illustration of progenitor zones and motor neurons that innervate axial 

(MMC) or limb musculature (LMC) in the developing murine embryo. (B – D’) In 

Pax6Leca2 and Pax6Leca4 mutant embryos, the p3 domain (Nkx2.2+) is established at 

normal extensions and cell numbers when compared to control littermates (F, G). At 

E10.5, motor neuron progenitors are generated at normal numbers in both Pax6 mutant 

lines, however, in Pax6Leca4 mutant embryos, a drop in Olig2+ progenitor number at 

E11.5 (p≤ 0.001) was observed when compared to control embryos (H). (E – H) In 

Pax6Sey mutant embryos, the p3 domain is enlarged on the expense of the pMN domain 

(pSey size E10.5≤ 0.002, pSey number E10.5≤ 0.002; pSey size E11.5 ≤ 0.003, pSey number E11.5≤ 0.001), 

with reduced Olig2+ motor neuron progenitors that are interspersed between Nkx2.2+ 

cells (pSey E10.5≤ 0.009, pSey E11.5≤ 0.0003). (I – L) Fluorescent immunohistochemistry 

against FoxP1 (green) and Isl1 (red) labels motor neurons in the LMCl (FoxP1+/Isl1-) 

and LMCm (FoxP1+/Isl1+). Arrows in K and L point to the area in which the MMC is 

located and appears to be reduced in cell numbers. (M) By E12.5, motor neurons of the 

two sub-columns constitute equal proportions to the LMC. In Pax6Leca2 mutant embryos, 

proportions of motor neurons contributing to either the lateral or the medial aspect of the 

LMC were not significantly altered (LMCl: 0.47 ± 0.02, LMCm: 0.53 ± 0.02, n=4). In 

embryos where the PAI PD sub-domain was mutated or in Pax6Sey mutant embryos, 

proportions of neurons contributing to the LMCm significantly exceed that of neurons 

contributing to the LMCl, when compared to littermate controls (pLeca4≤ 0.0006, pSey≤ 

0.03; pLMCm ctrl/Leca4≤ 0.004, pLMCl ctrl/Leca4≤ 0.004; pLMCm ctrl/Sey≤ 0.04, pLMCl Sey≤ 0.04 ). 

Scale bar in L equals 50µm for all panels. 
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Figure 6: p3/pMN boundary formation is intact upon selective mutation of the PAI 

PD sub-domains, while expression of Ngns is altered in Pax6Leca4 mutant embryos.  

(A, B, E) At E11.5, borders between Sp8+ and Nkx2.2+ progenitor cells are well defined 

in control embryos and Pax6Leca2 mutant embryos. Olig2+ motor neuron progenitors 

reside right at the border to the p3 domain, and cells are migrating out of the progenitor 

domain in comparable numbers (arrows in A and B, F). (C, E, F) In Pax6Leca4 mutant 

embryos, the border between the p3 and the pMN domain is established normally, 

however, the coefficient of the size of the domain containing Sp8+ cells normalized to the 

size of the spinal cord is enlarged into dorsal regions (pLeca4≤ 0.01). Olig2+ cells in the 

pMN domain are reduced in number, and only very sparse Sp8+ cells leave the 

progenitor domain (arrows in C, pLeca4≤ 0.01). (D – F) In Pax6Sey mutant embryos, the 

size of the domain containing Sp8+ progenitors is not enlarged when compared to 

control embryos, however, the border between the p3 and pMN domain is not clearly 

circumvented: at the position where the pMN domain should reside, Sp8+ cells and 

Nxk2.2+ cells or the enlarged p3 domain overlap (bracket), while Olig2+ motor 

progenitors are largely absent. Also here, very few Sp8+ cells leave the progenitor 

domain (arrows in D, pSey≤ 0.03). (A’ – D’, G) A closer investigation of MMC motor 

neurons (green dashed box in A) concerning expression of Sp8 revealed a significant 

decrease of Isl1+/Lim3+/Sp8+ cells in Pax6Leca4 (pLeca4≤ 0.007) and Pax6Sey (pSey≤ 0.007) 

mutant embryos, while no alterations were observed in Pax6Leca2 mutant embryos when 

compared to control littermates. (H, I, K, L) Expression of Ngn1 was not altered upon 

mutation of the RED PD sub-domain or in embryos with a functional Null allele of Pax6 

when compared to littermate controls. In Pax6Leca4 mutant embryos, the domain 

expressing Ngn1 was enlarged dorsally and the coefficient of the size of the domain 

containing Ngn1+ cells normalized to the size of the spinal cord was significantly 

increased (J, L; pLeca4≤ 0.004). (M, N, O) Also expression of Ngn2 is elevated in 

embryos where the Pax6 PAI PD sub-domain was mutated, and explicitly also found 

within the pMN domain, while in control embryos and in Pax6Leca2 mutant embryos was 

not altered, and absent from the pMN domain. (P) Expression of Ngn2 is absent from 

the pMN domain and downregulated in embryos with a functional Null allele of Pax6. 

Scale bar in P equals 50µm for A – P, and 20 µm for A’ – D’. 
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Figure 7: Excessive numbers of V2a/b interneurons are generated in Pax6Leca4 

mutant embryos.  

(A) Schematic illustration of V1, V2, and V3 interneurons in the ventral spinal cord. (B – 

F) In Pax6Leca4 mutant embryos, Chx10+ interneurons are drastically increased at 

brachial levels (pLeca4≤ 0.0001), while Pax6Sey mutant embryos significantly less V2a 

interneurons were generated (pSey≤ 0.007). In Pax6Leca2 mutant embryos, normal 

numbers of V2a interneurons are generated, when compared to littermate controls. (G – 

L) Numbers of V2b interneurons (Gata2+, green) are also generated at normal numbers 

in Pax6Leca2 mutants, while they are significantly increased in number in Pax6Leca4 

mutant embryos (pLeca4= 0.006), and decreased in number in Pax6Sey mutant embryos 

when compared to littermate controls. V2c (Sox1+, red) are established normally upon 

mutation of either the PAI or RED PD sub-domains, however, they are generated at 

lower numbers in Pax6Sey mutant embryos (pSey≤ 0.02). (M – Q) V1 interneurons (En1+) 

are generated in normal numbers in Pax6Leca2 and Pax6Leca4 mutant embryos, while they 

are completely absent in Pax6Sey mutant embryos. (R – V) V3 interneurons (Sim1+) are 

generated in normal numbers in Pax6Leca2 and Pax6Leca4 mutant embryos, while they are 

increased in number in Pax6Sey mutant embryos (pSey≤ 0.01). Scale bar in U equals 

50µm for all panels. 

 

Figure 8: Schematic summary.  

(A, B) Wildtype situation of progenitor zone patterning and neuron generation. (C, D) 

Pax6Sey mutant embryos show an enlarged p3 domain on the expense pf the pMN 

domain with increased numbers of Nkx2.2+ progenitors and decreased motor and V2a 

interneuron progenitors. Accordingly, V3 interneurons are generated in elevated 

numbers, while specific subsets of MMC and LMCl neurons as well as V2 interneurons 

were generated in decreased numbers. V1 interneurons are missing completely. (E, F) 

Upon mutation of the RED domain, progenitor zone patterning and neuronal 

differentiation are not altered. (G, H) in Pax6Leca4 mutant embryos, the p3 and p1 and 

corresponding V3 and V1 interneurons are generated normally. The pMN domain is 

decreased by E11.5. Specific subsets of MMC and LMC motor neurons decreased. The 
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domain containing V2 interneuron progenitors is expanded and gives rise to markedly 

increased V2a and V2b interneurons, while V2c establishment was not altered and 

appears to depend on Pax6-independent mechanisms.  

 

Figure S1: Quantification of abducens and hypoglossal projections. 

(A) Quantification of axons contributing to the abducens nerve. (B) Determination of 

hypoglossal rootlets for quantification of projections contributing to the hypoglossal 

nerve. 

 

Figure S2: Ectopic hypoglossal projections in Pax6 mutant embryos.  

(A) In control embryos, hypoglossal projections (GFP+) exit the neural tube at a ventral 

position (arrowhead). (B – D) In Pax6Leca2; Pax6Leca4 and Pax6Sey mutant embryos, GFP+ 

axons project to dorsal positions in the neural tube and leave it at ectopic dorsal 

positions (arrows), joining the projection of the SAN (yellow dashed circle). Scale bar in 

D equals 50µm for all panels. 

 

Figure S3: Formation of target specific branches at E11.5 is not impaired upon 

mutation of Pax6.  

Fluorescent immunohistochemistry against Hb9::eGFP (green, motor projections) and 

Neurofilament (red, motor and sensory projections) on whole mount embryo 

preparations. (A) By E11.5, first target specific bundles that will innervate limb 

musculature have formed in control embryos (arrowheads). (B – D) Target specific 

branches are established normally in mice where either the RED or the PAI PD sub-

domains were mutated, or in embryos with a functional Null allele of Pax6 (arrowheads). 

Scale bar in D equals 150µm for all panels. 

 

Figure S4: LMC motor neurons at E10.5 and E11.5.  

(A – E) At E10.5, motor neurons that will innervate the limb have not yet segregated into 

the lateral (FoxP1+/Isl1-) and the medial (FoxP1+/Isl1+) aspects of the LMC, respectively, 

but are rather interspersed. Later born neurons of the LMCl still migrate through the pool 

of LMCm neurons and comprise a lower proportion of the entire LMC. (F – J) By E11.5, 
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motor neurons of the LMCl (cyan dashed line) and LMCm (magenta dashed line) have 

settled at their respective positions within the LMC. Proportions are now equally 

distributed in control, Pax6Leca2 and Pax6Leca4 mutant embryos. In Pax6Sey mutant 

embryos the proportion of neurons contributing to the medial aspect of the LMC is 

significantly higher than of neurons contributing to the LMCl (pSey≤ 0.03). Scale bar in I 

equals 50µm for A – D, and 40µm for F – I. 

 

Figure S5: MMC motor neuron numbers and intercostal nerve thickness are 

reduced in Pax6Leca4 and Pax6Sey mutant embryos.  

(A – E) Immunohistochemical staining against Isl1 (red) and Lim 3 (green) reveals 

reduced numbers of MMC motor neurons in Pax6Leca4 (pLeca4≤ 0.001) and Pax6Sey 

mutant embryos (pSey≤ 0.02), while numbers in Pax6Leca2 mutant embryos were not 

altered when compared to littermate controls. (F – N) Quantification of intercostal nerve 

thickness shows that these projections are significantly thinner in Pax6Leca4 (pLeca4 E11.5≤ 

0.03, pLeca4 E12.5≤ 0.0001) and Pax6Sey (pSey E11.5≤ 0.0006, pSey E12.5≤ 0.0001) mutant 

embryos at E11.5 and E12.5, while thickness was not reduced in Pax6Leca2 mutant 

embryos when compared to control littermates. Scale bar in M equals 40µm for A – D, 

100µm for F – I, and 200µm for J – M. 

 

Figure S6: V2a/b progenitor numbers are increased in Pax6Leca4 mutant embryos.  

(A) Schematic illustration of V2 interneuron generation. (B – G) Total numbers of Lim3+ 

cells that in part give rise to V2a interneurons are drastically increased in number in 

Pax6Leca4 mutant embryos (pLeca4 #Lim3≤ 0.002) and spread over a wider area close to the 

ventricular zone (pLeca4 size Lim3≤ 0.0007), while these parameters are not altered in 

Pax6Leca2 when compared to littermate controls. In Pax6Sey mutant embryos the domain 

close to the ventricular zone containing Lim3+ is significantly smaller (pSey size Lim3≤ 

0.0007). More peripherally, these cells appear disorganized, but are not altered 

significantly in number. (H – M) Numbers of Foxn4+ V2b progenitors and size of the 

progenitor domain are increased in Pax6Leca4 mutant embryos (pLeca4 size≤ 0.0007; pLeca4 

number≤ 0.001), while they are not altered significantly in Pax6Leca2 and Pax6Sey mutant 

embryos when compared to littermate controls. (N – S) Accordingly, numbers of Ascl1+ 
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V2b progenitors and size of the domain were increased in Pax6Leca4 mutant embryos 

(pLeca4 size≤ 0.002; pLeca4 number= 0.005), while they are not altered in Pax6Leca2 mutant 

embryos when compared to littermate controls. In Pax6Sey mutant embryos, the size of 

the domain containing Ascl1+ progenitors was not changed (pSey size≤ 0.15), however, it 

contained significantly less Ascl1+ cells (pSey number≤ 0.014). Scale bar in Q equals 50m 

for all panels. 

 

Figure S7: En1 expression is absent from spinal interneurons but not from other 

cell types in Pax6Sey mutant embryos.  

(A) In control embryos, expression of En1 mRNA is evident in spinal interneurons 

(arrowheads) and lateral mesenchyme of the body (arrow). (B) In Pax6Sey mutant 

embryos, En1 expression is absent from interneurons within the spinal cord, while 

normal expression was observed in the body. Scale bar in B equals 50µm for all panels.  
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Highlights 

The PAI sub-domain facilitates cranial p3-pMN boundary formation and sMN generation 

Selective mutation of PD sub-domains does not impair cranial interneuron generation 

The brachial p3-pMN boundary is not affected by selective mutation of PD sub-domains 

The PAI sub-domain facilitates pMN-p2 boundary formation at brachial levels 

Pax6 is involved in dorso-vental and rostro-caudal neural tube patterning 

 




