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Everything is motion 

(Plato) 
 



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Cover: Labelling of anatomical and developmental neuronal subpopulations. 
Transverse spinal cord section of an E12.5 embryo showing tracing of com-
missural interneurons (green) and interneuron subtypes that express HD 
transcription factor Lbx1 (blue) and/or Pax2 (red). 
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Introduction 

Neuronal Networks 
Neuronal networks are the central functional units of the nervous system. 
They provide the necessary processing power for the brain to react to exter-
nal stimuli as well as to control internal body functions. Knowledge about 
the identity of the basic components of a neuronal network on the cellular 
and molecular level and their synaptic connectivity is essential to compre-
hend how the brain achieves its physiological functions. Furthermore, suffi-
ciently detailed understanding of neuronal network formation and function 
provides a valuable foundation to solve neurological medical problems.  

Neuronal Control of Locomotion 
One of the most profound functions of the nervous system is the control of 
movements. Even the simplest motor task is thought to rely on the integrated 
activity of a distinct set of neuronal networks. For example, on of the most 
fundamental tasks in vertebrates, the control of muscle activity needed for 
proper locomotion can be dissected in several elementary neuronal networks 
interconnected with each other (Grillner, 2003 and 2006). Higher brain cir-
cuits in the cortex, basal ganglia and cerebellum are involved in planning 
and directing movements. Specific locomotor command regions in the brain-
stem distribute descending tonic input to local spinal networks, thereby a 
vital step for the initiation of movements (McLean et al., 2000; Mori et al., 
2001; Roberts et al., 2008). Finally, neuronal networks located in the spinal 
cord coordinate muscle activation in a precise spatial and temporal manner, 
refined by circuits that relay sensory feedback at spinal and supraspinal lev-
els in response to external events.  

The local spinal networks capable of generating rhythmic activity and 
controlling the output of spinal motor neurons are generally referred to as 
central pattern generators (CPGs) (Brown, 1911). Spinal CPGs that underlie 
coordinated locomotion such as walking, flying or swimming can be found 
in all classes of vertebrates. Each half of the spinal cord contains CPGs ca-
pable of rhythm generation; a crucial but not yet defined property of a CPG. 
Cross-inhibitory and excitatory actions between the two sides ensure left-
right coordination, while cross-inhibitory actions between CPGs on different 
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rostrocaudal levels of the spinal cord control coordination of ipsilateral 
flexor and extensor muscles (Kiehn, 2006).  

Tools to manipulate defined neuronal subtypes using mouse genetics in 
combination with the easily accessible and measurable motor output pro-
vided by the locomotor CPG make it a valuable model system to study func-
tional neuronal circuitry in higher vertebrates. In addition, the spinal cord 
has a relatively simple anatomical organization and a small number of neu-
rons compared to the brain, which favours studies to define the necessary 
neuronal network components and their properties. 

Spinal Cord Neurons Involved in Locomotion 
One of the first steps to understand a neuronal network is the identification 
of the participating neurons or neuronal populations. In the spinal cord the 
neurons that participate in coordinating motor output reside in the ventral 
part and are anatomically segregated from neurons that process and relay 
sensory information positioned in the dorsal spinal cord (Brown, 1981). The 
CPGs controlling hindlimb muscle activity during locomotion are localized 
in the ventral part of the lumbar spinal cord (Bracci et al., 1996; Kjaerulff et 
al., 1994; Kjaerulff and Kiehn, 1996). Likewise, the CPGs controlling fore-
limb activity are located in the cervical spinal cord. Knowledge of the basic 
components of the CPG has mainly been collected through extensive studies 
using classical electrophysiological and pharmacological tools mostly in the 
cat and simpler vertebrates like the lamprey and the Xenopus tadpole 
(Fetcho et al., 2008; Grillner and Jessell, 2009; Jankowska, 2008; Roberts et 
al., 1998). The rhythm and pattern of motor neuron output, which underlie 
locomotion is thereby controlled by sets of interneurons (Figure 1) that use 
fast acting amino acid transmitters like glutamate, GABA and glycine 
(Cazalets et al., 1996; Hochman and Schmidt, 1998; Orsal et al., 1986; Shef-
chyk and Jordan, 1985). Excitatory interneurons (eINs) are thought to con-
tact other eINs, inhibitory interneurons that project contralateral and motor 
neurons (MNs), thereby coordinating and modulating locomotor output. 
eINs have also been discussed to be the source of rhythm generation in lo-
comotor networks (Grillner, 2003). Commissural interneurons coordinate 
activities between the left and right side of the spinal cord. Ia inhibitory in-
terneurons are part of spinal reflex circuits and the sensory circuits required 
during locomotion to provide feedback from muscles and skin to adjust for 
changes in terrain (Jankowska, 2005; Pratt and Jordan, 1987). Finally, 
Renshaw cells are inhibitory interneurons that receive excitatory input from 
MN collaterals and in turn mediate recurrent inhibition to MNs and Ia in-
terneurons (Nishimaru et al., 2006; Pratt and Jordan, 1987).  
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Figure 1. Simplified schematic representation of the location of the CPG and spinal 
interneurons that likely participate in locomotor function. (CIN) commissural in-
terneuron, (CPG) central pattern generator, (eIN) excitatory interneuron, (Ia) Ia 
inhibitory interneuron, (MN) motor neuron, (RC) Renshaw cell  

Commissural Interneurons and CPG Function 
Interneurons, which extend their axons over to the contralateral side of the 
spinal cord from where their cell bodies are located, are termed commissural 
interneurons (CINs) (Figure 1). Anatomical tracing studies have shown that 
based on their axonal projections, CINs in the mammalian spinal cord can be 
subdivided into two major groups; more than two segments projecting in-
tersegmental CINs and locally projecting intrasegmental CINs. Intersegmen-
tal CINs can be further subdivided into ascending (aCINs), descending 
(dCIN) and bifurcating (adCINs) CINs (Eide et al., 1999; Hoover and Durk-
ovic, 1992; Nissen et al., 2005; Stokke et al., 2002). Both excitatory CINs 
using glutamate as a neurotransmitter and inhibitory populations of CINs 
using glycine or GABA have been identified (Bannatyne et al., 2003; Butt 
and Kiehn, 2003). Integration of the anatomical location, projection pattern 
and neurotransmitter phenotype of spinal CINs indicates a considerable di-
versity in the identity and connectivity of these neurons (Restrepo et al., 
2009). 

Commissural interneurons in the spinal cord have a wide range of both 
motor and sensory functions. CINs involved in the generation of limb 
movements are indispensable for bilateral coordination. Previous lesion ex-
periments in neonatal rodents have shown that coordinated left-right activity 
persists when the dorsal spinal cord is removed. In addition, normal left-right 
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alternating locomotion disappears after cutting the ventral commissure. 
These experiments illustrate that ventromedially located CINs with axons 
crossing in the ventral commissure are necessary and sufficient for left-right 
coordination (Kjaerulff and Kiehn, 1996). A working model for left-right 
coordination suggests two parallel systems of CINs involved in CPG func-
tion (Figure 2). 1) A left-right alternation circuitry that consists of inhibitory 
CINs and provides fast monosynaptic inhibition onto contralateral MNs 
(Cowley and Schmidt, 1995) and a set of excitatory CINs that indirectly 
inhibit MNs by activation of contralateral inhibitory interneurons (Kjaerulff 
and Kiehn, 1997). This system is believed to be necessary for contralateral 
silencing during normal left-right alternating locomotion. 2) A left-right 
synchrony circuitry, which consists of a set of excitatory CINs directly acti-
vating contralateral MNs (Quinlan and Kiehn, 2007). The latter has been 
proposed to be involved in binding left-right segmental activity e.g. during 
hopping most likely by overriding the otherwise dominant alternation cir-
cuitry. 

 

 
 
Figure 2. Current model of CINs involved in left-right locomotor coordination. Blue 
and red lines indicate inhibitory and excitatory connections, respectively. (CIN) 
commissural interneurons, (IN) interneuron, (MN) motor neuron, (RC) Renshaw 
cell. 

The assembly of the left-right coordinated activity in rodents develops be-
tween embryonic day (E)12 and birth, at first completely synchronous activi-
ties are followed by a more complex, uncoordinated coupling until the ma-
ture form of coordinated alternation between the left and right side is estab-
lished (Branchereau et al., 2000; Nakayama et al., 2002; Nishimaru and 
Kudo, 2000). This progression during development coincides with a switch 
in signalling response to glycinergic and GABAergic interneurons due to 
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onset of the neuron-specific potassium chloride cotransporter 2 (KCC2) ex-
pression. Thus, the maturation of left-right coordinated activity during de-
velopment could depend on the timing of postsynaptic KCC2 cotransporter 
expression rather than rewiring of the underlying interneuron network 
(Blaesse et al., 2009). 

Cholinergic Neurons and CPG Function 
In mammals, five subtypes of spinal cholinergic neurons have been de-
scribed: somatic motor neurons, preganglionic autonomic motor neurons, 
partition cells, central canal cells and small scattered cells in the dorsal horn 
(Barber et al., 1984). The vesicular acetylcholine transporter (VAChT) and 
the choline acetyl transferase (ChAT) can be used as markers for these popu-
lations of neurons. The somatic motor neurons are the largest and most 
abundant cholinergic neurons located in the ventral spinal cord. They di-
rectly innervate limb muscles and are therefore considered to be the “output 
organ” of the locomotor CPG (Figure 1). Partition cells and central canal 
cells are two types of interneurons found close to the central canal at all lev-
els of the spinal cord. Partition cells are medium to large sized and located 
lateral to the central canal, whereas central canal cells have a smaller soma 
size and are encircling the central canal (Barber et al., 1984; Phelps et al., 
1984; Phelps et al., 1988). Cholinergic interneurons were found to project 
into the motor columns (Phelps et al., 1984) and are therefore proposed to be 
a possible source of cholinergic terminals on motor neurons termed “C bou-
tons” (Conradi and Skoglund, 1969; Li et al., 1995; McLaughlin, 1972; 
Nagy et al., 1993). Further support that “C boutons” derive from cholinergic 
interneurons in the intermediate spinal cord comes from genetic lineage trac-
ing studies in mice (Miles et al., 2007). In addition, activity-induced c-fos 
labelling of neurons during locomotion shows strong expression in choliner-
gic interneurons adjacent to the central canal, which provides evidence for a 
role in patterning of locomotor output or rhythm generation (Huang et al., 
2000; Miles et al., 2007). Preganglionic autonomic motor neurons are found 
on thoracolumbar (sympathetic) and lumbosacral (parasympathetic) levels of 
the spinal cord and project through the ventral roots to peripheral targets 
(Laskey and Polosa, 1988). Preganglionic motor neurons and dorsal horn 
cholinergic interneurons are not likely to participate in locomotor CPG func-
tion.
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Neuronal Network Development 
During the development of the nervous system, all neurons are born within 
the germinal neuroepithelial layer later termed the ventricular zone (Sauer, 
1935). Leaving the ventricular zone and building the mantle zone these neu-
rons differentiate and migrate along defined pathways until they reach their 
final location and acquire a function. This can be divided into five steps ul-
timately leading to the formation of neuronal network: 1. neurogenesis, 2. 
migration, 3. growth of axons and dendrites, 4. synaptogenesis and 5. re-
finement of connections. 

Patterning and Cell Specification in the Spinal Cord 
The molecular programs and transcriptional codes that underlie specification 
of neuronal cell types in the spinal cord described in the following paragraph 
apply in the same way to more rostral parts of the developing nervous sys-
tem. Furthermore, they are conserved across vertebrates emphasizing the 
value of comparative studies in different species, like rodents, chick and fish 
and its importance for the understanding of human CNS development and 
function.  

Patterning along the dorsoventral axis of the spinal cord is dependent on 
signalling from early developmental organizing centres. Sonic Hedgehog 
(Shh) that is secreted from the notochord and floor plate (fp) triggers the 
differentiation of ventral cell types (Patten and Placzek, 2000; Placzek, 
1995). Similarly, Bone morphogenic proteins (BMPs) and Wingless-Ints 
(Wnts), secreted from the dorsal ectoderm and the roof plate (rp) have an 
important role in the specification of dorsal cell fates (Lee et al., 2000; Liem 
et al., 2000). These secreted proteins act as long-range morphogens, which 
establish a concentration gradient, providing positional information to pro-
genitor cells, linking cell position to neuronal fate ( Figure 3; Vincent and 
Briscoe, 2001). Morphogen signalling regulates a spatial pattern of expres-
sion of a set of homeodomain (HD) and basic Helix-Loop-Helix (bHLH) 
transcription factors. Interactions of distinct combination of these proteins 
establish sharp boundaries between adjacent progenitor domains (Briscoe 
and Ericson, 1999; Ericson et al., 1996; Goulding et al., 1993; Gowan et al., 
2001; Helms and Johnson, 1998; Jostes et al., 1990; Lo et al., 1994; Ma et 
al., 1997; Muhr et al., 2001; Parras et al., 2002; Qiu et al., 1998; Sommer et 
al., 1996). The cardinal progenitor domains defined by these molecular 
mechanisms are termed dI1-dI6 in the dorsal and p0-p3 and pMn in the ven-
tral spinal cord (Figure 3). In addition, transcription factors required for the 
establishment of progenitor domains also direct neuronal cell fate (Briscoe et 
al., 2000; Ericson et al., 1997; Farah et al., 2000; Helms et al., 2005; Man-
souri and Gruss, 1998; Nakada et al., 2004; Parras et al., 2002; Perez et al., 
1999; Pierani et al., 2001; Sander et al., 2000; Vallstedt et al., 2001). Dorsal 
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progenitor cells give rise to six early (dI1 to dI6) and two late (dILA and 
dILB) classes of neurons and ventral progenitors give rise to four major 
classes of interneurons (V0 to V3) and motor neurons (Goulding, 2009; Jes-
sell, 2000). These distinct classes of neurons can again be recognized by 
their specific expression profiles of transcription factors (Arber et al., 1999; 
Ericson et al., 1997; Gross et al., 2002; Moran-Rivard et al., 2001; Müller et 
al., 2002; Saueressig et al., 1999; Sharma et al., 1998; Tanabe et al., 1998; 
Tsuchida et al., 1994). Neurons that originate from the motor neuron pro-
genitor domain (pMN) differentiate into a large number of MN column and 
pool subtypes (Dasen and Jessell, 2009; Price and Briscoe, 2004). In anal-
ogy, it is likely that each of the cardinal interneuron progenitor domains 
gives rise to several distinct neuronal subpopulations. For example, the p0 
domain has been found to give rise to at least two subpopulations: V0D and 
Evx1 expressing V0V neurons (Lanuza et al., 2004; Moran-Rivard et al., 
2001; Pierani et al., 2001).  

 
 

 
Figure 3. Patterning and cell specification in the spinal cord. Gradients of Shh, BMP 
and Wnts regulate the expression of different HD and bHLH transcription factors in 
a dorsal to ventral specific manner. Cross-repressive interactions between these 
transcription factors generate distinct progenitor domains. Each progenitor domain 
will give rise to a discrete set of neuronal cell types that can again be recognized by 
their specific expression profiles of transcription factors. (Pax) homeobox transcrip-
tion factor Pax, (Irx3) Iroquois related homeobox 3, (MATH1) meprin-associated 
Traf homology domain containing 1, (Dbx1) developing brain homeobox 1, (Nkx) 
NK transcription factor related, (Ngn1/2) neurogenin1/2, (OLIG2) oligodendrocyte 
lineage transcription factor 2, (Lhx) Lim homeobox, (Foxd3) forkhead box d3, (Isl) 
Islet1/2 Lim homeodomain transcription factor, (Lbx1) ladybird homeobox 1, 
(Lmx1b) Lim homeobox transcription factor 1 beta, (En1) Engrailed-1, (Sim1) Sin-
gle-minded homolog 1
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Several ventral-originating populations, some of which will be discussed 
here, have recently been shown to be involved in specific aspects of locomo-
tion (Alvarez et al., 2005; Crone et al., 2008; Crone et al., 2009; Dougherty 
and Kiehn, 2010; Gosgnach et al., 2006; Lanuza et al., 2004; Wilson et al., 
2005; Zhang et al., 2008; Zhong et al., 2010). A deletion of commissural 
V0D and V0V neurons in mice that lack Dbx1 led to the loss of strict alterna-
tion between both sides of the spinal cord. Deletion of Evx1, which repre-
sents a selective loss of V0V CINs, on the other hand, showed no prominent 
effects on locomotor output, therefore coupling V0D CINs to coordination of 
left-right alternation (Lanuza et al., 2004). Glutamatergic ipsilaterally pro-
jecting V2a interneurons generated from the p2 domain are involved in regu-
lating left-right coordination indirectly through connections to V0 interneu-
rons (Crone et al., 2008; Dougherty and Kiehn, 2010; Zhong et al., 2010). In 
addition, V2a interneurons have been indicated to contribute to locomotor 
pattern coordination at different speeds of movement (Crone et al., 2009). P3 
progenitor cells give rise to Sim1 expressing glutamatergic mostly contralat-
eral projecting interneurons. Mice in which the V3 neurons were genetically 
manipulated maintained their core locomotor activity as well as the ability of 
left-right alternation. However, regularity and robustness of locomotion is 
reduced in these mice, which indicates that V3 neurons contribute to a regu-
lar and balanced motor rhythm distributing excitatory drive to other neurons 
(Zhang et al., 2008).  

With regard to left-right coordination, abnormal locomotor rhythms were 
irregular with episodes of synchrony and alternation (Lanuza et al., 2004) or 
drifting in and out of strict alternation (Crone et al., 2008), perhaps best de-
scribed as uncoordinated phenotypes. Neither a total loss of coupling nor a 
strict synchronous phenotype was observed deleting a distinct set of neurons. 
Consequently, defined neuronal subtypes can only partly be incorporated 
and added to the proposed model of left-right coordination during locomo-
tion (Figure 2). In addition, it seems likely that multiple neuronal subtypes 
that originate from several progenitor domains are involved in the different 
aspects of left-right coordination. 

During development, cells that derive from dorsal progenitors have been 
reported to migrate ventrally and settle in a region were neurons involved in 
CPG functionality reside (Figure 3; Bermingham et al., 2001; Gross et al., 
2000; Lanuza et al., 2004; Pierani et al., 2001). In spite of this, studies aim-
ing to resolve a role of dorsal originating neuronal subtypes for CPG activity 
have not yet been performed. 
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Axon Guidance 
Axon guidance in early embryonic development is crucial for the establish-
ment of functional neuronal circuitry. Thus, studies of the processes that 
underlie correct axonal guidance will help us to understand network forma-
tion and function. During axonal growth, a specialized cellular structure, the 
growth cone (Cajal, 1890), responds to the coordinated action of a variety of 
attractive and repulsive signals from the embryonic environment (Garrity 
and Zipursky, 1995). Early in development, the first axons navigate through 
an axon-free environment. Later on, developing axons grow along pre-
existing ¨highways¨ of fasciculated axons (Bate, 1976; Van Vactor, 1998). In 
addition, axons move towards groups of specialized cells that form their 
intermediate targets or choice points like the floor plate in the ventral spinal 
cord (Flanagan, 1999). Many molecules have been implicated in the guid-
ance of axons including growth-promoting factors, cell adhesion molecules 
(CAMs) and extracellular matrix molecules (ECMs) (Barbacid, 1995; Chiba 
and Keshishian, 1996; Fields and Itoh, 1996). In addition, four conserved 
families of axon guidance cues have been described: Netrins, Ephrins, 
Semaphorines and Slits. These are membrane-bound or secreted proteins that 
interact with receptors expressed on the growth cone of developing axons. 
For each of these cues, one or more receptors has been identified: DCC (De-
leted in Colorectal Cancer) and UNC-5, Eph-receptors, Neuropilins and 
Plexins, and Robo (roundabout), respectively (Brose and Tessier-Lavigne, 
2000; Culotti and Merz, 1998; Frisen et al., 1999; Nakamura et al., 2000; 
Raper, 2000). 

The Netrin/DCC System 
Netrins are secreted proteins that direct the migration of neurons and axonal 
growth cones during development. They have been shown to function as 
bidirectional guidance cues; chemo-attractive for some neurons and chemo-
repellent for others. Additionally, they can act as long- or short-range signals 
(for review Ballerobe). Molecules of the netrin family have been described 
in several vertebrate and invertebrate species, which indicates an important 
highly conserved function for these proteins. In C. elegans one netrin (unc6) 
has been identified. Netrin-A and netrin-B have been reported in Drosophila. 
In Zebrafish and chicken netrin-1 and netrin-2 have been identified. In mice, 
rat and humans, netrin-1, netrin-3/NTL2, netrin-4/β and G-netrin have been 
cloned (reviwed in Bradford et al., 2009). The most studied member of the 
netrins is netrin-1 (Ntn1). Its expression pattern is highly conserved in all 
vertebrates. During development it is found in the floor plate and in the neu-
roephithelial cells of the ventral spinal cord as well as at the midline and the 
ventral ventriculare zone of the brain. Here it has the role to attract distinct 
neuronal populations or to function as a barrier for those axons that should 
not cross the midline (Hedgecock et al., 1990; Ishii et al., 1992; Keleman 
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and Dickson, 2001; Kennedy et al., 1994; Leonardo et al., 1997; Przyborski 
et al., 1998; Serafini et al., 1994). In the spinal cord, netrin-1 attracts and 
stimulates the outgrowth of commissural axons, which are destined to cross 
the midline at the floor plate in order to connect to neurons on the contralat-
eral side. In embryonic E11.5 spinal cords of netrin-1 mutant mice, the ma-
jority of commissural axons extend ventrally but do not reach and cross the 
midline (Serafini et al., 1996).  

Several receptors of the DCC and UNC-5 family have been associated to 
netrin induced guidance decisions during development. The DCC family 
includes UNC-40 in C. elegans, frazzled in Drosophila and DCC and neo-
genin in vertebrates (Chan et al., 1996; Cooper et al., 1995; Kolodziej et al., 
1996; Vielmetter et al., 1994). DCC is a type I transmembrane receptors, 
which spans the cell membrane once (Figure 4) and shares similarity with 
the neural cell adhesion molecule (NCAM). The DCC protein consists of 
four extracellular immunoglobin domains, which bind with high affinity to 
netrins, six extracellular typeIII fibronectin domains and three conserved 
intracellular domains termed P1-P3 (Keino-Masu et al., 1996). The DCC 
gene was originally identified as a candidate tumour suppressor gene that is 
lost at high frequency in colorectal cancers (Fearon et al., 1990), but it is also 
expressed in neuronal tissues (Cooper et al., 1995). In vivo, DCC can pro-
mote netrin-1-induced commissural axon outgrowth (Keino-Masu et al., 
1996; Kolodziej et al., 1996; Stein et al., 2001). In addition, targeted deletion 
of Dcc in mice results in similar axon projection defects as compared to 
netrin-1 mutant mice (Fazeli et al., 1997; Serafini et al., 1996). Netrin-1 and 
DCC thus act as a functional ligand/receptor pair in midline guidance of 
commissural axons (Figure 4). However, several co-receptors and other 
binding partners for netrin-1 and DCC have been described and some of 
these have been shown to modulate netrin-1-dependent DCC signalling 
(Ackerman et al., 1997; Bennett et al., 1997; Corset et al., 2000; Hong et al., 
1999; Leonardo et al., 1997; Ly et al., 2008; Matsumoto et al., 2007; Stein et 
al., 2001). In addition, other guidance molecules have been shown to col-
laborate with netrin-1 and DCC during commissural axon guidance (Charron 
et al., 2003; Okada et al., 2006). Thus, proper guidance of CINs during de-
velopment is a highly complex process that involves netrin-1-dependent 
DCC signalling and likely additional guidance cues and co-factors.  

The ephrin/Eph System  
Many axon guidance processes during development are regulated by the 
ephrin/Eph system. Eph receptors, with its 13 members in the human ge-
nome, are the largest family of receptor tyrosine kinases (Orioli and Klein, 
1997; Pasquale, 1997). The receptors are divided into an A-subclass 
(EphA1–EphA8) and a B-subclass (EphB1–EphB4, EphB6) on the basis of 
sequence similarity and ligand affinity. Ephrins are cell-surface-associated 
ligands for Eph receptors that are divided into two subclasses. Members of 
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the A-subclass (ephrinA1–ephrinA5) are bound to the cell membrane by a 
glycosylphosphatidylinositol (GPI) anchor, and members of the B-subclass 
(ephrinB1–ephrinB3) are embedded into the membrane with a transmem-
brane domain. A-type receptors typically bind A-type ligands, and B-type 
receptors bind to B-type ligands, with the exception of EphA4, which can 
bind both A-type and most B-type ligands. Ephrin/Eph interactions have 
been shown to induce a variety of cell behaviours such as attrac-
tion/repulsion, adhesion/de-adhesion and migration. 

 
 
Figure 4. The ligand/receptor pairs netrin-1/DCC and ephrinB3/EphA4 and their 
functional role during spinal cord development. (A) Schematic representation of the 
protein domains and structural features (B) Interaction of netrin-1 with DCC on the 
growth cone of CINs results in ventral projection and subsequent midline crossing of 
commissural axons. In contract, interaction of EphA4 on ipsilateral neurons with 
ephrinB3 results in growth cone collapse and axon retraction. (CR) cystein rich, 
(PDZ) protein-protein interaction domain, (FN) fibronectin, (SAM) sterile alpha 
motif, (C) c-terminal,( Ig) immunoglobin (P) phosphorylation site  
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In the embryonic spinal cord, early subsets of motor neurons as well as scat-
tered ipsilateral interneurons have been shown to express EphA4. The 
EphA4 ligand ephrinB3, on the other hand, is expressed in the floor plate 
and as the spinal midline is formed, also in the ventricular zone and roof 
plate (Imondi et al., 2000). Here, EphA4/ephrinB3 interaction typically re-
sults in growth cone retraction and collapse to prevent midline crossing 
(Figure 4). In ephA4 null mice, there is a distinct loss of rhythmic alternation 
that functionally results in a hopping gait. This phenotype has been ex-
plained by misguidance of excitatory spinal cord local interneurons over the 
midline, which would normally project to ipsilateral targets. Mice with a 
deletion of the EphA4 ligand ephrinB3 mimic this spinal phenotype, demon-
strating the role of EphA4/ephrinB3 signalling in the development of the 
neuronal network that controls walking (Butt and Kiehn, 2003; Kullander et 
al., 2003). The phenotype of aberrant fiber crossing in these mice is exten-
sive and while it is unlikely that all of the affected neurons are functional 
components of the CPG, so far a distinct population of EphA4 positive neu-
rons that causes the deviant locomotor coordination has not been defined 
(Lundfald et al., 2007).  

Intracellular Signalling  
To understand axon guidance decisions during neuronal network formation, 
knowledge about the intracellular signalling cascade leading to a specific 
cell response is crucial. Reorganization of the actin cytoskeleton plays a 
prominent role in the response of axons to guidance cues. Several activated 
receptors have been shown to couple to GTPase-activating proteins (GAPs) 
and guanine nucleotide exchange factors (GEFs) in order to regulate activa-
tion or inactivation of Rho family GTPases and thereby controlling cy-
toskeleton and membrane dynamics in growth cones (Luo, 2002). The cur-
rent model proposes that activation of Rho GTPases Rac1 and Cdc42 stimu-
late axonal growth through neurite outgrowth and filopodia formation, while 
activation of Rho inhibits axonal growth or induces growth cone collapse 
(Hall, 1998).  

Netrin-1 signalling through its receptors can result in a range of different 
cellular responses triggered through several signal transduction pathways 
(Round and Stein, 2007). Netrin-1 binding to DCC causes multimerization 
through their intracellular P3 domains, thus promoting attraction. Further, 
netrin-1 binding can cause interaction between the DCC P1 domain and 
UNC-5 leading to long-range repulsion, while binding of netrin-1 to UNC-5 
alone leads to short-range repulsion. A number of intracellular adapters and 
mediators have been implicated to transmit DCC signalling upon netrin-1 
binding, including the Rho GTPases Rac1 and Cdc42 (Li et al., 2002a; Li et 
al., 2002b; Shekarabi et al., 2005), members of the MAPK pathway includ-
ing Pitk2 and Src (Campbell and Holt, 2001; Campbell and Holt, 2003; Liu 
et al., 2004; Ren et al., 2004) as well as members of second messenger sys-
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tems like cAMP, PI3K and PLCγ (Bouchard et al., 2004; Ming et al., 1999). 
As DCC has no autocatalytic domain it remains unclear how the intracellular 
signalling is initiated. However using DCCkanga/kanga mice, which have a dele-
tion of the P3 domain in the DCC gene, it has been proposed that the P3 
domain has a role in binding mediators, which in turn initiate intracellular 
signalling (Li et al., 2004; Xie et al., 2005).  

Ephrin/Eph receptor interaction can lead to a complex bidirectional for-
ward and reverse signalling both through the receptor and the membrane 
bound ligand (Bruckner et al., 1997; Holland et al., 1996). Mice that have 
impaired kinase activity of EphA4 (ephA4KD/KD and ephA42F/2F) but not mice 
expressing a truncated form of ephrinB3 show a similar hopping phenotype 
as ephrinB3 and ephA4 null mice (Kullander et al., 2001b). Thus forward but 
not reverse signalling seems to be essential for the formation of the underly-
ing motor circuitry. Forward signalling through the Eph receptors is believed 
to be a multi-step process that involves ephrin binding, activation of the ty-
rosine kinase activity, autophosphorylation and higher-order clustering. Sig-
nalling in this manner leads to activation of Rho family GTPases, which 
triggers reorganization of the actin cytoskeleton and ultimately results in 
growth cone collapse and axon retraction (Egea and Klein, 2007). The only 
identified RhoGTPase regulators that act downstream of Eph receptors are 
GEFs from the ephexin and Vav families (Cowan et al., 2005; Sahin et al., 
2005). However, as ephexin-1 null mice are apparently normal (Sahin et al., 
2005), its function and whether or how it is counterbalanced and comple-
mented by other Eph-dependent GEFs and GAPs is unknown.  
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Aims 

The overall aim of this work is to increase the understanding of neuronal 
network formation and function using the spinal locomotor CPG as a model 
system. 
 
Specific aims: 
 
Paper I 
To screen for marker genes of coherent neuronal subpopulations in the ma-
ture ventral spinal cord that can be further analyzed regarding their function 
within the spinal locomotor network. 
 
Paper II and III 
To analyze the role of the axon guidance molecules netrin-1 and DCC for the 
development of a functional locomotor CPG and possibly to identify sub-
populations of neurons involved in left-right coordination. 
 
Paper IV 
To identify downstream signalling components that are essential for EphA4-
dependent axon navigation during neuronal network formation in the mouse 
spinal cord. 
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Results and Conclusions 

Paper I 
Genetic markers for coherent subtypes of neurons in the mature CNS are 
useful to develop necessary genetic tool to study the formation and function 
of neuronal networks in vertebrates. Here we used a database and a micro-
array approach to identify genetic markers for cholinergic neuronal popula-
tions in the spinal cord. Screening a digital atlas of gene expression patterns 
in the mouse (www.genepaint.org) resulted in a list of 173 genes of interest 
with a restricted pattern of expression in the ventral lumbar spinal cord, an 
area largely occupied by cholinergic neurons. In a microarray approach, 
mRNA expression levels were compared between ventral and dorsal spinal 
cord using Affymetrix technology. 3344 genes were found to be differen-
tially regulated, of these 264 had more than twofold higher expression in the 
ventral than dorsal spinal cord and were therefore selected for further analy-
sis. The expression patterns of the candidate marker genes from both screens 
were evaluated by in situ hybridization on lumbar spinal cord sections from 
postnatal day P10-P15 mice.  

We investigated if the candidate cholinergic markers were specifically 
expressed in any of the five defined subpopulations of cholinergic neurons. 
For example four genes, chemokine (C-X-C motif) ligand 12 (Cxcl12), 
gamma-aminobutyric acid (GABA-A) receptor, subunit beta 1 (Gabrb1), 
fibroblast growth factor receptor 1 (Fgfr1) and paired-like homeodomain 
transcription factor 2 (Pitx2) were found to be expressed in patterns suggest-
ing that they are expressed in cholinergic interneurons. Of these Pitx2 
(Semina et al., 1996) was selected for further studies. We investigated the 
developmental expression of Pitx2 in the spinal cord using in situ hybridiza-
tion. Pitx2 positive cells were first found at E13.5 in the rostral part of the 
spinal cord, and at E14.5, they were present in all spinal cord segments. 
Double in situ hybridization with Pitx2 and VAChT probes showed, that all 
Pitx2 positive neurons at P11 are cholinergic. Ventral root tracing, cell soma 
size comparison to motor neurons and the anatomical positioning of Pitx2 
positive neurons indicate that they are partition cells. Further, crossing of 
Pitx2-Cre mice with TaumGFP-nlslacZ mice was used to investigate the projec-
tions from Pitx2 positive cells. We found projections into the motor neuron 
area, that co-labelled with Synaptophysin and ChAT, which indicates that 
these fibers form cholinergic synapses “C boutons” on large motor neurons. 
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Our data show how Cre mediated selective labelling combined with tradi-
tional labelling techniques, helps reveal the development, projections and 
potential function of the Pitx2 positive cell population. At the same time 
another study has been published that describes Pitx2 as a marker for cho-
linergic interneurons found in similar screen (Zagoraiou et al., 2009). In 
addition, Zagoraiou et al. developed Pitx2 based genetic tools to investigate 
the functional relevance, of these cholinergic interneurons, on locomotor 
output. They provide evidence that Pitx2 neurons are a small subset of V0 
interneurons and the sole source of C boutons. Further they show a func-
tional relevance of these cholinergic interneurons for task-dependent en-
hancement of motor neuron firing. 

Taken together using two screening approaches and in situ hybridization, 
we identified 159 genes expressed in specific cholinergic patterns in the 
spinal cord, which can be used for further functional studies of cholinergic 
subpopulations. We present Pitx2 as a cholinergic interneuron marker for 
partition cells with a proposed role in the spinal network for locomotion. In 
addition, we present two genes, Chondrolectin (Chodl) and Estrogen-related 
receptor beta (ERR�) as novel markers for fast and slow motor neurons, re-
spectively. Chodl and ERR� will allow detailed studies of basic functional 
distinct motor neuron populations.  

Paper II and III 
Here we show that netrin-1 and Dcc mutant mice display an artificial loco-
motor behaviour different from wild-type mice. While Ntn1Gt/Gt mice always 
show synchrony in left-right coordination, Dcc-/- mice exhibit a range of 
locomotor output including left-right alternation, synchrony and uncoordi-
nated periods. Using retrograde tracing techniques in Ntn1Gt/Gt and Dcc-/- 
mice we observed a severe reduction of CINs and projections over the mid-
line. A small number of CINs (around 20%) can still be found in both Dcc-/- 
and Ntn1Gt/Gt mice at P0. In embryonic E11.5 spinal cords from Dcc-/- and 
Ntn1Gt/Gt mice, it has previously been shown, that some but few commissural 
axon project ventral, reach and cross the midline (Fazeli et al., 1997; Serafini 
et al., 1996). This could be explained by random fiber crossing, the presence 
of other axon guidance molecules or residual amounts of functional protein 
in the mutant mice. We show here that all populations of CINs classified 
based on their pattern of projections were similarly affected in Dcc-/- com-
pared to Ntn1Gt/Gt mice. In addition, we did not find a difference in the 
amount and location of the CINs that remained in the Dcc-/- and Ntn1Gt/Gt 
mice. However, we show that the neurotransmitter profiles of the remaining 
CINs in Dcc-/- and Ntn1Gt/Gt mice are different. In Ntn1Gt/Gt mice, more exci-
tatory CINs remain, which results in a relative shift towards more excitatory 
signals being transmitted over the midline. In contrast in Dcc-/- mice both 
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excitatory and inhibitory CINs were affected evenly. The severe reduction of 
CINs in combination with the resulting shift in the neurotransmitter balance 
over the midline could explain the observed locomotor pattern and the dis-
crepancy between the phenotype in netrin-1 and Dcc mutant mice. Thus, two 
axon guidance systems for proper development of a functional locomotor 
CPG exist; the ephrinB3/EphA4 ligand/receptor pair preventing aberrant 
midline crossing (Kullander et al., 2003) and the netrin-1/DCC 
ligand/receptor pair attracting CINs to the midline. 

In an effort to assign a functional role during locomotion to a distinct sub-
population of CINs we further characterize the remaining CINs in netrin-1 
and Dcc mutant mice according to their developmental origin. For this pur-
pose, we used embryonic tracings in combination with antibodies targeted 
against transcription factors for neuronal subpopulations, which had been 
found to project contralateral, namely dorsal dI1, dI2, dI3, dI5, dI6 and ven-
tral V0 and V3. Of these, we found a severe reduction of dI1– dI3, dI5, dI6 
and V0d neurons, a minor reduction of V0v and strikingly, no loss of the 
most ventral V3 CINs in netrin-1 mutant mice compared to controls (Paper 
II). Conversely, CINs from all labelled developmental subpopulations were 
affected to the same severe extent by the loss of DCC (Paper III). These data 
shows that CINs originating from different dorsal and ventral progenitor 
domains are highly dependent on DCC signalling to properly find and cross 
the midline. In addition, it suggests a ventral to dorsal increase of netrin-1-
dependence for CINs. Taken together, we propose an alternative mechanism 
underlying midline guidance for ventral originating neurons, were DCC 
might mediate the response of commissural axons to another, as yet un-
known guidance cue. Netrin-1-independent function of DCC/UNC-40 in cell 
and axon migration has been reported in C.elegans (Hedgecock et al., 1990; 
Hedgecock et al., 1987; Honigberg and Kenyon, 2000; Kim et al., 1999; Yu 
et al., 2002), but so far, no example of netrin-1-independent DCC signalling 
in vertebrates has been found. 

Functionally, our data suggest that a selective loss of specific neuronal 
subpopulations can account for the difference in fictive locomotor coordina-
tion observed in Dcc-/- and Ntn1Gt/Gt mice. In Ntn1Gt/Gt mice, the V3 subpopu-
lation remains in its entirety, which is sufficient to maintain a coordinated 
albeit strictly synchronous left-right activity. Therefore, we propose that V3 
derived CINs could be an important component of the left-right synchrony 
circuit (Paper II). A reduction of CINs from all progenitor domains, includ-
ing the V3 domain in Dcc-/- mice resulted in an uncoordinated left-right lo-
comotor phenotype. The selective loss of the V3 neurons, as the only signifi-
cant difference comparing Ntn1Gt/Gt and Dcc-/- mice, thus emphasizes their 
fundamental role in coordinating synchronous activities over the midline 
(Paper III).  
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In paper III we also analyzed Dcckanga mice, which carry a spontaneous mu-
tation within the Dcc gene that results in a specific deletion of exon 29 en-
coding the intracellular P3 domain. In these mice, we observed a close to 
normal alternating pattern of neonatal fictive locomotion. At the same time 
and despite an all over loss of CINs to 40%, the majority of CINs, which 
originate from V0d and dorsal domains were found to remain. Combined 
with the observation, that an uncoordinated left-right activity was caused by 
a significant loss of neurons from these populations as in Dcc-/- mice, this 
supports the idea that the V0d and additional dorsally originating CIN sub-
populations could be vital for normal left-right alternation (Paper II; Lanuza 
et al., 2004; Zhang et al., 2008). 

Paper IV 
In collaboration with the groups of Andrea Betz and Ruediger Klein, we 
used biochemical and mouse genetic tools to examine the role of α2-
chimerin in vivo. α-chimaerin knockout mice (α-chimaerin-/-) have been 
generated and were shown to be viable and at birth indistinguishable from 
wild-type and heterozygous littermates. With the onset of locomotion, a rab-
bit-like hopping gait similar to EphA4-/- mice and ephrinB3-/- mice (Dottori et 
al., 1998; Kullander et al., 2001a; Yokoyama et al., 2001) appeared. Several 
abnormalities that are found in EphA4 mutants with defective forward sig-
nalling (Kullander et al., 2003; Kullander et al., 2001b) were also seen in α-
chimaerin-/- mutant mice. The dorsal funiculus was broader and the axons of 
the CST aberrantly re-crossed the spinal cord midline. α-chimaerin-/- mice 
showed no obvious defects in the position and number of spinal CINs, how-
ever numerous fibers that aberrantly crossed over the midline dorsally and 
ventrally of the central canal were observed. Finally, in α-chimaerin-/- mice 
the electrophysiological activity of the CPG for hindlimb locomotion was 
shown to be defective. Further evidence for a role of α-chimaerin in EphA4 
signalling comes from biochemical data, which demonstrates that α-
chimaerin directly binds to and is phophorylated by EphA4. Given the dif-
ferential expression profile of α2-chimsaerin, which is found early in em-
bryonic development and α1-chimaerin, which is mostly expressed postna-
tally (Hall et al., 2001), the phenotypes we observed in this study are most 
likely due to the action of α2-chimaerin.  

In summary, this work reveals α2-chimerin as a downstream molecule of 
EphA4 signalling, which is essential in axon guidance decisions involved in 
the formation of the spinal locomotor circuitry for walking. 
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Perspectives 

In this thesis we present a set of marker genes specific to subpopulation of 
cholinergic neurons (Paper I), providing molecular tools to examine neu-
ronal subpopulations likely involved in locomotor function. A genetic ap-
proach, which is sufficient to control the spatial and temporal expression of 
these genes or synaptic transmission, can be used in combination with in-
vivo and in-vitro assays to test functionality.  

The use of Pitx2 as a marker to address a functional relevance, in shaping 
the spinal locomotor pattern, to a defined set of cholinergic interneurons has 
already been addressed (Zagoraiou et al., 2009). However, spinal interneu-
rons that express Pitx2 have been found to use different neurotransmitters 
(Paper I; Zagoraiou et al., 2009). In addition, cholinergic cells adjacent to the 
central canal, which include central canal cells and partition cells are proba-
bly not one distinct population, but could rather represent a group of likely 
functionally disparate interneurons. Therefore, further studies exploring ad-
ditional markers that represent divers subpopulations of interneurons in the 
medial spinal cord will provide insight into their functional relevance. 

Markers of distinct subpopulations of motor neurons not related to col-
umns, divisions or pools could be used to study the logics that underlie late 
aspects of network formation and locomotor control. These might include 
common and divergent mechanisms during axonal path finding and target 
recognition within the periphery. In addition, specific gene expression in 
motor neurons might also resemble cues for target recognition specificity to 
local and sensory interneurons. For example, Chodl and ERR� should be 
considered for detailed developmental and functional studies of fast and 
slow motor neuron and might potentially serve as an early diagnostic tool in 
ALS patients. 

In paper II and III in this thesis we provide evidence, that CINs from the most 
ventral V3 domain are part of a proposed left-right synchrony network. Dur-
ing normal locomotion, the output from the left-right alternation circuitry 
dominates synchronous activities. As a result, acute silencing or blocking of 
V3 derived neurotransmission (Zhang et al., 2008) has not been sufficient to 
provide functional evidence for a crucial role of V3 neurons for synchronous 
segmental activity. Additional studies should therefore aim to provoke loco-
motor activity into synchrony or silence components of left-right alternation 
circuitry in combination with observation and manipulation of V3 neurons.  
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Further, we propose an alternative mechanism underlying midline guidance 
for ventral originating neurons, were DCC might act independent of netrin-1. 
However, low amounts of wild-type netrin-1 mRNA have been detected in 
homozygous netrin-1 mutant mice (Serafini et al., 1996). Assuming that this 
will result in small amounts of functional netrin-1 protein, it could explain 
our observation of the most ventral V3 subpopulation remaining intact in 
these mice. Although this is not relevant for the functional interpretation of 
the data, it is crucial for exploring the possibility of an alternative netrin-1- 
independent mechanism of DCC mediated midline guidance for V3 CINs. 
An axon outgrowth assay, using Sim1-cre mice in combination with a re-
porter to specifically label V3 neurons, will provide the first evidence and a 
base for the identification of possible new molecules involved in DCC sig-
nalling. 
 
Since the advance of the neuron doctrine by Ramón y Cajal over 100 years 
ago, we scientists have collected a considerable amount of anatomical, 
physiological and pharmacological knowledge about the CNS. How neurons 
assemble in neuronal circuits, capable of coordinating perceptual, conceptual 
and motor tasks has been a major focus of research in the recent years. But 
despite all the incredible findings and the rapid advances we are still far from 
fully comprehending the brains computational power that causes all animal 
behaviour.  
 
There is plenty that remains to be discovered!  



 29

Acknowledgement 

This work was carried out at the Department of Neuroscience, Unit of De-
velopmental Genetics and was supported by Uppsala University, the Swed-
ish Medical Research Council, the International Institute for Research on 
Paraplegia, the foundations of Knut and Alice Wallenberg, Åke Wiberg, 
Magnus Bergwall, Åhlén, Hedlund and Mary, Åke och Hans Ländells 
stiftelse. 
 
 
Now I would like to thank all the people that have, one way ore another, 
helped me to accomplish this work: 
 
First and foremost I would like to thank, my supervisor Klas Kullander for 
providing such a great, open and creative work environment. Thank you for 
the possibility to work independently and the opportunity to develop and 
pursue own scientific ideas. - I still do not believe in the idea that construc-
tive criticism can only be raised in combination with encouragement, but I 
am working on it. 
 
Anna, for all your patience and feedback concerning lab issues and scientific 
questions. For all the methods, the knowledge about neuronal development, 
the best way to write a reasonable introduction in a publication and the little 
lab secrets “Curts” you thought me. But mostly for being such a genuine 
friend. Anders, all our scientific discussions and your never-ending capacity 
to remember “cool” references have been essential for my work. And how 
boring would live in the lab have been without your subtle humor. Henrik, 
thanks for digging into the world of ephys and providing valuable results 
with a method that I do not fully comprehend.  
 
Fatima for having been a great student and an even better fellow PhD. Al-
ways taking off load from me and helping out in an effort to combine baby-
sitting and work on late nights or weekends. You are the Best! Kasia for 
reminding me that there is nothing wrong with enjoying hard work. Smitha 
for always smiling, all the thinks you taught me about your culture and the 
meaning of family. Eventually we will climb a mango-tree together. All 
three of you thanks for sharing your family’s receipts and hosting interna-
tional cooking nights. 



 30 

Past and present members of our lab: 
Malin for lunch walks to the woods or nowadays to ICA in order to catch 
some sunlight, red tea, dark chocolate and flowers. Henrik B. for introduc-
ing the concept that wearing gloves is overrated. Hanna for great collabora-
tions on projects not included in this thesis. Chistiane for the joint effort of 
spreading German tidiness. And the students that have been working with 
me Lena T., Saraswoti, Martin and Johan. You have done a great job! 
 
The co-authors and people not yet mentioned that have contributed to the 
papers included in this thesis. In particular Jenny, Anna-Karin, Kalicha-
ran, Linda, Henrik M. and Daniel for excellent work. Joel Glover for wel-
coming me in Oslo and teaching me all the little tricks on how to success-
fully perform tracings. Andrea Betz and Rüdiger Klein for the great oppor-
tunity to collaborate on the chimaerin story.  
 
Ulla, Emma, Birgitta, Marita, Maria and Lena for always helping out and 
making things run smoothly at the department. Susanne, Eva and colleges 
for supporting this work by taking good care of our animals. 
 
All past and present members of the neighbouring groups in the department: 
The former and present heads of the department Lars Oreland and Håkan 
Aldskogius. Dan and Ingrid for welcoming me to Uppsala University in the 
first place. Tomas for sharing weekend lunches, trips to the lake and lots of 
nice chats. Bengt for the nice island trips. Åsa F for co-supervision and shar-
ing crucial antibodies. Grzegorz for sharing meaningful music. Åsa M for 
your compassion and creating a challenging scientific environment. My new 
room mate Karin the most patient person I know. Sojeong for an always 
friendly atmosphere. Robert F for sharing knowledge regarding RT-PCR, 
Positonal-cloning, Southern or any other technique for that matter. Kalle for 
help within the indefinite space of biomedical databases. Tatjana for the not 
so successful effort of trying to establish regular workouts (my fault). Agni-
eszka and Pawel for always being up for a friendly chat in the corridor. 
Nicole and Greta for enjoyable talks during lunch, fika and every other visit 
to the lunchroom. And everybody else not mentioned by name, who makes 
this department an interesting working place. 
 
Sanja for your endless support 
 
Finally, to my own little family the most precious thing in my life. Nico und 
Norwinn ohne euch währe das Leben nur halb so schön. 
 
Ein grosses Dankeschön geht an meine Oma Inge, Mama Elke und Schwes-
ter Claudia. Jeder von Euch ist auf seine ganz eigene Art, Kraft und Inspira-
tion fur mich. 



 31

References 

Ackerman, S., Kozak, L., Przyborski, S., Rund, L., Boyer, B., and Knowles, B. 
(1997). The mouse rostral cerebellar malformation gene encodes an UNC-5-like 
protein. Nature 386, 838-842. 

Alvarez, F.J., Jonas, P.C., Sapir, T., Hartley, R., Berrocal, M.C., Geiman, E.J., Todd, 
A.J., and Goulding, M. (2005). Postnatal phenotype and localization of spinal 
cord V1 derived interneurons. J Comp Neurol 493, 177-192. 

Arber, S., Han, B., Mendelsohn, M., Smith, M., Jessell, T.M., and Sockanathan, S. 
(1999). Requirement for the homeobox gene Hb9 in the consolidation of motor 
neuron identity. Neuron 23, 659-674. 

Bannatyne, B., Edgley, S., Hammar, I., Jankowska, E., and Maxwell, D. (2003). 
Networks of inhibitory and excitatory commissural interneurons mediating 
crossed reticulospinal actions. Eur J Neurosci 18, 2273-2284. 

Barbacid, M. (1995). Neurotrophic factors and their receptors. Curr Opin Cell Biol 
7, 148-155. 

Barber, R., Phelps, P., Houser, C., Crawford, G., Salvaterra, P., and Vaughn, J. 
(1984). The morphology and distribution of neurons containing choline acetyl-
transferase in the adult rat spinal cord: an immunocytochemical study. J Comp 
Neurol 229, 329-346. 

Bate, C. (1976). Pioneer neurones in an insect embryo. Nature 260, 54-56. 
Bennett, K.L., Bradshaw, J., Youngman, T., Rodgers, J., Greenfield, B., Aruffo, A., 

and Linsley, P.S. (1997). Deleted in colorectal carcinoma (DCC) binds heparin 
via its fifth fibronectin type III domain. J Biol Chem 272, 26940-26946. 

Bermingham, N.A., Hassan, B.A., Wang, V.Y., Fernandez, M., Banfi, S., Bellen, 
H.J., Fritzsch, B., and Zoghbi, H.Y. (2001). Proprioceptor pathway development 
is dependent on Math1. Neuron 30, 411-422. 

Blaesse, P., Airaksinen, M.S., Rivera, C., and Kaila, K. (2009). Cation-chloride 
cotransporters and neuronal function. Neuron 61, 820-838. 

Bouchard, J., Moore, S., Tritsch, N., Roux, P., Shekarabi, M., Barker, P., and Ken-
nedy, T. (2004). Protein kinase A activation promotes plasma membrane inser-
tion of DCC from an intracellular pool: A novel mechanism regulating commis-
sural axon extension. J Neurosci 24, 3040-3050. 

Bracci, E., Ballerini, L., and Nistri, A. (1996). Localization of rhythmogenic net-
works responsible for spontaneous bursts induced by strychnine and bicuculline 
in the rat isolated spinal cord. J Neurosci 16, 7063-7076. 

Bradford, D., Cole, S.J., and Cooper, H.M. (2009). Netrin-1: diversity in develop-
ment. Int J Biochem Cell Biol 41, 487-493. 

Branchereau, P., Morin, D., Bonnot, A., Ballion, B., Chapron, J., and Viala, D. 
(2000). Development of lumbar rhythmic networks: from embryonic to neonate 
locomotor-like patterns in the mouse. Brain Res Bull 53, 711-718. 

Briscoe, J., and Ericson, J. (1999). The specification of neuronal identity by graded 
Sonic Hedgehog signalling. Semin Cell Dev Biol 10, 353-362. 



 32 

Briscoe, J., Pierani, A., Jessell, T.M., and Ericson, J. (2000). A homeodomain pro-
tein code specifies progenitor cell identity and neuronal fate in the ventral neural 
tube. Cell 101, 435-445. 

Brose, K., and Tessier-Lavigne, M. (2000). Slit proteins: key regulators of axon guid-
ance, axonal branching, and cell migration. Curr Opin Neurobiol 10, 95-102. 

Brown, A.G. (1981). The spinocervical tract. Prog Neurobiol 17, 59-96. 
Brown, G. (1911). The intrinsic factors in the act of progression in the mammal. 

Proc. R. Soc. 
London B, 309–319. 
Bruckner, K., Pasquale, E., and Klein, R. (1997). Tyrosine phosphorylation of 

transmembrane ligands for Eph receptors. Science 275, 1640-1643. 
Butt, S., and Kiehn, O. (2003). Functional identification of interneurons responsible 

for left-right coordination of hindlimbs in mammals. Neuron 38, 953-963. 
Cajal, R.y. (1890). Sobre la aparicio´n de las expansiones celulares en la 
me´dula embrionaria. Gac. Sanit. Barc., 413–419. 
Campbell, D., and Holt, C. (2001). Chemotropic responses of retinal growth cones 

mediated by rapid local protein synthesis and degradation. Neuron 32, 1013-1026. 
Campbell, D.S., and Holt, C.E. (2003). Apoptotic pathway and MAPKs differentially 

regulate chemotropic responses of retinal growth cones. Neuron 37, 939-952. 
Cazalets, J.R., Borde, M., and Clarac, F. (1996). The synaptic drive from the spinal 

locomotor network to motoneurons in the newborn rat. J Neurosci 16, 298-306. 
Chan, S., Zheng, H., Su, M., Wilk, R., Killeen, M., Hedgecock, E., and Culotti, J. 

(1996). UNC-40, a C. elegans homolog of DCC (Deleted in Colorectal Cancer), 
is required in motile cells responding to UNC-6 netrin cues. Cell 87, 187-195. 

Charron, F., Stein, E., Jeong, J., McMahon, A.P., and Tessier-Lavigne, M. (2003). 
The morphogen sonic hedgehog is an axonal chemoattractant that collaborates 
with netrin-1 in midline axon guidance. Cell 113, 11-23. 

Chiba, A., and Keshishian, H. (1996). Neuronal pathfinding and recognition: roles 
of cell adhesion molecules. Dev Biol 180, 424-432. 

Conradi, S., and Skoglund, S. (1969). Observations on the ultrastruture and distribu-
tion of neuronal and glial elements on the motoneuron surface in the lumbosac-
ral spinal cord of the cat during postnatal development. Acta Physiol Scand 
Suppl 333, 5-52. 

Cooper, H., Armes, P., Britto, J., Gad, J., and Wilks, A. (1995). Cloning of the mou-
se homologue of the deleted in colorectal cancer gene (mDCC) and its expres-
sion in the developing mouse embryo. Oncogene 11, 2243-2254. 

Corset, V., Nguyen-Ba-Charvet, K.T., Forcet, C., Moyse, E., Chédotal, A., and 
Mehlen, P. (2000). Netrin-1-mediated axon outgrowth and cAMP production 
requires interaction with adenosine A2b receptor. Nature 407, 747-750. 

Cowan, C., Shao, Y., Sahin, M., Shamah, S., Lin, M., Greer, P., Gao, S., Griffith, E., 
Brugge, J., and Greenberg, M. (2005). Vav family GEFs link activated Ephs to 
endocytosis and axon guidance. Neuron 46, 205-217. 

Cowley, K.C., and Schmidt, B.J. (1995). Effects of inhibitory amino acid antago-
nists on reciprocal inhibitory interactions during rhythmic motor activity in the 
in vitro neonatal rat spinal cord. J Neurophysiol 74, 1109-1117. 

Crone, S.A., Quinlan, K.A., Zagoraiou, L., Droho, S., Restrepo, C.E., Lundfald, L., 
Endo, T., Setlak, J., Jessell, T.M., Kiehn, O., and Sharma, K. (2008). Genetic 
ablation of V2a ipsilateral interneurons disrupts left-right locomotor coordina-
tion in mammalian spinal cord. Neuron 60, 70-83. 

Crone, S.A., Zhong, G., Harris-Warrick, R., and Sharma, K. (2009). In mice lacking 
V2a interneurons, gait depends on speed of locomotion. J Neurosci 29, 7098-7109. 

Culotti, J., and Merz, D. (1998). DCC and netrins. Curr Opin Cell Biol 10, 609-613. 



 33

Dasen, J.S., and Jessell, T.M. (2009). Hox networks and the origins of motor neuron 
diversity. Curr Top Dev Biol 88, 169-200. 

Dottori, M., Hartley, L., Galea, M., Paxinos, G., Polizzotto, M., Kilpatrick, T., Bart-
lett, P.F., Murphy, M., Köntgen, F., and Boyd, A.W. (1998). EphA4 (Sek1) re-
ceptor tyrosine kinase is required for the development of the corticospinal tract. 
Proc Natl Acad Sci USA 95, 13248-13253. 

Dougherty, K., and Kiehn, O. (2010). Firing and Cellular Properties of V2a In-
terneurons in the Rodent Spinal Cord. Journal of Neuroscience 30, 24. 

Egea, J., and Klein, R. (2007). Bidirectional Eph-ephrin signalling during axon 
guidance. Trends Cell Biol 17, 230-238. 

Eide, A.L., Glover, J., Kjaerulff, O., and Kiehn, O. (1999). Characterization of 
commissural interneurons in the lumbar region of the neonatal rat spinal cord. J 
Comp Neurol 403, 332-345. 

Ericson, J., Morton, S., Kawakami, A., Roelink, H., and Jessell, T.M. (1996). Two 
critical periods of Sonic Hedgehog signalling required for the specification of 
motor neuron identity. Cell 87, 661-673. 

Ericson, J., Rashbass, P., Schedl, A., Brenner-Morton, S., Kawakami, A., van Heyn-
ingen, V., Jessell, T.M., and Briscoe, J. (1997). Pax6 controls progenitor cell 
identity and neuronal fate in response to graded Shh signalling. Cell 90, 169-
180. 

Farah, M.H., Olson, J.M., Sucic, H.B., Hume, R.I., Tapscott, S.J., and Turner, D.L. 
(2000). Generation of neurons by transient expression of neural bHLH proteins 
in mammalian cells. Development 127, 693-702. 

Fazeli, A., Dickinson, S.L., Hermiston, M.L., Tighe, R.V., Steen, R.G., Small, C.G., 
Stoeckli, E.T., Keino-Masu, K., Masu, M., Rayburn, H., et al. (1997). Pheno-
type of mice lacking functional Deleted in colorectal cancer (Dcc) gene. Nature 
386, 796-804. 

Fearon, E.R., Cho, K.R., Nigro, J.M., Kern, S.E., Simons, J.W., Ruppert, J.M., Ham-
ilton, S.R., Preisinger, A.C., Thomas, G., and Kinzler, K.W. (1990). Identifica-
tion of a chromosome 18q gene that is altered in colorectal cancers. Science 
247, 49-56. 

Fetcho, J.R., Higashijima, S.-i., and McLean, D.L. (2008). Zebrafish and motor 
control over the last decade. Brain research reviews 57, 86-93. 

Fields, R., and Itoh, K. (1996). Neural cell adhesion molecules in activity-dependent 
development and synaptic plasticity. Trends Neurosci 19, 473-480. 

Flanagan, J. (1999). Life on the road. Nature 401, 747-748. 
Frisen, J., Holmberg, J., and Barbacid, M. (1999). Ephrins and their Eph receptors: 

multitalented directors of embryonic development. Embo J 18, 5159-5165. 
Garrity, P., and Zipursky, S. (1995). Neuronal target recognition. Cell 83, 177-185. 
Gosgnach, S., Lanuza, G.M., Butt, S.J.B., Saueressig, H., Zhang, Y., Velasquez, T., 

Riethmacher, D., Callaway, E.M., Kiehn, O., and Goulding, M. (2006). V1 spinal 
neurons regulate the speed of vertebrate locomotor outputs. Nature 440, 215-219. 

Goulding, M. (2009). Circuits controlling vertebrate locomotion: moving in a new 
direction. Nat Rev Neurosci 10, 507-518. 

Goulding, M.D., Lumsden, A., and Gruss, P. (1993). Signals from the notochord and 
floor plate regulate the region-specific expression of two Pax genes in the de-
veloping spinal cord. Development 117, 1001-1016. 

Gowan, K., Helms, A.W., Hunsaker, T.L., Collisson, T., Ebert, P.J., Odom, R., and 
Johnson, J.E. (2001). Crossinhibitory activities of Ngn1 and Math1 allow speci-
fication of distinct dorsal interneurons. Neuron 31, 219-232. 

Grillner, S. (2003). The motor infrastructure: from ion channels to neuronal net-
works. Nat Rev Neurosci 4, 573-586. 



 34 

Grillner, S. (2006). Biological pattern generation: the cellular and computational 
logic of networks in motion. Neuron 52, 751-766. 

Grillner, S., and Jessell, T.M. (2009). Measured motion: searching for simplicity in 
spinal locomotor networks. Curr Opin Neurobiol. 

Gross, M.K., Dottori, M., and Goulding, M. (2002). Lbx1 specifies somatosensory 
association interneurons in the dorsal spinal cord. Neuron 34, 535-549. 

Gross, M.K., Moran-Rivard, L., Velasquez, T., Nakatsu, M.N., Jagla, K., and Goul-
ding, M. (2000). Lbx1 is required for muscle precursor migration along a lateral 
pathway into the limb. Development 127, 413-424. 

Hall, A. (1998). Rho GTPases and the actin cytoskeleton. Science 279, 509-514. 
Hall, C., Michael, G.J., Cann, N., Ferrari, G., Teo, M., Jacobs, T., Monfries, C., and 

Lim, L. (2001). alpha2-chimaerin, a Cdc42/Rac1 regulator, is selectively ex-
pressed in the rat embryonic nervous system and is involved in neuritogenesis in 
N1E-115 neuroblastoma cells. J Neurosci 21, 5191-5202. 

Hedgecock, E.M., Culotti, J.G., and Hall, D.H. (1990). The unc-5, unc-6, and unc-40 
genes guide circumferential migrations of pioneer axons and mesodermal cells 
on the epidermis in C. elegans. Neuron 4, 61-85. 

Hedgecock, E.M., Culotti, J.G., Hall, D.H., and Stern, B.D. (1987). Genetics of cell 
and axon migrations in Caenorhabditis elegans. Development 100, 365-382. 

Helms, A.W., Battiste, J., Henke, R.M., Nakada, Y., Simplicio, N., Guillemot, F., 
and Johnson, J.E. (2005). Sequential roles for Mash1 and Ngn2 in the genera-
tion of dorsal spinal cord interneurons. Development 132, 2709-2719. 

Helms, A.W., and Johnson, J.E. (1998). Progenitors of dorsal commissural interneu-
rons are defined by MATH1 expression. Development 125, 919-928. 

Hochman, S., and Schmidt, B.J. (1998). Whole cell recordings of lumbar motoneu-
rons during locomotor-like activity in the in vitro neonatal rat spinal cord. J 
Neurophysiol 79, 743-752. 

Holland, S., Gale, N., Mbamalu, G., Yancopoulos, G., Henkemeyer, M., and Paw-
son, T. (1996). Bidirectional signalling through the EPH-family receptor Nuk 
and its transmembrane ligands. Nature 383, 722-725. 

Hong, K., Hinck, L., Nishiyama, M., Poo, M.M., Tessier-Lavigne, M., and Stein, E. 
(1999). A ligand-gated association between cytoplasmic domains of UNC5 and 
DCC family receptors converts netrin-induced growth cone attraction to repul-
sion. Cell 97, 927-941. 

Honigberg, L., and Kenyon, C. (2000). Establishment of left/right asymmetry in 
neuroblast migration by UNC-40/DCC, UNC-73/Trio and DPY-19 proteins in 
C. elegans. Development 127, 4655-4668. 

Hoover, J., and Durkovic, R. (1992). Retrograde labeling of lumbosacral interneu-
rons following injections of red and green fluorescent microspheres into 
hindlimb motor nuclei of the cat. Somatosens Mot Res 9, 211-226. 

Huang, A., Noga, B., Carr, P., Fedirchuk, B., and Jordan, L. (2000). Spinal choliner-
gic neurons activated during locomotion: localization and electrophysiological 
characterization. J Neurophysiol 83, 3537-3547. 

Imondi, R., Wideman, C., and Kaprielian, Z. (2000). Complementary expression of 
transmembrane ephrins and their receptors in the mouse spinal cord: a possible 
role in constraining the orientation of longitudinally projecting axons. Devel-
opment 127, 1397-1410. 

Ishii, N., Wadsworth, W., Stern, B., Culotti, J., and Hedgecock, E. (1992). UNC-6, a 
laminin-related protein, guides cell and pioneer axon migrations in C. elegans. 
Neuron 9, 873-881. 

Jankowska, E. (2008). Spinal interneuronal networks in the cat: elementary compo-
nents. Brain research reviews 57, 46-55. 



 35

Jankowska E, K. (2005). Relative contribution of Ia inhibitory interneurones 
to inhibition of feline contralateral motoneurones evoked via commissural interneu-

rones. J. Physiol., 617–628. 
Jessell, T.M. (2000). Neuronal specification in the spinal cord: inductive signals and 

transcriptional codes. Nat Rev Genet 1, 20-29. 
Jostes, B., Walther, C., and Gruss, P. (1990). The murine paired box gene, Pax7, is 

expressed specifically during the development of the nervous and muscular sys-
tem. Mech Dev 33, 27-37. 

Keino-Masu, K., Masu, M., Hinck, L., Leonardo, E., Chan, S., Culotti, J., and Tessi-
er-Lavigne, M. (1996). Deleted in Colorectal Cancer (DCC) encodes a netrin re-
ceptor. Cell 87, 175-185. 

Keleman, K., and Dickson, B.J. (2001). Short- and long-range repulsion by the Dro-
sophila Unc5 netrin receptor. Neuron 32, 605-617. 

Kennedy, T.E., Serafini, T., de la Torre, J.R., and Tessier-Lavigne, M. (1994). 
Netrins are diffusible chemotropic factors for commissural axons in the embry-
onic spinal cord. Cell 78, 425-435. 

Kiehn, O. (2006). Locomotor circuits in the mammalian spinal cord. Annu Rev 
Neurosci 29, 279-306. 

Kim, S., Ren, X., Fox, E., and Wadsworth, W. (1999). SDQR migrations in Caenor-
habditis elegans are controlled by multiple guidance cues and changing re-
sponses to netrin UNC-6. Development 126, 3881-3890. 

Kjaerulff, O., Barajon, I., and Kiehn, O. (1994). Sulphorhodamine-labelled cells in 
the neonatal rat spinal cord following chemically induced locomotor activity in 
vitro. J Physiol 478 ( Pt 2), 265-273. 

Kjaerulff, O., and Kiehn, O. (1996). Distribution of networks generating and coordi-
nating locomotor activity in the neonatal rat spinal cord in vitro: a lesion study. J 
Neurosci 16, 5777-5794. 

Kjaerulff, O., and Kiehn, O. (1997). Crossed rhythmic synaptic input to motoneu-
rons during selective activation of the contralateral spinal locomotor network. J 
Neurosci 17, 9433-9447. 

Kolodziej, P., Timpe, L., Mitchell, K., Fried, S., Goodman, C., Jan, L., and Jan, Y. 
(1996). frazzled encodes a Drosophila member of the DCC immunoglobulin 
subfamily and is required for CNS and motor axon guidance. Cell 87, 197-204. 

Kullander, K., Butt, S.J.B., Lebret, J.M., Lundfald, L., Restrepo, C.E., Rydström, A., 
Klein, R., and Kiehn, O. (2003). Role of EphA4 and EphrinB3 in local neuronal 
circuits that control walking. Science 299, 1889-1892. 

Kullander, K., Croll, S.D., Zimmer, M., Pan, L., McClain, J., Hughes, V., Zabski, S., 
DeChiara, T.M., Klein, R., Yancopoulos, G.D., and Gale, N.W. (2001a). Eph-
rin-B3 is the midline barrier that prevents corticospinal tract axons from recross-
ing, allowing for unilateral motor control. Genes Dev 15, 877-888. 

Kullander, K., Mather, N.K., Diella, F., Dottori, M., Boyd, A.W., and Klein, R. 
(2001b). Kinase-dependent and kinase-independent functions of EphA4 recep-
tors in major axon tract formation in vivo. Neuron 29, 73-84. 

Lanuza, G.M., Gosgnach, S., Pierani, A., Jessell, T.M., and Goulding, M. (2004). 
Genetic identification of spinal interneurons that coordinate left-right locomotor 
activity necessary for walking movements. Neuron 42, 375-386. 

Laskey, W., and Polosa, C. (1988). Characteristics of the sympathetic preganglionic 
neuron and its synaptic input. Prog Neurobiol 31, 47-84. 

Lee, K.J., Dietrich, P., and Jessell, T.M. (2000). Genetic ablation reveals that the 
roof plate is essential for dorsal interneuron specification. Nature 403, 734-740. 



 36 

Leonardo, E., Hinck, L., Masu, M., Keino-Masu, K., Ackerman, S., and Tessier-
Lavigne, M. (1997). Vertebrate homologues of C. elegans UNC-5 are candidate 
netrin receptors. Nature 386, 833-838. 

Li, W., Lee, J., Vikis, H., Lee, S., Liu, G., Aurandt, J., Shen, T., Fearon, E., Guan, J., 
Han, M., et al. (2004). Activation of FAK and Src are receptor-proximal events 
required for netrin signalling. Nat Neurosci 7, 1213-1221. 

Li, W., Ochalski, P., Brimijoin, S., Jordan, L., and Nagy, J. (1995). C-terminals on 
motoneurons: electron microscope localization of cholinergic markers in adult 
rats and antibody-induced depletion in neonates. Neuroscience 65, 879-891. 

Li, X., Meriane, M., Triki, I., Shekarabi, M., Kennedy, T., Larose, L., and La-
marche-Vane, N. (2002a). The adaptor protein Nck-1 couples the netrin-1 recep-
tor DCC (deleted in colorectal cancer) to the activation of the small GTPase 
Rac1 through an atypical mechanism. J Biol Chem 277, 37788-37797. 

Li, X., Saint-Cyr-Proulx, E., Aktories, K., and Lamarche-Vane, N. (2002b). Rac1 
and Cdc42 but not RhoA or Rho kinase activities are required for neurite out-
growth induced by the Netrin-1 receptor DCC (deleted in colorectal cancer) in 
N1E-115 neuroblastoma cells. J Biol Chem 277, 15207-15214. 

Liem, K.F., Jessell, T.M., and Briscoe, J. (2000). Regulation of the neural patterning 
activity of sonic hedgehog by secreted BMP inhibitors expressed by notochord 
and somites. Development 127, 4855-4866. 

Liu, G., Beggs, H., Jürgensen, C., Park, H.-T., Tang, H., Gorski, J., Jones, K.R., 
Reichardt, L.F., Wu, J., and Rao, Y. (2004). Netrin requires focal adhesion 
kinase and Src family kinases for axon outgrowth and attraction. Nat Neurosci 
7, 1222-1232. 

Lo, L., Guillemot, F., Joyner, A.L., and Anderson, D.J. (1994). MASH-1: a marker 
and a mutation for mammalian neural crest development. Perspect Dev Neuro-
biol 2, 191-201. 

Lundfald, L., Restrepo, C.E., Butt, S.J.B., Peng, C.-Y., Droho, S., Endo, T., Zeil-
hofer, H.U., Sharma, K., and Kiehn, O. (2007). Phenotype of V2-derived in-
terneurons and their relationship to the axon guidance molecule EphA4 in the 
developing mouse spinal cord. Eur J Neurosci 26, 2989-3002. 

Luo, L. (2002). Actin cytoskeleton regulation in neuronal morphogenesis and struc-
tural plasticity. Annu Rev Cell Dev Biol 18, 601-635. 

Ly, A., Nikolaev, A., Suresh, G., Zheng, Y., Tessier-Lavigne, M., and Stein, E. 
(2008). DSCAM is a netrin receptor that collaborates with DCC in mediating 
turning responses to netrin-1. Cell 133, 1241-1254. 

Ma, Q., Sommer, L., Cserjesi, P., and Anderson, D.J. (1997). Mash1 and neuro-
genin1 expression patterns define complementary domains of neuroepithelium 
in the developing CNS and are correlated with regions expressing notch ligands. 
J Neurosci 17, 3644-3652. 

Mansouri, A., and Gruss, P. (1998). Pax3 and Pax7 are expressed in commissural 
neurons and restrict ventral neuronal identity in the spinal cord. Mech Dev 78, 
171-178. 

Matsumoto, Y., Irie, F., Inatani, M., Tessier-Lavigne, M., and Yamaguchi, Y. 
(2007). Netrin-1/DCC signalling in commissural axon guidance requires cell-
autonomous expression of heparan sulfate. J Neurosci 27, 4342-4350. 

McLaughlin, B. (1972). The fine structure of neurons and synapses in the motor 
nuclei of the cat spinal cord. J Comp Neurol 144, 429-460. 

McLean, D., Merrywest, S., and Sillar, K. (2000). The development of neuromodu-
latory systems and the maturation of motor patterns in amphibian tadpoles. 
Brain Res Bull 53, 595-603. 



 37

Miles, G., Hartley, R., Todd, A., and Brownstone, R. (2007). Spinal cholinergic 
interneurons regulate the excitability of motoneurons during locomotion. Proc 
Natl Acad Sci U S A 104, 2448-2453. 

Ming, G., Song, H., Berninger, B., Inagaki, N., Tessier-Lavigne, M., and Poo, M. 
(1999). Phospholipase C-gamma and phosphoinositide 3-kinase mediate cyto-
plasmic signalling in nerve growth cone guidance. Neuron 23, 139-148. 

Moran-Rivard, L., Kagawa, T., Saueressig, H., Gross, M.K., Burrill, J., and Gould-
ing, M. (2001). Evx1 is a postmitotic determinant of v0 interneuron identity in 
the spinal cord. Neuron 29, 385-399. 

Mori, S., Matsuyama, K., Mori, F., and Nakajima, K. (2001). Supraspinal sites that 
induce locomotion in the vertebrate central nervous system. Adv Neurol 87, 25-40. 

Muhr, J., Andersson, E., Persson, M., Jessell, T.M., and Ericson, J. (2001). Groucho-
mediated transcriptional repression establishes progenitor cell pattern and neu-
ronal fate in the ventral neural tube. Cell 104, 861-873. 

Müller, T., Brohmann, H., Pierani, A., Heppenstall, P.A., Lewin, G.R., Jessell, T.M., 
and Birchmeier, C. (2002). The homeodomain factor lbx1 distinguishes two ma-
jor programs of neuronal differentiation in the dorsal spinal cord. Neuron 34, 
551-562. 

Nagy, J., Yamamoto, T., and Jordan, L. (1993). Evidence for the cholinergic nature 
of C-terminals associated with subsurface cisterns in alpha-motoneurons of rat. 
Synapse 15, 17-32. 

Nakada, Y., Hunsaker, T.L., Henke, R.M., and Johnson, J.E. (2004). Distinct domains 
within Mash1 and Math1 are required for function in neuronal differentiation ver-
sus neuronal cell-type specification. Development 131, 1319-1330. 

Nakamura, F., Kalb, R., and Strittmatter, S. (2000). Molecular basis of semaphorin-
mediated axon guidance. J Neurobiol 44, 219-229. 

Nakayama, K., Nishimaru, H., and Kudo, N. (2002). Basis of changes in left-right 
coordination of rhythmic motor activity during development in the rat spinal 
cord. J Neurosci 22, 10388-10398. 

Nishimaru, H., and Kudo, N. (2000). Formation of the central pattern generator for 
locomotion in the rat and mouse. Brain Res Bull 53, 661-669. 

Nishimaru, H., Restrepo, C.E., and Kiehn, O. (2006). Activity of Renshaw cells 
during locomotor-like rhythmic activity in the isolated spinal cord of neonatal 
mice. J Neurosci 26, 5320-5328. 

Nissen, U.V., Mochida, H., and Glover, J.C. (2005). Development of projection-
specific interneurons and projection neurons in the embryonic mouse and rat 
spinal cord. J Comp Neurol 483, 30-47. 

Okada, A., Charron, F., Morin, S., Shin, D.S., Wong, K., Fabre, P.J., Tessier-
Lavigne, M., and McConnell, S.K. (2006). Boc is a receptor for sonic hedgehog 
in the guidance of commissural axons. Nature 444, 369-373. 

Orioli, D., and Klein, R. (1997). The Eph receptor family: axonal guidance by con-
tact repulsion. Trends Genet 13, 354-359. 

Orsal, D., Perret, C., and Cabelguen, J.M. (1986). Evidence of rhythmic inhibitory 
synaptic influences in hindlimb motoneurons during fictive locomotion in the 
thalamic cat. Exp Brain Res 64, 217-224. 

Parras, C.M., Schuurmans, C., Scardigli, R., Kim, J., Anderson, D.J., and Guillemot, 
F. (2002). Divergent functions of the proneural genes Mash1 and Ngn2 in the 
specification of neuronal subtype identity. Genes Dev 16, 324-338. 

Pasquale, E. (1997). The Eph family of receptors. Curr Opin Cell Biol 9, 608-615. 
Patten, I., and Placzek, M. (2000). The role of Sonic hedgehog in neural tube pat-

terning. Cell Mol Life Sci 57, 1695-1708. 



 38 

Perez, S.E., Rebelo, S., and Anderson, D.J. (1999). Early specification of sensory 
neuron fate revealed by expression and function of neurogenins in the chick 
embryo. Development 126, 1715-1728. 

Phelps, P., Barber, R., Houser, C., Crawford, G., Salvaterra, P., and Vaughn, J. 
(1984). Postnatal development of neurons containing choline acetyltransferase 
in rat spinal cord: an immunocytochemical study. J Comp Neurol 229, 347-361. 

Phelps, P.E., Barber, R.P., and Vaughn, J.E. (1988). Generation patterns of four 
groups of cholinergic neurons in rat cervical spinal cord: a combined tritiated 
thymidine autoradiographic and choline acetyltransferase immunocytochemical 
study. J Comp Neurol 273, 459-472. 

Pierani, A., Moran-Rivard, L., Sunshine, M.J., Littman, D.R., Goulding, M., and 
Jessell, T.M. (2001). Control of interneuron fate in the developing spinal cord 
by the progenitor homeodomain protein Dbx1. Neuron 29, 367-384. 

Placzek, M. (1995). The role of the notochord and floor plate in inductive interac-
tions. Curr Opin Genet Dev 5, 499-506. 

Pratt, C., and Jordan, L. (1987). Ia inhibitory interneurons and Renshaw cells as 
contributors to the spinal mechanisms of fictive locomotion. J Neurophysiol 57, 
56-71. 

Price, S.R., and Briscoe, J. (2004). The generation and diversification of spinal mo-
tor neurons: signals and responses. Mech Dev 121, 1103-1115. 

Przyborski, S.A., Knowles, B.B., and Ackerman, S.L. (1998). Embryonic phenotype 
of Unc5h3 mutant mice suggests chemorepulsion during the formation of the 
rostral cerebellar boundary. Development 125, 41-50. 

Qiu, M., Shimamura, K., Sussel, L., Chen, S., and Rubenstein, J.L. (1998). Control 
of anteroposterior and dorsoventral domains of Nkx-6.1 gene expression relative 
to other Nkx genes during vertebrate CNS development. Mech Dev 72, 77-88. 

Quinlan, K.A., and Kiehn, O. (2007). Segmental, synaptic actions of commissural 
interneurons in the mouse spinal cord. J Neurosci 27, 6521-6530. 

Raper, J. (2000). Semaphorins and their receptors in vertebrates and invertebrates. 
Curr Opin Neurobiol 10, 88-94. 

Ren, X.-R., Ming, G.-L., Xie, Y., Hong, Y., Sun, D.-M., Zhao, Z.-Q., Feng, Z., 
Wang, Q., Shim, S., Chen, Z.-F., et al. (2004). Focal adhesion kinase in netrin-1 
signalling. Nat Neurosci 7, 1204-1212. 

Restrepo, C., Lundfald, L., Szabó, G., Erdélyi, F., Zeilhofer, H., Glover, J., and 
Kiehn, O. (2009). Transmitter-phenotypes of commissural interneurons in the 
lumbar spinal cord of newborn mice. J Comp Neurol 517, 177-192. 

Roberts, A., Li, W.-C., Soffe, S.R., and Wolf, E. (2008). Origin of excitatory drive 
to a spinal locomotor network. Brain research reviews 57, 22-28. 

Roberts, A., Soffe, S., Wolf, E., Yoshida, M., and Zhao, F. (1998). Central circuits 
controlling locomotion in young frog tadpoles. Ann N Y Acad Sci 860, 19-34. 

Round, J., and Stein, E. (2007). Netrin signalling leading to directed growth cone 
steering. Curr Opin Neurobiol 17, 15-21. 

Sahin, M., Greer, P., Lin, M., Poucher, H., Eberhart, J., Schmidt, S., Wright, T., 
Shamah, S., O'Connell, S., Cowan, C., et al. (2005). Eph-dependent tyrosine phos-
phorylation of ephexin1 modulates growth cone collapse. Neuron 46, 191-204. 

Sander, M., Paydar, S., Ericson, J., Briscoe, J., Berber, E., German, M., Jessell, 
T.M., and Rubenstein, J.L. (2000). Ventral neural patterning by Nkx homeobox 
genes: Nkx6.1 controls somatic motor neuron and ventral interneuron fates. 
Genes Dev 14, 2134-2139. 

Sauer, F.C. (1935). Mitosis in the neural tube. J Comp Neurol 62, 377-405. 



 39

Saueressig, H., Burrill, J., and Goulding, M. (1999). Engrailed-1 and netrin-1 regu-
late axon pathfinding by association interneurons that project to motor neurons. 
Development 126, 4201-4212. 

Semina, E.V., Reiter, R., Leysens, N.J., Alward, W.L., Small, K.W., Datson, N.A., 
Siegel-Bartelt, J., Bierke-Nelson, D., Bitoun, P., Zabel, B.U., et al. (1996). 
Cloning and characterization of a novel bicoid-related homeobox transcription 
factor gene, RIEG, involved in Rieger syndrome. Nat Genet 14, 392-399. 

Serafini, T., Colamarino, S.A., Leonardo, E.D., Wang, H., Beddington, R., Skarnes, 
W.C., and Tessier-Lavigne, M. (1996). Netrin-1 is required for commissural 
axon guidance in the developing vertebrate nervous system. Cell 87, 1001-1014. 

Serafini, T., Kennedy, T.E., Galko, M.J., Mirzayan, C., Jessell, T.M., and Tessier-
Lavigne, M. (1994). The netrins define a family of axon outgrowth-promoting 
proteins homologous to C. elegans UNC-6. Cell 78, 409-424. 

Sharma, K., Sheng, H.Z., Lettieri, K., Li, H., Karavanov, A., Potter, S., Westphal, 
H., and Pfaff, S.L. (1998). LIM homeodomain factors Lhx3 and Lhx4 assign 
subtype identities for motor neurons. Cell 95, 817-828. 

Shefchyk, S.J., and Jordan, L.M. (1985). Motoneuron input-resistance changes dur-
ing fictive locomotion produced by stimulation of the mesencephalic locomotor 
region. J Neurophysiol 54, 1101-1108. 

Shekarabi, M., Moore, S., Tritsch, N., Morris, S., Bouchard, J., and Kennedy, T. 
(2005). Deleted in colorectal cancer binding netrin-1 mediates cell substrate adhe-
sion and recruits Cdc42, Rac1, Pak1, and N-WASP into an intracellular signalling 
complex that promotes growth cone expansion. J Neurosci 25, 3132-3141. 

Sommer, L., Ma, Q., and Anderson, D.J. (1996). neurogenins, a novel family of 
atonal-related bHLH transcription factors, are putative mammalian neuronal de-
termination genes that reveal progenitor cell heterogeneity in the developing 
CNS and PNS. Mol Cell Neurosci 8, 221-241. 

Stein, E., Zou, Y., Poo , M., and Tessier-Lavigne, M. (2001). Binding of DCC by 
netrin-1 to mediate axon guidance independent of adenosine A2B receptor acti-
vation. Science 291, 1976-1982. 

Stokke, M.F., Nissen, U.V., Glover, J.C., and Kiehn, O. (2002). Projection patterns 
of commissural interneurons in the lumbar spinal cord of the neonatal rat. J 
Comp Neurol 446, 349-359. 

Tanabe, Y., William, C., and Jessell, T.M. (1998). Specification of motor neuron 
identity by the MNR2 homeodomain protein. Cell 95, 67-80. 

Tsuchida, T., Ensini, M., Morton, S.B., Baldassare, M., Edlund, T., Jessell, T.M., 
and Pfaff, S.L. (1994). Topographic organization of embryonic motor neurons 
defined by expression of LIM homeobox genes. Cell 79, 957-970. 

Vallstedt, A., Muhr, J., Pattyn, A., Pierani, A., Mendelsohn, M., Sander, M., Jessell, 
T.M., and Ericson, J. (2001). Different levels of repressor activity assign redun-
dant and specific roles to Nkx6 genes in motor neuron and interneuron specifi-
cation. Neuron 31, 743-755. 

Van Vactor, D. (1998). Adhesion and signalling in axonal fasciculation. Curr Opin 
Neurobiol 8, 80-86. 

Vielmetter, J., Kayyem, J., Roman, J., and Dreyer, W. (1994). Neogenin, an avian 
cell surface protein expressed during terminal neuronal differentiation, is closely 
related to the human tumor suppressor molecule deleted in colorectal cancer. J 
Cell Biol 127, 2009-2020. 

Vincent, J.P., and Briscoe, J. (2001). Morphogens. Curr Biol 11, R851-854. 
Wilson, J.M., Hartley, R., Maxwell, D.J., Todd, A.J., Lieberam, I., Kaltschmidt, 

J.A., Yoshida, Y., Jessell, T.M., and Brownstone, R.M. (2005). Conditional 



 40 

rhythmicity of ventral spinal interneurons defined by expression of the Hb9 ho-
meodomain protein. J Neurosci 25, 5710-5719. 

Xie, Y., Ding, Y., Hong, Y., Feng, Z., Navarre, S., Xi, C., Zhu, X., Wang, C., Ack-
erman, S., Kozlowski, D., et al. (2005). Phosphatidylinositol transfer protein-
alpha in netrin-1-induced PLC signalling and neurite outgrowth. Nat Cell Biol 7, 
1124-1132. 

Yokoyama, N., Romero, M.I., Cowan, C.A., Galvan, P., Helmbacher, F., Charnay, 
P., Parada, L.F., and Henkemeyer, M. (2001). Forward signalling mediated by 
ephrin-B3 prevents contralateral corticospinal axons from recrossing the spinal 
cord midline. Neuron 29, 85-97. 

Yu, T.W., Hao, J.C., Lim, W., Tessier-Lavigne, M., and Bargmann, C.I. (2002). 
Shared receptors in axon guidance: SAX-3/Robo signals via UNC-34/Enabled 
and a Netrin-independent UNC-40/DCC function. Nat Neurosci 5, 1147-1154. 

Zagoraiou, L., Akay, T., Martin, J.F., Brownstone, R.M., Jessell, T.M., and Miles, 
G.B. (2009). A cluster of cholinergic premotor interneurons modulates mouse 
locomotor activity. Neuron 64, 645-662. 

Zhang, Y., Narayan, S., Geiman, E., Lanuza, G.M., Velasquez, T., Shanks, B., 
Akay, T., Dyck, J., Pearson, K., Gosgnach, S., et al. (2008). V3 spinal neurons 
establish a robust and balanced locomotor rhythm during walking. Neuron 60, 
84-96. 

Zhong, G., Droho, S., Crone, S., Dietz, S., Kwan, A., Webb, W., Sharma, K., and 
Harris-Warrick, R. (2010). Electrophysiological Characterization of V2a In-
terneurons and Their Locomotor-Related Activity in the Neonatal Mouse Spinal 
Cord. Journal of Neuroscience 30, 170. 

 
 





���	�)��(&�%��	��%�)�%	
�&�%�%
��������	
��������������������
�������������������
��
�
��������������
��������������

�'���#�*+&��&	�����+&�,	�"
�-���.&'����&

��'���	
�'�%%&��	���������+&�,	�"
�-���.&'����&/�)��%	
	
)��(&�%��-/��%�"%"	

-�	�%"��	�-���	��"�$&�����	�&�%0����&1
���&%����+&����
&�&�'�%%&��	����	�&�2&���	���	3���1&'�%+
�&%&	��+�
�$�	��&%/�1+�
&��+&�%"��	�-�	
�&��%�'�%���$"�&'
���&��	���	

-��+�"4+��+&�%&��&%���4��	
�����&+&�%�(&
�"��	��&%���)��%	
	���%%&��	���%������+&�,	�"
�-��
.&'����&0�56������7	�"	�-/�����/��+&�%&��&%�1	%��"$
�%+&'
"�'&���+&����
&�8����&+&�%�(&��"��	��&%���)��%	
	
��%%&��	���%������+&�,	�"
�-���.&'����&90:

��%���$"���#��"$
��	���%0""0%&
"��#�$�#%&#""#'�(	����� �

����
����	
�������
�����	����
������

����


	Abstract
	List of Papers
	Abbreviations
	Introduction
	Neuronal Networks
	Neuronal Control of Locomotion
	Spinal Cord Neurons Involved in Locomotion
	Commissural Interneurons and CPG Function
	Cholinergic Neurons and CPG Function

	Neuronal Network Development
	Patterning and Cell Specification in the Spinal Cord
	Axon Guidance


	Aims
	Results and Conclusions
	Paper I
	Paper II and III
	Paper IV

	Perspectives
	Acknowledgement
	References

