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„To move things is all mankind can do ... whether whispering or felling a forest“  

 

-Sir Charles Scott Sherrington-  

   (British neurophysiologist) 
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I SUMMARY 

I.1 Abstract 

During embryonic development neuronal circuits are wired with high precision to later 

on enable a wide variety of movements ranging from basic reflexes to the virtuoso 

body movements of professional dancers. Guidance receptors on the axonal surface 

direct growing fibers through interactions with environmentally-derived attractive or 

repellent cues in a step-wise manner to their assigned, often distant targets. 

Peripheral sensorimotor circuits with efferent spinal motor axons innervating target 

muscles and afferent sensory fibers projecting on self motor neurons provide an 

excellent model to study molecular mechanisms of developmental wiring and 

postnatal adaptive processes.  

Although there is substantial knowledge on the mechanisms and cues 

involved in axon-environment interactions during neural circuit wiring, the role of 

cross-talk between homo- or heterotypic axonal projections is less well characterized. 

One scope of this work was to analyse the impact of trans-axonal communication 

between growing sensory and motor projections on correct circuit wiring. Genetic 

ablation of either motor or sensory neurons by cell type-specific expression of a lethal 

diphtheria toxin-A allowed for a critical reduction of motor or sensory neurons present 

in the spinal cord or DRG, respectively. Based on classical experiments involving 

surgical manipulation in chick embryos a dependency of sensory axons on the 

presence of motor axons for circuit formation was postulated. Using a genetic 

ablation approach, I further refined the results obtained from these elegant but 

coarse surgical ablation experiments. During murine sensorimotor circuit wiring, 

sensory axons require solely a minimal scaffold of motor projections for the formation 

of stereotyped nerve patterns. In addition, sensory axons mediate the fasciculation of 

motor projections as well as their timing of ingrowth into the developing limb. The 

insights from this research project thus contribute to the knowledge of mutual 

dependency of axonal projections for correct sensorimotor circuit formation during 

embryogenesis. 

Selective loss of the axon guidance receptor Npn-1 on motor neurons and 

oligodendrocytes during development elicited extensive defasciculation of motor 



SUMMARY 

  -2 -

projections and hindered their correct ingrowth to the limb.  Postnatally, Olig2-Cre+; 

Npn-1cond-/- mice revealed arthrogryposis-like abnormal forepaw posturing. In this 

project, we addressed the underlying cause for the aberrant forelimb phenotype. 

Using EMG recordings in forelimb extensor muscles and immunohistochemistry, we 

showed that the loss of active extension in the affected forepaw is permanent and 

associated with congenital muscle atrophy. On the ultrastructural level we found an 

abnormal distribution and sorting of axonal fibers in the radial nerv innervating 

extensor muscles but not in other nerves exclusively innervating forelimb flexors. 

Since we did not observe compensation for the abnormal forelimb posture in Olig2-

Cre+;Npn-1cond-/- mice, these mutants may serve as a model to analyse 

consequences and mechanisms of congenital muscle atrophy with subsequent 

progressive degeneration postnatally. 

 Early postnatal, neuronal networks are particularly sensitive to modifications in 

the environment or traumatic injury and react with impressive plastic adaptations to 

changed circumstances. Thereafter, in adult vertebrates, structural and functional 

plasticity after experimental injury or trauma to the CNS is limited. The molecular, 

anatomical and physiological characteristics of the underlying early postnatal 

neuroplasticity are not well understood. We focused on the characterization of 

postnatal functional impairments and subsequent adaptive processes in mouse 

models with genetically induced miswiring of neural networks. Loss of Sema3F-Npn-

2 signalling results in characteristic and specific defects in dorsal-ventral limb 

innervation. Since Sema3F and Npn-2 mutants are viable they provide excellent 

models to analyse postnatal adaptive plasticity after genetically-induced sensorimotor 

circuit miswiring. We employed a comprehensive approach of behavioural 

phenotyping as well as detailed neuroanatomical analysis and functional 

characterization of the underlying circuitry. Sema3F and Npn-2 mutants segregated 

according to their motor capabilities into two groups of wildtype-like and poor 

performers, the latter with particularly poor motor coordination skills. In addition, there 

is a tight correlation of impaired motor coordination skills to an abnormal distribution 

of specific forelimb motor pools on a single animal level. Moreover, both motor 

coordination deficits as well as abberrant localization of distinct spinal motor pools 

are ameliorated by housing Sema3F mice in an enriched environment.  

The presented mouse models of genetically-induced neuronal circuit miswiring 

are a suitable alternative to prevailing experimentally-induced injury models to 
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identify conditions that promote neuroplasticity. Thereby, extrinsic stimulation such as 

enriched environment housing or locomotor training can be screened for beneficial 

impact on plastic properties. Furthermore, the contribution of drug therapies aiming at 

attenuating cues inhibiting axonal regeneration in the adult CNS – applied alone or in 

combination with enriched environment or training – can been determined. 
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I.2 Zusammenfassung 

Während der Embryonalentwicklung werden die neuronalen Netzwerke mit hoher 

Präzision verschaltet, um dem Organismus nach der Geburt eine Vielzahl an 

Bewegungen zu ermöglichen, von einfachsten Reflexen bis hin zu den virtuosen 

Körperbewegungen professioneller Tänzer. Durch die Wechselwirkung von 

anziehenden oder abstoßenden Wegleitungsfaktoren in der Umgebung mit 

Rezeptoren auf der Oberfläche der Axone werden die auswachsenden Fasern 

schrittweise zu ihren oft weit entfernten Zielen geführt. Periphere sensomotorische 

Netzwerke aus efferenten Motoneuronen, die die Zielmuskeln innervieren, und 

sensorischen Afferenzen, welche auf diese Motoneurone zurück projizieren, sind ein 

gutes Modell, um die Prozesse und Mechanismen der Netzwerkbildung und 

postnataler Plastizität zu untersuchen. 

Obwohl die Mechanismen und Wegleitungsfaktoren für die Interaktionen 

zwischen Axon und Umwelt bekannt sind, ist die Bedeutung der Kommunikation 

zwischen hetero- oder homotypischen Axonen weniger gut charakterisiert. Ziel der 

vorliegenden Arbeit war es, den Einfluss der transaxonalen Kommunikation zwischen 

auswachsenden motorischen und sensorischen Fasern auf die neuronale 

Verschaltung zu untersuchen. Ablation von motorischen oder sensorischen 

Neuronen durch zell-spezifische Expression des tödlichen Diptheria Toxin A 

ermöglichte es, die Anzahl der Motoneurone im Rückenmark oder der sensorischen 

Neuronen in den Spinalganglien (DRG) signifikant zu reduzieren. Klassische 

Untersuchungen in Hühnerembryonen, bei denen die Motoneurone operativ entfernt 

wurden, postulieren eine Abhängigkeit der sensorischen von anwesenden 

motorischen Fasern während der neuronalen Verschaltung. Durch eine zelltyp-

spezifische, genetisch induzierte Elimination konnte ich die Ergebnisse aus diesen 

frühen, eleganten, aufgrund der chirurgischen Ablation aber stark invasiven 

Experimenten, weiterentwickeln. Sensorische Axone benötigen während der 

Verschaltung der sensomotorischen Netzwerke nur ein minimales Gerüst an 

motorischen Projektionen zur Bildung korrekter, stereotyper Nervverzweigungen. 

Desweiteren zeigen meine Ergebnisse, dass sensorische Axone die Faszikulierung 

und das zeitliche Einwachsen der motorischen Fasern in die Gliedmaßen steuern. 

Die Resultate dieses Forschungsprojekts machen deutlich, wie wichtig die 

Kommunikation zwischen heterotypen Fasersystemen ist und tragen daher zum 
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Wissen der molekularen Mechanismen bei, welche die fehlerfreie Bildung 

sensomotorischer Netzwerke steuern. 

Der Verlust des Rezeptors Npn-1 auf Motoneuronen und Oligodendrozyten 

während der Embryonalentwicklung rief eine erhebliche Defaszikulierung der 

motorischen Projektionen hervor und beeinträchtigte deren Einwachsen in die 

Extremitäten. Postnatal zeigen diese Olig2-Cre+;Npn-1cond-/- Mäuse eine krankhafte 

Beugung der Vorderextremitäten ähnlich einer angeborenen Gelenksteife 

(Athrogryposis). In diesem Projektteil untersuchten wir die zugrundeliegenden 

Ursachen für den ungewöhnlichen Phänotyp in den Vorderextremitäten. Mittels einer 

Kombination aus Elektromyographie (EMG) und immunhistochemischen Färbungen 

in den Extensormuskeln der Vorderfüße zeigten wir, dass der Verlust der aktiven 

Streckung in der betroffenen Vorderpfote mit angeborenem Muskelschwund 

einhergeht. Auf ultrastruktureller Ebene fanden wir eine Fehlverteilung der axonalen 

Fasern nur im Radialisnerv, welcher die Extensormuskeln innerviert, aber nicht in 

Nerven, die die Flexoren versorgen. Nachdem Olig2-Cre+;Npn-1cond-/- Mäuse die 

krankhafte Beugung ihrer Vorderextremitäten nicht kompensieren, sind diese 

Mutanten geeignete Modelle, um die Auswirkungen und zugrundeliegenden 

Mechanismen des angeborenen Muskelschwunds mit fortschreitender postnataler 

Degeneration zu untersuchen. 

Kurz nach der Geburt zeigen neuronale Netzwerke ein beeindruckendes, 

plastisches Anpassungsvermögen auf veränderte Umweltbedingungen oder 

Verletzungen. In adulten Wirbeltieren hingegen ist die strukturelle und funktionale 

Plastizität nach Verletzung des Zentralnervensystems eingeschränkt. Die  

zugrundeliegenden Merkmale molekularer, struktureller und funktioneller 

Neuroplastizität sind nicht umfassend bekannt. Wir konzentrierten uns auf die 

Beschreibung postnataler motorischer Beeinträchtigungen und anschließender 

adaptiver Vorgänge in Mausmodellen mit genetisch induzierter Fehlverschaltung in 

neuronalen Netzwerken. Verlust des Sema3F-Npn-2 Signalwegs während der 

Bildung der Netzwerke im Embryo führt zu charakteristischen Fehlern in der 

Innervation der dorsalen und ventralen Beinmuskulatur. Da Sema3F und Npn-2 

Mutanten lebensfähig sind, stellen sie geeignete Mausmodelle dar, um adaptive 

Plastizität nach genetisch induzierter Fehlverschaltung der sensomotorischen 

Netzwerke zu analysieren. Dazu verwendeten wir einen umfassenden Ansatz 

bestehend aus einer Batterie an Verhaltenstests, ausführlichen Analysen der 



SUMMARY 

  -6 -

Neuroanatomie und funktionelle Beschreibung der zugrundeliegenden Netzwerke. 

Sema3F und Npn-2 Mutanten teilen sich entsprechend ihren motorischen 

Fähigkeiten in zwei Gruppen auf: Ein Teil der Mutanten verhält sich Wildtyp-ähnlich 

während der andere Teil deutliche Defizite in der Motorkoordination aufweist. 

Zusätzlich korrelieren die koordinatorischen Fähigkeiten eines Tieres eng mit der 

Verteilung bestimmter Motoneuronenpools im Rückenmark, so dass Tiere mit stark 

beeinträchtigtem Verhalten auch weniger kompakte Motorpools aufwiesen. 

Interessanterweise bessert eine reizreichere „enriched environment“ Haltung nicht 

nur die motorischen Defizite, sondern behebt auch die vermehrte Streuung 

bestimmter Motoneuronenpools im Rückenmark von Sema3F Mutanten.  

Die vorgestellten Mausmodelle mit genetisch hervorgerufenen 

Fehlverschaltungen neuronaler Netzwerke sind geeignete Alternativen zu den 

vorherrschenden Modellen basierend auf experimenteller Verletzung des Nerven-

systems, um Gegebenheiten zu identifizieren, die plastische Vorgänge fördern. 

Extrinsische Stimulation durch eine reizreichere Umwelt oder motorisches Training 

kann hinsichtlich des positiven Einflusses auf das plastische Vermögen untersucht 

werden. Desweiteren kann der Beitrag medikamentöser Therapien bestimmt werden, 

die das Ziel haben, die Wirkung hemmender Faktoren auf axonale Regeneration 

abzuschwächen - allein oder in Kombination mit „enriched environment“ Haltung und 

Training. 
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II INTRODUCTION 

 

 

The vertebrate nervous system is designed to enable movements ranging from very 

basic withdrawal reflexes to complex behaviours such as the flight of birds or the 

skilled body movements of a professional dancer. To initiate and control these 

movements, higher-ordered central circuits interact with local peripheral networks. 

These neural circuits are wired with high accuracy during embryonic development, 

shaped to perfection by experience postnatally and are able to adapt to altered 

environmental conditions or lesions to various degrees. 

 

II.1 Spinal sensorimotor circuits controlling vertebrate locomotion 

 

Control of locomotion is achieved on two levels with spinal cord central pattern 

generator (CPG) units operating autonomously to produce basic rhythmic outputs 

including sensory feedback information (Grillner, 2003). The second element of 

locomotor control are supraspinal descending pathways essential for initiation and 

termination of movements, motor coordination, posture and anticipatory adjustments 

(Rossignol, 1996).  

 

II.1.1 Local spinal circuits  

Studies with decerebrated or spinalized animals in the late 19th and early 20th century 

reported that the spinal cord is still capable to elicit locomotor-like movements even if 

it is isolated from higher-ordered central structures (reviewed in Clarac, 2008; 

Guertin, 2009). After midthoracic or cervical transection in cats, “reflex stepping” on a 

treadmill and alternating limb movements were observed (Forssberg et al., 1980a; 

Forssberg et al., 1980b; Barbeau & Rossignol, 1987; Lovely et al., 1990). This is 

achieved by local microcircuits in the vertebrate spinal cord: the central pattern 

generator. Although, CPG development and rhythm generation are independent of 

sensory input (Brown, 1914; Suster & Bate, 2002), sensory afferents have an 

essential modulatory feedback function: loss of sensory input generates robot-like 
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locomotion which cannot react or adapt to e.g. obstacles in the environment (Grillner, 

1985; 2006; Rossignol et al., 2006). Besides simple movements such as the 

described “reflex stepping”, CPGs generate also divergent locomotion pattern like 

swimming in the lamprey (reviewed in Grillner, 2003).  

Another example for such a stereotyped movement is the monosynaptic reflex. 

In this sensorimotor circuit, motor neurons in the ventral horn of the spinal cord 

transmit the activation signal to the muscles via the peripheral nerves. Proprioceptive 

type Ia afferents provide feedback information from the muscle to the motor neurons 

so that the spinal reflex response is constantly controlled and modulated (Fig. 1; 

Lloyd, 1943b; a; Eccles et al., 1957). Thus, fundamental reflexes and simple 

movements are autonomously controlled by CPGs in the spinal cord. 

    

 

 

 

 

 

Figure 1: Components of mono- and polysynaptic reflex circuits. 
Schematic illustration of spinal monosynaptic (A) and polysynaptic (B) reflex circuits. In more complex 

reflex circuits, this simple module is extended by interneurons which allow for inhibition of 

simultaneous activity of antagonistic muscles. (Pictures taken from URL on 19.12.2011: 

http://alexandria.healthlibrary.ca/documents/notes/bom/unit_6/lec%2025_moo_spinreflex.xml). 

B A 
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Pioneering studies on the coordination of more complex locomotor behaviour 

disproved the initial concept of simply combining reflex circuits in chains to generate 

intricate movements (Brown, 1911; Von Holst, 1935). Nowadays, the central pattern 

generator networks are regarded as the basic spinal “motor infrastructure” for precise 

locomotor rhythm and pattern generation both in vertebrates and invertebrates 

(reviewed in Grillner, 2006); however, the exact organisation of CPG networks is still 

obscure. Studies in lamprey identified the core of the CPG microcircuit as a pool of 

excitatory driven interneurons that operate in the absence of inhibitory neurons but 

depend on inhibitory interactions for the coordination of network activity (Cangiano & 

Grillner, 2003; 2005). Additional interneuron subpopulations seem to play essential 

roles in generating frequency, amplitude and bilateral coordination of rhythmic 

locomotor activity (Kullander et al., 2003; Lanuza et al., 2004; Gosgnach et al., 2006; 

reviewed in Guertin, 2009).  

   

II.1.2 Higher ordered circuits to initiate and modulate locomotion 

Surprisingly, simple stepping movements can be elicited in complete absence of 

higher-ordered input (Bjursten et al., 1976). However, these stereotyped movements 

are far from the coordinated and intricate patterns of skilled locomotion such as fine 

tuned grasping. A plethora of data from lesion studies, electrophysiological 

stimulation analysis and neuroimaging unraveled the role of supraspinal structures in 

driving and controlling the local spinal microcircuits (reviewed in Goulding, 2009). 

Higher-order centers in the CNS of vertebrates serve a dual role in both 

initiation and modulation of voluntary locomotion. Instructive signals that initiate, 

terminate and modulate locomotion are either delivered directly by the corticospinal 

tract or indicrectly via the reticulo-, rubro- and vestibulospinal tracts in the brainstem 

to local spinal CPG circuits. Thereby, supraspinal control of movement is 

accomplished by two distinct locomotor systems: initiation/termination in the basal 

ganglia and fine-tuning of locomotion by motor cortex and cerebellum (Fig. 2). 

The basal ganglia operate as an interface in the forebrain which filters, 

integrates and processes accumulating information from cortical areas, thalamic 

nuclei, amygdala, hippocampus and dorsal raphe (Bolam et al., 2000; Yin & 

Knowlton, 2006; Kravitz et al., 2010). Consequently, defects in structures of the basal 

ganglia such as loss of striatal projection neurons (Huntington’s disease) or 
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modulatory input from nigrostriatal neurons (Morbus Parkinson) unveiled 

characteristic deficits in locomotor termination and initiation, respectively (Graybiel et 

al., 1994; Hickey et al., 2008; Poewe & Mahlknecht, 2009).  

 

A 
 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2: Supraspinal and local control of locomotion in vertebrates. 
(A) Schematic illustration of CNS regions in the brain and spinal cord of rodents involved in the control 

and generation of locomotion. (B) Detailed scheme of interactions among supraspinal and spinal 

motor pathways. Black arrows indicate direct commands, grey arrows feedback loops and the dotted 

line represents the corticospinal tract directly projecting on spinal motor neurons for refinement of 

skilled movement. (Pictures taken from Goulding, 2009). 

 

Fine-tuning of locomotor performance is achieved by two structures, the motor 

cortex in the forebrain and the cerebellum in the hindbrain. Pyramidotomy of the 

cortical spinal tract (CST) or damage to the motor cortex solely slightly affect simple, 

stereotyped movements but lesioned animals revealed significant deficits in posture 

and skilled motor tasks (Bjursten et al., 1976; Grillner & Zangger, 1979; Armstrong, 

1988; Drew et al., 2004).  

B 



INTRODUCTION 

  -11 -

Besides the motor cortex, the cerebellum is also involved in the coordination of 

movements with a particular emphasis on smoothness, speed and precision of motor 

activity. Thereby, it processes sensory feedback from spinal circuits and transmits its 

modulatory commands via brainstem tracts to local circuits in the spinal cord 

(Grillner, 2006; Goulding, 2009). Lurcher mutant mice which lost their majority of 

cerebellar Purkinje and 90% of the granule cells by 65 days of age, show 

characteristic cerebellar ataxic gait signs and have deficits in rapid alternating 

movements (Fortier et al., 1987).  

 In summary, the motor infrastructure to generate movement in vertebrates 

comprises the CPGs in the spinal cord as basic units and higher-ordered brain 

structures and tracts for initiation, termination and fine control of voluntary 

locomotion. 

 

II.2 Generation and differentiation of sensorimotor circuit components 

 

How are the numerous individual neuronal subtypes generated and differentiated 

from their common progenitors? During embryogenesis interneurons and motor 

neurons are generated in the ventricular zone from distinct progenitor domains along 

the dorsal-ventral axis of the spinal cord. Opposite gradients of two paracrine factors, 

Sonic hedgehog (Shh) and Bone morphogenic proteins (BMP), polarize the neural 

tube and instruct transcription factor cascades (reviewed in Lupo et al., 2006). The 

precursors of sensory neurons, the neural crest cells (NCC), emerge at the dorsal 

boundary between the neural tube and the overlying epidermal ectoderm. 

 

II.2.1 Neurogenesis and differentiation of interneurons and motor neurons 

The key structures essential for motor and interneuron generation were identified by 

transplantation experiments of ventral neural tube components. Removal of the 

notochord or floor plate cells resulted in failure of motor neuron generation whereas 

conversely, supernumerary notochord or floor plate cells induced motor neurons in 

ectopic areas of the neural tube (Placzek et al., 1991; Yamada et al., 1991). Thereby, 

diffusible Shh secreted by the notochord and floor plate cells builds up a 

concentration gradient of ventral high to dorsal low (Roelink et al., 1995; Ericson et 

al., 1997a; Ericson et al., 1997b).  
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Shh controls the expression of homeodomain (HD) transcription factors to 

define and maintain the five progenitor domains where interneuron subtypes and 

motor neurons evolve from (Fig. 3A). Graded activity of Shh represses class I (e.g. 

Pax6; Dbx2) and concomitantly induces class II (e.g. Nkx2.2; Nkx6.1) HD 

transcription factors along the dorsal-ventral axis in a concentration-dependent 

manner. Mutual repression between class I and II HD proteins additionally 

contributes to the demarcation of progenitor domains (Ericson et al., 1997b; Briscoe 

et al., 1999; Pierani et al., 1999; Vallstedt et al., 2001). In addition to Shh, retinoids 

and fibroblast-growth-factor (FGF) influence the expression profile of class I and II 

HD proteins for proper delineation of the pMN domain. Thereby, FGF signalling 

strongly supresses class I but only weakly class II HD proteins whereas retinoids 

(RA) enhance the expression of class I HD proteins. RA signals have additional roles 

in transcriptional activation of the basic helix-loop-helix transcription factor Olig2 that 

is essential for motor neuron and oligodendrocyte specification (Novitch et al., 2003; 

Briscoe & Novitch, 2008). Olig2 serves a dual role in conferring motor neuron 

subtype identity and inducing the expression of pan-neuronal markers (Fig. 3B; 

Mizuguchi et al., 2001; Novitch et al., 2001). Within motor neuron progenitors, Olig2 

in conjunction with RAs regulates subtype-specific HD protein expression of MNR2, 

Lim3 and postmitotically Isl1/2 and Hb9 (Pfaff et al., 1996; Jurata et al., 1998; 

Tanabe et al., 1998; Briscoe et al., 2000; Novitch et al., 2003).  

 

 A           B 

 

 

Figure 3: Induction of progenitor domains in the neural tube and subsequent generation  
of motor neurons.  

(A) Formation of progenitor domains for generation of interneurons (V0-V3) and motor neurons (pMN) 

based on a Shh concentration gradient of dorsal low to ventral high. FP= floor plate; Shh= sonic 

hedgehog, N= notochord. (Picture taken from Jessell, 2000). (B) Scheme illustrating the combinatorial 

action of HD transcription factors and their downstream targets for generation of motor neurons. The 

combinatorial action of Pax6, Nkx6.1 and Olig2 delineates the progenitor domain pMN for 

oligodendrocyte and motor neuron generation and subsequently induces the genesis of Isl2
+
 or Hb9

+
 



INTRODUCTION 

  -13 -

postmitotic motor neurons. Pan-neuronal properties are conferred by co-expression of Olig2 and 

Neurogenin-2 (Ngn-2). (Picture taken from Briscoe & Novitch, 2008). 

 

All motor neurons derive from this single pMN domain in the ventral half of the 

developing spinal cord but each individual motor neuron has a distinct connectivity 

pattern. How do the newborn motor neurons acquire their unique subtype identity 

according to their prospective peripheral targets? Anatomical tracing studies revealed 

a columnar organisation of motor neurons along the rostro-caudal axis of the spinal 

cord and clustering of motor neurons innervating the same muscle into distinct motor 

pools (Romanes, 1951; Landmesser, 1978a; b; Hollyday, 1980; Gutman et al., 1993). 

This columnar and pool specification is imposed on motor neurons by a 

transcriptional network of Hox genes (Fig. 4; Dasen et al., 2005). Motor neurons 

supplying the approximately 50 different muscles of a limb (Sullivan, 1962; Romanes, 

1964; Vanderhorst & Holstege, 1997) are located within the lateral motor columns 

(LMC) present at brachial and lumbar spinal levels (Landmesser, 1978b; Hollyday, 

1980; Hollyday & Jacobson, 1990; Landmesser, 2001). Expression of Hox6 paralogs 

at cervical level and Hox10 proteins at lumbar level specifies brachial and lumbar 

LMC motor neurons, respectively (Dasen et al., 2003; Shah et al., 2004; Wu et al., 

2008). Within the LMC, motor axons innervating extensor muscles in the dorsal limb 

are located in the lateral subdivision whereas axons from the medial LMC (LMCm) 

project ventrally to flexor muscles (Landmesser, 1978a; Landmesser, 2001). At the 

molecular level, this divisional specification of motor neuron subclasses can be 

distinguished by expression of a LIM homeodomain protein code: LMCl motor 

neurons co-express Isl1 and Lim1 and LMCm axons are Isl1+, Isl2+ (Tsuchida et al., 

1994; Ensini et al., 1998; Kania et al., 2000; Sharma et al., 2000).  

 
 

A B 

C 
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Figure 4: Transcriptional network of Hox genes for columnar and pool specification of 

motor neurons. 

(A) Expression of Hox proteins along the rostral-caudal axis of the spinal cord and organisation of 

motor neurons into columns and muscle-specific pools. (B) Classification of Hox gene clusters 

involved in conferring spinal motor neuron identity. (C) Order of chromosomal Hox clusters and 

regulatory interactions for columnar and pool fate specification of motor neurons in the brachial spinal 

cord. MMC= medial motor column, HMC= hypaxial motor column; PGC= preganglionic motor column; 

LMC= lateral motor column; Symp= sympathetic chain ganglion neurons. (Pictures taken from Dasen 
et al., 2008). 

  

In summary, each newly generated motor neuron emerging from the pMN 

domain in the ventral spinal cord is impressed with a hierarchical columnar, divisional 

and pool specification and is already primed for its assigned peripheral target prior to 

its axon exiting the spinal cord (Lance-Jones & Landmesser, 1980a; b; 1981b; 

Ferguson, 1983; Jessell, 2000). Additionally, target-derived cues regulate the 

neuromuscular innervation patterns as well as the positioning and clustering of 

distinct motor pools by inducing the expression of pool-specific transcriptions factors 

such as the ETS gene Pea3 in motor neurons innervating the muscle Cutaneous 

maximus (Lin et al., 1998; Livet et al., 2002; Vrieseling & Arber, 2006; Ladle et al., 

2007). 

 

II.2.2 Sensory neurogenesis 

Trunk sensory neurons are derived from transient, migratory neural crest cells (NCC) 

formed between the neuronal and epidermal ectoderm at the dorsal-most region of 

the neural tube. The induction, specification and delamination from their site of origin 

as well as the terminal differentiation of NCCs are regulated by four key transcription 

factors. Wnts (wingless and int), BMPs (bone morphongenic proteins), Delta/Notch 

and FGF (fibroblast growth factor) serve as inductive signals for NCC formation and 

activate the expression of downstream neural crest specifier genes. Among others, 

SoxE transcription factors act as neural specifiers by impressing a lineage identity on 

pre-migratory or delaminating NCCs (reviewed in Sauka-Spengler & Bronner-Fraser, 

2008). Loss of all sensory neurons in the dorsal root ganglia (DRG) in Neurogenin-

1/2 double mutant mice demonstrates the pivotal role of the proneuronal genes for 

the terminal specification of NCC to peripheral sensory neurons (Chen & Frank, 

1999; Ma et al., 1999). From their site of origin at the dorsal border of the spinal cord, 

trunk NCCs of prospective spinal sensory neurons migrate ventrally through the 
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anterior part of the sclerotome to form the DRG (Rickmann et al., 1985; Loring & 

Erickson, 1987; Teillet et al., 1987). By the time the sensory neurons accumulate and 

coalesce to the DRG, they co-express the POU HD transcription factor Brn3.0/3a and 

the LIM HD factors Isl1 and 2 (Ericson et al., 1992; Tsuchida et al., 1994; Xiang et 

al., 1995). In contrast to motor neurons, postmitotic sensory neurons are not 

conferred with a columnar or pool identity, nor does a topographic correlation 

between their position in the spinal cord and DRG exist. However, three functional 

classes among sensory neurons can be distinguished by the expression of receptor 

tyrosine kinases (trk) for survival promoting neurotrophins. Nociceptors express the 

receptor tyrosine kinase trkA+ for the nerve growth factor (NGF) and among 

cutaneous sensory neurons, trkB+ mechanoreceptors bind brain-derived neurotrophic 

growth factor (BDNF) whereas trkC+-NT-3 (neurotrophin-3) signalling ensures 

survival of proprioceptive neurons (Kaplan et al., 1991; Klein et al., 1991; Barbacid, 

1994; Bibel & Barde, 2000). 

 

II.3 Axon guidance and sensorimotor circuit formation 

 
Each of the approximately 50 muscles present in a vertebrate limb is innervated by 

motor and sensory projections in an accurate and reliable manner. How are 

developing axons guided from their site of origin to their final target and eventually 

wire peripheral sensorimotor circuits for limb locomotion? 

 

II.3.1 Principles of axon guidance 

Neuronal circuits are established and wired with high precision during 

embryogenesis. For an individual axon, this requires correct navigation from the 

source of origin in the CNS to distant targets. Thereby, the growth cone, a highly 

motile structure at the axonal tip, senses the environment and reacts to extrinsic 

guidance cues present in the surrounding tissues en route (Goodman & Shatz, 1993; 

Tessier-Lavigne & Goodman, 1996). Four different guidance mechanisms, namely 

attraction and repulsion of growth cones either mediated by direct contact or long-

range chemotaxis, coordinate the overall pathfinding and organisation of growing 

axons into nerve bundles and tracts (Fig. 5). Several phylogenetically highly 

conserved ligand-receptor pairs have been identified in the past years. Netrins, Slits, 
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Semaphorins and Ephrins constitute the four major families of guidance cues. 

Additionally, morphogens, growth factors as well as extracellular matrix (ECMS) and 

cell adhesion molecules (CAMs) are likewise involved in neuronal circuit formation 

(reviewed in Tessier-Lavigne & Goodman, 1996; Dickson, 2002; Kolodkin & Tessier-

Lavigne, 2011).  

 

 

 

 

 
 
 
 
 
 
 
 
 
Figure 5: Functional diversity of neuronal guidance cues.  
Axon guidance cues can elicit attraction or repulsion over short or long distance. (Picture modified 

from Kolodkin & Tessier-Lavigne, 2011). 

 

How are the first pioneering axons guided by axon-environment interactions 

over long distances e.g. from their position in the spinal cord to their respective target 

muscle in the limb? Studies in insects proposed segmentation of the total trajectory 

into intermediate targets including choice points with landmark or guidepost cells 

located along the axonal pathway (Ho & Goodman, 1982; Klose & Bentley, 1989). 

Data from different vertebrate model systems suggest that axons of later-born 

neurons preferentially travel along pre-existing tracts laid out by preceeding pioneer 

axons. Thereby, follower axons contact and tightly associate with fascicles of pioneer 

axons using cell surface or ECM molecules (Hjorth & Key, 2002; Fekete & Campero, 

2007; Pittman et al., 2008; Niquille et al., 2009). For example, pioneering but 

transient sublate neurons provide an essential substrate for thalamic lateral 

geniculate neurons (LGN) en route to their target layer 4 neurons in the cortex 

(Ghosh et al., 1990).  

Axons therefore need to distinguish among the present fascicles and 

selectively fasciculate upon their matching axonal bundles (Bastiani et al., 1984; 

Raper et al., 1984). Indeed, trans-axonal communication contributes significantly to 



INTRODUCTION 

  -17 -

precise wiring of visual and olfactory circuitries as well as accurate organisation of 

motor and sensory axons into distinct bundles (Sweeney et al., 2007; Gallarda et al., 

2008; Imai et al., 2009; Huettl et al., 2011; Wang et al., 2011). Additionally, surround 

repulsion by environmental guidance cues that are expressed adjacent to the axonal 

bundles prevent axons from defasciculating and projecting to neighbouring, less 

favourable substrates and thereby channel fibers into tracts. For example, loss of 

Sema3A expression in the mesenchyme close to motor and sensory projections 

innervating the prospective forelimb results in their pronounced defasciculation and 

exuberant growth to areas normally devoid of axons (Huber et al., 2005). 

In addition to their prominent role in mediating axonal pathfinding, guidance 

molecules such as semaphorins and ephrins are also involved in the removal of 

overgrown and misguided axonal projections by selective pruning or programmed 

neuronal cell death (reviewed in Vanderhaeghen & Cheng, 2010). Pruning of axonal 

branches is mediated by repellent guidance cues such as Sema3F for visual cortical 

projections or Plexin-A3 and ephrin B3 for hippocampal mossy fibers (Cheng et al., 

2001; Low et al., 2008; Xu & Henkemeyer, 2009). Programmed cell death of neurons 

is triggered by restricted availability of target-derived neurotrophic cues like NGF, 

BDNF, GDNF and NT-3/4, which are essential for neuronal survival. Additionally, the 

chemorepellent Sema3A in conjunction with NGF is involved in determining the final 

number of sensory neurons in the DRG. In absence of NGF, Sema3A induces 

apoptosis selectively in sensory neurons of the DRG during E12-14 (Cowan, 2001; 

Huang & Reichardt, 2001; Ben-Zvi et al., 2006; Ben-Zvi et al., 2008). Thus, axon 

pruning and selective neural cell death after incorrect target innervation constitute 

additional mechanisms to ensure precise neuronal circuit wiring. 

Growing axons are constantly exposed to a plethora of guidance cues that 

might signal competing instructions which makes the interpretation and integration of 

the various inputs a complex task (Raper & Mason, 2010). Tight spatio-temporal 

control of the expression of guidance receptors as well as locally induced protein 

synthesis in the growth cone upon reaching intermediary targets are two often 

observed mechanisms to deal with the complexity of guidance instructions. After 

passing the midline in the spinal cord, EphA2 receptor expression is strongly 

upregulated in commissural growth cones via translational control sequences in the 

3’ UTR of its mRNA in distal axon segments, thereby changing their responsiveness 

to midline guidance cues after crossing (Brittis et al., 2002). An additional mechanism 
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is the modulation of the response to a given guidance cue by intracellular levels of 

cyclic nucleotides such as cAMP and cGMP (Song et al., 1998). Dendrites and axons 

of rat pyramidal neurons respond differently to Sema3A: elevated cGMP levels in 

apical dendrites confer chemoattraction whereas the axon with lower cGMP levels is 

repelled by the same guidance cue Sema3A (Polleux et al., 2000).  

Despite the small amount of ligand-receptor pairs identified so far, it is still 

amazing that this limited number of cues is capable of wiring the total repertoire of 

the highly diverse neuronal circuits in the entire organism. The recent identification of 

draxin as a novel repulsive guidance cue for spinal cord and forebrain commissures 

indicates the existence of additional, yet unidentified, factors for axon guidance 

(Islam et al., 2009). 

 

II.3.2 Peripheral sensorimotor circuit formation in the vertebrate limb 

Even the most simple monosynaptic reflex requires a precise interplay between the 

motor unit, peripheral muscles and proprioceptive sensory afferents transmitting 

feedback information to motor neurons. However, the complexity of the involved 

circuits is constantly increasing from mono- to polysynaptic reflexes to a whole 

neuronal network such as the spinal sensorimotor circuit.  

After exiting the spinal cord through the ventral roots, growing motor axons 

converge with sensory projections originating from the DRG to form the spinal 

nerves. Thereby, intermingled sensory and motor projections sort into target-specific 

bundles and select a dorsal or ventral trajectory to their correct target muscle in the 

limb (Lance-Jones & Landmesser, 1981a). Over the past ten years several guidance 

cues have been identified, which regulate correct dorsal-ventral pathfinding decisions 

and axonal fasciculation into nerve bundles (Fig. 6, reviewed in Bonanomi & Pfaff, 

2010).  

Reaching the binary choice point in the limb plexus, LMCl axons encounter 

attractive (GDNF) and repulsive (ephrin-A) axon guidance cues expressed 

concomitantly by the limb mesenchyme. Thereby, EphA4 receptors on the growing 

LMCl axons are repelled by ephrin-A proteins in the ventral half of the limb 

(Helmbacher et al., 2000; Kania & Jessell, 2003), simultaneously the c-Ret and 

GFRα1 receptor complex directs the respective axons to the attractive GDNF source 

in the dorsal limb (Kramer et al., 2006). Additionally, “reverse” signalling among 
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ephrin-As on LMCl projections and EphA4 expressed in the dorsal limb area further 

enforces a dorsal trajectory choice (Marquardt et al., 2005).  
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Figure 6: Guidance of motor axons to dorsal and ventral limb targets.  
(A) Navigation of LMCl and LMCm motor neurons to the limb and the axon guidance ligand-receptor 

couples regulating the dorsal-ventral choice. (B) Left: Loss of Sema3F-Npn-2 or ephrin-B-EphB1 

signalling results in misprojection of a subset LMCm neurons to the dorsal instead of ventral half of the 

limb. Right: Absence of EphA4 or GDNF-c-Ret causes LMCl projections to erroneously innervate the 

ventral limb. (Pictures modified from Bonanomi & Pfaff, 2010). 

 

Medial LMC neurons in turn express EphB1 receptors and are repelled by 

ephrin-B2 positive dorsal mesenchyme to the ventral limb muscles (Luria et al., 

2008). In addition, repulsive interaction of Sema3F expressed in the dorsal limb with 

its corresponding receptor Neuropilin 2 (Npn-2) on the axonal surface diverts a 

subset of LMCm axons ventrally. Interestingly, timing of ingrowth and fasciculation of 

motor axons is completely normal in absence of either Sema3F or Npn-2. In contrary, 

A 

B 

Mutant: Sema3F:Npn-2, EphrinB2:EphB1 Mutant: EphA4, GDNF:c-RET 
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Sema3A-Npn-1 signalling enforces medial and lateral LMC axons to pause at the 

limb plexus and regulates selective fasciculation of peripheral motor and sensory 

projections (Huber et al., 2005; Kolodkin & Tessier-Lavigne, 2011). Additionally, 

interaxonal signalling further contributes to sorting of axons into smaller target-

specific bundles. Besides controlling fasciculation and the timing of entry into the 

limb, Npn-1 plays an additional role in the tight coupling of sensory and motor 

projections to the limb (Huettl et al., 2011). Trans-axonal signalling between 

EphA3/A4 on motor and ephrin-As on coextending sensory axons mediates correct 

sorting of peripheral projections to axial muscles (Gallarda et al., 2008). 

Once reaching their peripheral targets, individual axons innervate specific 

muscle subregions. Elegant experiments characterizing muscle fiber (re-)innervation 

following muscle transplantation or axotomy demonstrated that muscle-specific nerve 

branching occurs independently of mesenchymal guidance cues but instead requires 

additional cues for nerve-muscle matching (reviewed in Sanes & Lichtman, 1999). 

Albeit the underlying molecules and mechanism are largely obscure, there is 

compelling evidence that ephrin-A2 and –A5 (Feng et al., 2000; Lampa et al., 2004) 

and ETS transcription factors contribute to selective innervation of muscle fibers 

during sensorimotor circuit wiring. Loss of the ETS transcription factor Pea3 results in 

aberrant intramuscular branching in Latissimus dorsi and Cutaneous maximus 

muscles and, consequently, in mispositioning of these motor pools in the spinal cord 

(Lin et al., 1998; Livet et al., 2002; Vrieseling & Arber, 2006; Ladle et al., 2007). 

Another ETS transcription factor, Er81, is crucial for directly connecting a subset of 

proprioceptive sensory afferens to homonymous motor neurons in the spinal cord. 

Er81-/- mice reveal ataxia and severe coordination deficits paralleled on anatomical 

level by reduced group I afferent sensory input on motor neurons (Lin et al., 1998; 

Arber et al., 2000; Ladle et al., 2007). 

A recent publication proposed that sensory axons target specific tiers, areas 

arranged dorsoventrally in the spinal cord, independently of motor neuron subtype or 

even their presence. Thereby, motor neuron organisation into dinstinct pools and 

topographic positioning in the spinal cord is crucial for sensory projections to 

selectively innervate self motor neurons. In FoxP1MN∆ mutants with altered 

dorsoventral and mediolateral positioning of motor neurons, sensory afferents 

consequently project on self and ectopic nonself motor neurons mispositioned in the 

same tier (Surmeli et al., 2011).  



INTRODUCTION 

  -21 -

II.4 Plasticity of neuronal circuits 

From birth on, neuronal circuits that have been established during embryogenesis 

with astonishingly high precision, are subjected to environmental influences, learning 

processes and possibly injuries during the animal’s life span. How do the neuronal 

networks of neonatals versus adults respond and adapt to environmental influences 

and/or disturbances in neuronal circuits? 

 

II.4.1 Circuit maturation in early postnatal neuronal networks 

In newborn vertebrates neuronal networks have been established during 

embryogenesis without prior interaction with the environment. During the “critical 

period“, the first 2 to 3 postnatal weeks in mice and months in human newborns, 

these circuits are extremly flexible and particularly amenable to adaptive changes in 

response to environmental and physical conditions. The premier model for critical 

period plasticity showed that early postnatal monocular light deprivation by closure of 

one eye results in persistent loss of visual acuity in that eye and structural changes in 

the striate cortex (Wiesel & Hubel, 1963). Thus, ocular dominance of both eyes is 

dependent on the maturation of the visual sensory system triggered by the exposure 

of light in an early postnatal phase.  

Mechanisms of circuit maturation in the motor system include competition 

among inputs and modulation of synaptic activity. During circuit wiring, multiple motor 

axons have synapsed on the same muscle fiber and excess inputs need to be 

diminished to a 1:1 ratio by competition (Sanes & Lichtman, 1999; Lichtman & 

Colman, 2000; Walsh & Lichtman, 2003). Furthermore, among the newly established 

neuronal circuits some will be favoured and others rather neglected, by potentiating 

or repressing the synapse activity, respectively (Hensch, 2004; Martin, 2005). 

Interestingly, early postnatal lesions to the nervous system are met with 

exceptional compensatory and regenerative processes. Spinal trauma in 2 weeks old 

cats or peripheral forelimb amputation in neonatal rats induced extensive 

rearrangements of the deafferented region in the cortex (Donoghue & Sanes, 1987; 

McKinley et al., 1987). Congenital or perinatal hemispheric brain lesions are followed 

by excessive branching of ipsilateral corticospinal projections from the spared to the 

damaged cortex area in animal models and human patients (Gomez-Pinilla et al., 
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1986; Benecke et al., 1991; Carr et al., 1993). This is in contrast to permanent and 

substantial functional impairments after damage or injury to the CNS in adults. 

 

II.4.2 Plasticity in adult neuronal circuits under physiological and injury 
conditions 

Traditionally, after the postnatal critical period, neuronal networks were perceived as 

rather “hard-wired“, rigid structures to assure a stable, reliable network function in 

adults. However, accumulating evidence of spontaneous partial compensation or 

recovery from CNS lesions rebutted the idea of the “hard-wired“ innate nervous 

system (reviewed in Edgerton et al., 2004; Cai et al., 2006; Harel & Strittmatter, 

2006; Maier & Schwab, 2006). Plastic adaptions were reported on cortical, 

subcortical and spinal levels and comprise anatomical, biochemical and 

electrophysiological changes in spared pathways (reviewed in Raineteau & Schwab, 

2001). Functional motor recovery after traumatic injury in animal models and human 

patients is thought to arise from re-integration of damaged fibers into the original 

circuitry either by regeneration of the lesioned fibers or their replacement by newly 

sprouted uninjured intact fibers and/or from re-arrangement of existing networks 

(Fig.7; Raineteau & Schwab, 2001; Fridman et al., 2004; Murase et al., 2004; 

Barriere et al., 2008; Courtine et al., 2008; Kaas et al., 2008).  

Studies by Bareyre et al. demonstrated that spontaneous recovery from 

incomplete spinal cord injury (SCI) entails anatomical reorganisation at spinal and 

cortical level in adult rats. Thereby, newly sprouted CST axons from above the lesion 

site contacted proprioceptive sensory projections and were thus reconnected to 

intraspinal circuits (Bareyre et al., 2004). Remodelling in the spinal cord is often 

paralleled by supraspinal reorganisation of the motor cortex comprising large-scale 

topographic as well as anatomical and synaptic changes (reviewed in Raineteau & 

Schwab, 2001). Intracortical microstimulation of the same area in the motor cortex of 

untreated rats and 4 weeks after bilateral transection of the CST at thoracic level 

demonstrated a shift in cortical motor representation from hind limb movement to 

whiskers, forelimb and trunk responses, respectively (Fouad et al., 2001). 

Additionally, at the level of the brain stem, the intact rubrospinal tract is capable to 

partially take over motor functions of the lesioned CST after unilateral pyramidotomy 

in monkeys and rodents. Thereby, functional recovery of limb movements is 
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associated with profound changes in flexor and extensor activation from extensor 

preference in default rubrospinal tract to equal extensor/flexor facilitation after CST 

lesions (Lawrence & Kuypers, 1968a; b; Belhaj-Saif & Cheney, 2000; Z'Graggen et 

al., 2000; Raineteau et al., 2002). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7: Spontaneous sprouting in the CNS and long-distance regeneration in the PNS.  
(A) Long distance regeneration of lesion axon fibers in the PNS. (B) Collateral sprouting of severed  

fibers over a short distance to neighbouring axons to by-pass the injury site. (C) Sprouts of spared 

axons to reconnect beyond the lesion site. Dotted black lines represent Wallerian degeneration of 

lesioned fibers. New axons sprouting from severed or spared fibers are shown in red. (Pictures 

modified from Giger et al., 2010). 

 

However, extrinsic factors present in the tissue surrounding the lesion such as 

axon guidance molecules (e.g. Sema4D, ephrinB3, netrin-1), prototypic myelin 

inhibitors (e.g. Nogo, myelin associated glycoprotein) and glial scar-derived 

chondroitin sulphate proteoglycans (CSPGs) inhibit axonal re-growth and 

regeneration in the adult CNS profoundly. Thus, neutralization or lowering the 

amount of these extrinsic growth inhibitors boosts the regenerative and plastic 

capacities of the CNS after injuries or diseases (reviewed in Giger et al., 2010). 

Besides anatomical plasticity, modulations of synaptic input in spared circuits 

further contribute to recovery after CNS lesions (Holtmaat & Svoboda, 2009). The 

predominant inhibitory GABAergic neurons in the brain maintain the somatotrophic 

B A C 
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cortical map. Reduction of GABAergic input renders the motor cortex more amenable 

to cortical field reorganisation and possibly unmasks latent but previously silenced 

excitatory connections (Jacobs & Donoghue, 1991; Kaas, 1991). 

Spontaneous functional recovery after traumatic CNS injury can be further 

promoted extrinsically by rehabilitative motor training in animals and human patients 

(Lovely et al., 1990; De Leon et al., 1998a; b; Edgerton et al., 2004; Rossignol, 2006; 

Girgis et al., 2007; van Hedel & Dietz, 2010). Treadmill training in human patients 

improves locomotion and body support after incomplete spinal cord injury and 

decreases spasticity in complete SCI patients (Dietz et al., 1994; Dietz et al., 1995; 

Wernig et al., 1998; Field-Fote, 2001). The underlying mechanisms that contribute to 

the training-induced improvement in locomotor properties are not entirely clear. They 

might involve modulation of inhibitory input, altered firing rate in motor neurons and 

increased availability of neurotrophic factors (Wolpaw, 1997; Gomez-Pinilla et al., 

2001; Tillakaratne et al., 2002). 

Combination therapies aiming at promoting intrinsic plastic potential, 

concomitantly attenuating the unwanted extrinsic growth inhibitory cues together with 

rehabilitative training to strengthen functional important circuitries hold great promise 

for enhanced beneficial functional recovery after CNS trauma. 

Contrary to recovery in the CNS, peripheral projections are capable of re-

establishing functional connections to initial targets over long distances after trauma 

(Wigston & Sanes, 1982; Laskowski & Sanes, 1988; DeSantis et al., 1992; Carlstedt, 

2000). Albeit restored connections mainly innervate the correct target (DeSantis & 

Norman, 1993), misrouting of sensory and motor projections has also been observed 

(Brushart & Mesulam, 1980; Brushart et al., 1981). Elegant studies by Nguyen 

revealed that recovering motor neurons preferentially reconstitute previous muscle 

innervation patterns by re-innervating the original instead of idle muscle fibers 

(Nguyen et al., 2002). 

 

II.5 Aim of this thesis 

 
Hitherto there are fundamental insights on neuronal circuit assembly and the 

structural and functional plastic capabilities of spinal networks after traumatic injury to 

the nervous system. However, some aspects of neural circuit formation such as the 
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impact of interaxonal communication and postnatal plasticity in adult vertebrates in 

non-injury based paradigms are not fully elucidated and/or controversially discussed.  

We chose the murine sensorimotor circuit as a model to study developmental 

wiring and adaptive plasticity in the nervous system. Its advantages lie in the 

substantial knowledge available on development, anatomy and molecular identity of 

its specific components as well as its accessibility for experimental manipulations. In 

addition, applying behavioural phenotyping provides a direct readout for the 

functionality of the involved circuits. 

 

II.5.1 Characterization of sensorimotor interactions during circuit formation 

While several cues mediating axon-environment interactions during embryonic circuit 

formation have been identified over the last years, the role of trans-axonal 

communication between adjacent hetero- or homotypic axonal projections for correct 

wiring was elusive. One of the aims of the present study therefore was to analyse the 

crosstalk between co-extending spinal sensory and motor projections en route to 

their peripheral targets in the developing limb. To address this question, either 

sensory or motor neurons were genetically ablated using cell type-specific Cre lines 

to drive the expression of lethal diphtheria toxin-A (Pietri, 2003; Brockschnieder et al., 

2006; Dessaud et al., 2007). Motor or sensory projections were genetically or 

histologically labelled, respectively, to allow for characterization of spinal nerve 

projection patterns and fidelity of trajectory formation in whole mount embryo 

preparations.  

 

II.5.2 Characterization of forepaw impairments in Olig2-Cre+;Npn-1cond-/-   
mutants 

Elimination of Npn-1 from motor neurons during embryonic development (Olig2-

Cre+;Npn-1cond-/-) revealed pronounced defasciculation and stalling of motor axons 

projecting to the forelimb (Huettl et al., 2011). Interestingly, these mutant mice 

revealed congenital limb posture abnormalities: one or both forepaws are constantly 

flexed at the wrist and/or digits. The aim of my study was to analyse the underlying 

cause for the observed forelimb phenotype in postnatal Olig2-Cre+;Npn-1cond-/- mice. 

This was achieved by characterizing stereotyped and skilled locomotion capabilities 

and analysing the musculoskeletal properties of forelimbs such as the area of 
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extensor and flexor muscles. Ultrastructural analysis of myelination and fiber 

composition in specific forelimb nerves revealed potential neurogenic causes for the 

observed phenotype. 

 

II.5.3 Analysis of adaptive plasticity in sensorimotor circuits during postnatal 
development 

Absence of the repulsive guidance cue Sema3F or its receptor Npn-2 leads to well-

characterized dorsal-ventral pathfinding errors of motor axons during embryogenesis 

(Huber, Neuron, 2005). These embryonic wiring deficits are likely to cause motor 

impairments and may be corrected or compensated for postnatally. Since the mutant 

mice are viable, they present an excellent model to monitor postnatal motor 

behaviour and assess adaptive changes of miswired sensorimotor circuits. The aim 

of my study was to correlate the data on motor skills, spinal morphology, integrity of 

dorsal-ventral limb innervation and muscle recruitment patterns to determine if wiring 

deficits in peripheral sensorimotor circuits of Sema3F and Npn-2 mutants are 

eliminated postnatally or rather compensated for. We used a comprehensive 

approach combining repetitive behavioural phenotyping of stereotyped and complex 

locomotor skills, neuroanatomical analysis of the motor system and 

electrophysiological characterization of functional peripheral limb circuit wiring.  
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III MATERIAL AND METHODS 

 

 

III.1 Mouse husbandry 

III.1.1 Ethic statement 

Mice were housed in groups of 3 per cage at a 12:12 light:dark cycle with food and 

water available ad libitum. Mice were handled according to the federal guidelines for 

the use and care of laboratory animals, approved by the Helmholtz Zentrum 

München Institutional Animal Care and Use Committee. All experimental procedures 

were approved by and conducted in adherence to the guidelines of the Regierung 

von Oberbayern. 

 

III.1.2 Mutant mice 

The following mouse lines on a C57BL/6 background were used: Hb9::GFP 

(Wichterle et al., 2002), Ht-Pa-Cre (Pietri, 2003), Npn-1cond (Gu et al., 2003), Npn-

1Sema- (Gu et al., 2003), Npn-2 (Giger et al., 2000), Olig2-Cre (Dessaud et al., 2007), 

R26:lacZbpAfloxDT-A (Brockschnieder et al., 2006) and Sema3F (Sahay et al., 2003). 

 

III.1.3 Genotyping 

DNA isolation from mouse tails 

Eppendorf Thermomixer 5436   (Eppendorf, Hamburg, Germany) 

Eppendorf centrifuge 5417R   (Eppendorf, Hamburg, Germany) 

Ethanol absolut for analysis   (Merck KGaA, Darmstadt, Germany) 

Ethylendiaminintetraacetic acid (EDTA)            (Sigma-Aldrich GmbH, Steinheim,  

 Germany) 

Proteinase K (100mg)    (Invitrogen, Darmstadt, Germany) 

Regular prep buffer     10mM Tris pH8.0 

       10mM NaCl 

       10mM EDTA pH8.0 
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       0.5% SDS 
       filled up with MilliQ-H2O to 50ml 

Tris-Hydroxy-Methyl-Amino-Methan (Tris) (Carl Roth, Karlsruhe, Germany) 

Trizma Hydrochlorid (HCl)    (Sigma-Aldrich GmbH, Steinheim,  

Germany) 

Sodium chloride (NaCl)    (Carl Roth, Karlsruhe, Germany) 

Sodium dodecylsulfate (SDS) 10%  (Invitrogen, Darmstadt, Germany) 

Sodium hydroxid (NaOH)    (Merck KGaA, Darmstadt, Germany) 

1x TE buffer      10mM Tris-HCl, pH8.0 

       1mM EDTA 

 

1-2mm of tail tissue was used as a source of DNA samples for mouse genotyping. 

Tail clips from postnatal mice and tails from mouse embryos were digested in 100µl 

of 50mM NaOH at 95°C in a shaker for 30min for postnatal or 20min for embryonic 

tissue. Afterwards 30µl of 1M Tris pH7.0 was added to stabilise isolated DNA. 1-2µl 

of DNA solution were directly used for polymerase chain reaction (PCR). 

DNA of Sema3F mouse tails was isolated using the “Regular prep” procedure. 

Therefore, tail samples were incubated in 500µl Regular Prep buffer with 20µl of 

Proteinase K (10mg/ml) overnight in a shaker at 56°C. On the following day, the DNA 

was isolated and purified. After adding 250µl saturated 5M NaCl, samples were 

incubated with vigorous shaking (200x) for 10min, cooled down on ice for 10min and 

centrifuged at low speed (6000rpm) at room temperature for another 10min. 500µl of 

centrifuged sample were transferred to a fresh Eppendorf tube containing 1ml of 

100% EtOH, mixed by inversing 4 times and centrifuged at high speed (13000rpm) at 

4°C for 25min. DNA samples were purified from salt in 70% EtOH and spinned at 

13000rpm at 4°C for 7min. After brief drying, the DNA pellet was resuspended in 80µl 

of 1x TE and subsequently used for PCR. 

 
Polymerase chain reaction 
10x CoralLoad PCR reaction buffer  (Qiagen, Hilden, Germany) 

Desoxynucleotides (dNTPs)   (Fermentas, St.Leon-Rot, Germany) 

25mM MgCl2      (Qiagen, Hilden, Germany) 

MilliQ-H2O      (Millipore, Schwalbach, Germany) 

Oligonucleotides     (Metabion, Martinsried, Germany) 
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5x Q-solution      (Qiagen, Hilden, Germany) 

Taq DNA polymerase (5units/µl)   (Qiagen, Hilden, Germany)  

  

Wildtype, heterozygous and homozygous mice were identified by PCR using the 

following primer pairs and amplification parameters in a thermocycler (Eppendorf and 

SensoQuest labcycler). 

 

Cre allele 
Cre Forward: GTG TCC AAT TTA CTG ACC GTA CAC 

Cre Reverse: GAC GAT GAA  GCA TGT TTA GCT GG 

Amplification parameters: Preheating: T=95°C for 5min, 30 Cycles of Denaturation: 

T=95°C for 1min, Annealing: T=59.5°C for 1min, Extension: T=72°C for 30sec. End: 

T=72°C for 15min  

 

GFP allele 
872: AAG TTC ATC TGC ACC ACC G 

1416: TCC TTG AAG ATG TGT CG 

Amplification parameters: Preheating: T=95°C for 3min, 35 Cycles of Denaturation: 

T=95°C for 30sec, Annealing: T=60°C for 1min, Extension: T=72°C for 1min. End: 

T=72°C for 15min  

 

Npn-1 allele 
5’SacI Ex2: AGG CCA ATC AAA GTC CTG AAA GAC AGT CCC  

3’SacI: AAA CCC CCT CAA TTG ATG TTA ACA CAG CCC  

Amplification parameters: Preheating: T=95°C for 3min, 35 Cycles of Denaturation: 

T=95°C for 45sec, Annealing: T=63°C for 45sec, Extension: T=72°C for 45sec. End: 

T=72°C for 5min  

 

Npn-2 allele 
200bp (wt) 

Exon1f: CTC TCT GTC AAA AAT GGA TAT G 

Intron1b: AGA AGC CCG CTG AGA TCT 
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Amplification parameters 200bp: Preheating: T=94°C for 5min, 30 Cycles of 

Denaturation: T=94°C for 1min, Annealing: T=60°C for 1min, Extension: T=72°C for 

45sec. End: T=72°C for 7min  

 

650bp (mut) 

Neo#2: TAC CTG AAA GCA CGA GGA AGC GGT 

Neo#3: CTT TTT GTC AAG ACC GAC CTG TCC 

Amplification parameters 650bp: Preheating: T=94°C for 5min, 30 Cycles of 

Denaturation: T=94°C for 1min, Annealing: T=58°C for 1min, Extension: T=72°C for 

45sec. End: T=72°C for 7min  

 

R26:lacZbpAfloxDT-A allele 
RosaFA: AAA GTC GCT CTG AGT TGT TAT 

RosaRA: GGA GCG GGA GAA ATG GAT ATG 

SpliceAcB: CAT CAA GGA AAC CCT GGA CTA CTG  

Amplification parameters: Preheating: T=94°C for 4min, 33 Cycles of Denaturation: 

T= 94°C for 35sec, Annealing: T=63°C for 35sec, Extension: T=72°C for 35sec. End: 

T=72°C for 15min  

 

Sema3F allele 
Sema3F 3-1:  GAA TGC CCG GGT AAA CAC CA 

Sema3F 3-2B: TCG AAG CGT ACC CTG GCT CT  

Sema3F3-3A:  AAG GAG CGC ACA GAG GAC CA 

Amplification parameters: Preheating: T=94°C for 5min, 30 Cycles of Denaturation: 

T=94°C for 1min, Annealing: T=60°C for 1min, Extension: T=72°C for 1min. End: 

T=72°C for 10min  

 

Agarose gel electrophoresis 
Agarose      (Biozym, Oldendorf, Germany) 

EDTA       (Sigma-Aldrich, Steinheim, Germany) 

Ethidium bromide     (Sigma-Aldrich, Steinheim, Germany)  

GeneRuler 1kB DNA ladder   (Fermentas, St.Leon-Rot, Germany) 

Tris-Acetat      (Carl Roth, Karlsruhe, Germany) 
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TAE buffer (1x)     40mM Tris-Acetat 

       1mM EDTA, pH 8.0 

 

The obtained amplification products were stored at 4°C until electrophoretic 

separation for size determination on a 2% agarose gel in 1x TAE buffer with 

150µg/ml Ethidiumbromid. 

 

III.2 Mouse embryo analysis 

III.2.1 Whole mount staining 

Aluminium block     6cm x 2,5cm, 3 holes à 1,5cm 

diameter 

       (HGMU Craft services, München,  

       Germany) 

Antibodies 

   Primary  

Mouse-anti neurofilament 2H3  (DSHB, Iowa,USA) 

 Rabbit anti-GFP    (Invitrogen, Darmstadt, Germany) 

   Secondary 

Goat anti-mouse Cy3   (Invitrogen, Darmstadt, Germany) 

 Goat anti-rabbit Cy2   (Invitrogen, Darmstadt, Germany) 

BABB       Benzyl alcohol : Benzyl benzoate  (1:2) 

Benzyl alcohol     (Sigma-Aldrich, Steinheim, Germany) 

Benzyl benzoate     (Sigma-Aldrich, Steinheim, Germany) 

Blocking solution     5% normal goat serum, inactivated 

       75% PBS 

       20% DMSO 

DMEM/F12      (Gibco, Darmstadt, Germany) 

Dent’s bleach     H2O2 : Dent’s Fix   (1:2) 

Dent’s Fix      DMSO : Methanol   (1:4) 

Dimethyl sulfoxyde (DMSO)   (Merck KGaA, Darmstadt, Germany) 

Fluorescent stereo microscope   Stereo Lumar.V12   

(Zeiss, Jena, Germany)  
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Glass cover slips     (Roth, Karlsruhe, Germany) 

Hydrogen peroxide 30% H2O2   (Applichem, Darmstadt, Germany) 

Laser scanning microscope   Zeiss LSM510 

       (Zeiss, Jena, Germany) 

Methanol      (Merck KGaA, Darmstadt, Germany) 

Normal goat serum     inactivated at 56°C for 30min 

(Gibco, Darmstadt, Germany) 

Na2HPO4      (Merck KGaA, Darmstadt, Germany) 

NaH2PO4 x H2O     (Merck KGaA, Darmstadt, Germany) 

Paraformaldehyd (PFA)    (Sigma-Aldrich, Steinheim, Germany) 

PBS pH 7.5 (10x)     12.7g Na2HPO4 

       2.65g NaH2PO4 x H2O 

       85g NaCl 

       Add milliQ-H2O 

       adjust pH to 7.5 

       fill up to 1 litre 

Rotator Mixer RM Multi-1    (Starlab, Ahrensburg, Germany) 

Sylgard      (Dow Corning, Wiesbaden, Germany) 

 

Embryo preparation: 
Embryos from E10.5 to E12.5 were dissected and prepared in DMEM/F12. Hb9::GFP 

heterozygous embryos were identified by GFP expression and selected using a 

fluorescent stereomicroscope. Tails of dissected embryos were removed for 

subsequent genotyping as described in III.1.3. Embryos were fixed for 24h in 4% 

PFA rotating at 4°C. On the second day, embryos were washed 3 times in PBS to 

remove remaining PFA before bleaching in Dent’s Fix for 24h at 4°C. On the third 

day, embryos were rinsed 5 times in Methanol to remove remaining Dent’s Bleach 

and subsequently stored in Dent’s Fix for at least 24h up to the date of staining. 

 

Whole mount embryo staining procedure: 
Before primary antibody incubation embryos stored in Dent’s Fix were rinsed 3 times 

in PBS followed by 3 washing steps of 1h each in PBS. Mouse anti-neurofilament 

2H3 (1:50) and rabbit anti-GFP (1:4000) primary antibodies in blocking solution were 

incubated at room temperature rotating for 5 days. After primary antibody incubation, 
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excessive washing steps, 3 times in PBS followed by 5 times for 1h each in PBS, 

were conducted to remove unspecific antibody binding and reduce background 

staining. Secondary antibodies goat anti-rabbit Cy2 (1:250) and goat-anti-mouse Cy3 

(1:250) in blocking solution were added and incubated overnight rotating at room 

temperature.  

The following day, embryos were initially rinsed in PBS 3 times and subsequently 

washed 5 times in PBS for 1h each prior to their evisceration. Embryo clearing was 

conducted in the following order: 10min incubation in PBS and methanol (1:1), 

washing 3 times for 20min in methanol, 10min in methanol and BABB (1:1), clearing 

in 100% BABB overnight and storage until analysis.   

 

Confocal microscopy: 
Embryos were imaged in BABB in a costum-made chamber of an aluminium block 

glued on a glass cover slip using Sylgard. Images were captured on a Zeiss LSM510 

microscope using Plan-Neofluar 5x/0,15 and 10x/0,3 objectives. 

 

III.2.2 Quantification of the fasciculation status of motor and sensory axons 

Pre-plexus defasciculation in E10.5 to E12.5 embryos was determined by measuring 

the thickness of 6 individual spinal nerves (a1-a6 from anterior to posterior) 

converging in the forelimb plexus relative to the length of the spinal cord segment (b) 

these nerves occupy. In detail, the fasciculation coefficient was calculated by the 

ratio of (a1+a2+a3+a4+a5+a6)/b taking into account all spinal nerves. Additionally, the 

fasciculation coefficient for individual nerves was determined by a1/b, a2/b, a3/b, a4/b, 

a5/b and a6/b.   

 

III.2.3 Immunohistochemistry 

Antibodies 

   Primary 

 Goat anti-FoxP1 (1:500)   (R&D Systems, Wiesbaden, Germany) 

Rabbit anti-GFP (1:4000)   (Invitrogen, Darmstadt, Germany) 

Mouse anti-Isl1 39.4D5 (1:50)  (DSHB, Iowa,USA) 

Rabbit anti-Lim1 (1:500)   kindly provided by T.M. Jessell 

Mouse anti-myosin MY32 (1:400)  (Sigma-Aldrich, Steinheim, Germany)  
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Mouse anti-neurofilament 2H3 (1:50) (DSHB, Iowa,USA) 

Rabbit anti-neurofilament 200 (1:1000) (Sigma-Aldrich, Steinheim, Germany)  

Rabbit anti-vGlut1 (1:1000) (Synaptic Systems GmbH, 

Goettingen, Germany) 

   Secondary 

 Goat anti-mouse Cy3 (1:250)  (Dianova GmbH, Hamburg, Germany) 

 Goat anti-rabbit Cy2 (1:250)  (Dianova GmbH, Hamburg, Germany) 

 Donkey anti-rabbit Cy5 (1:250)   (Jackson IR, Suffolk, UK) 

Blocking solution     PBS-T 

       10% normal goat serum, inactivated  

Glass cover slips     (Carl Roth, Karlsruhe, Germany)  

Mowiol mounting medium    (Calbiochem, Darmstadt, Germany) 

Normal goat serum     inactivated at 56°C for 30min 

(Gibco, Darmstadt, Germany) 

PBS-T       1x PBS  

       0.1% TritonX-100 

Slides SuperFrost Plus     (Thermo Fisher Scientific, Bonn,  

       Germany) 

Slides SuperFrost Plus Gold   (Thermo Fisher Scientific, Bonn,  

       Germany)  

TritonX-100      (Sigma-Aldrich, Steinheim, Germany)  

 

Frozen embryo sections previously fixed in 4% PFA were thawed and dried for 30min 

at room temperature prior to immunohistochemistry. Sections were briefly washed in 

PBS for 10min at room temperature and thereafter blocked in blocking solution for 

30min at room temperature. Afterwards sections were incubated in blocking solution 

containing the primary antibodies in a humified chamber at 4°C. On the second day, 

sections were washed 3 times for 5min in PBS-T to remove unspecific antibody 

binding and reduce background staining. Primary antibody binding was subsequently 

visualised by fluorescent conjugated secondary antibodies (1:250). Secondary 

antibodies in blocking solution were incubated for 60min on tissue sections (10-

20µm) at room temperature protected from light. For coronal 40µm spinal cord 

sections secondary antibody incubation at room temperature was prolonged to 

overnight to ensure proper penetration of thicker tissue. Afterwards sections were 
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washed 3 times for 5min each in PBS before mounting in Mowiol. Sections were 

stored in the dark until miscroscopic analysis. 

 

III.3 Screening for bone and cartilage phenotype 

III.3.1 Alcian blue/Alizarin red differential staining of cartilage and bone 

Aceton      (Merck KGaA, Darmstadt, Germany) 

Alcian blue (Sigma Aldrich, Steinheim, Germany) 

Alizarin red (Sigma Aldrich, Steinheim, Germany) 

Alcian blue/Alizarin red staining solution  1 volume Alcian blue 

       1 volume Alizarin red 

       1 volume Glacial acetic acid 

       17 volumes EtOH  

Ethanol (EtOH)     (Merck KGaA, Darmstadt, Germany) 

Glacial acetic acid (CH3COOH)   (Merck KGaA, Darmstadt, Germany) 

Glycerol      (Sigma-Aldrich, Steinheim, Germany) 

ImageJ Version 1.45    (National Institute of Health, USA) 

Potassium hydrate (KOH)    (Sigma Aldrich, Steinheim, Germany) 

Stereomicroscope MZ APO   (Leica GmbH, Wetzlar, Germany)  

 Light supplier KL 1500 LCD 

 Camera DCF 320 

 

After preparation, P0 mice were first dehydrated in 100% EtOH for 7 days followed 

by fixation in 100% acetone for 3 days. After brief washing in H2O, mice were 

incubated in Alcian blue/Alizarin red staining solution for 21 days with continual 

agitation. Thereby, alcian blue stains glycosaminoglycans in cartilage blue and 

calcium-containing bone structures are visualised in red by a alizarin red S-calcium 

chelate complex. Remaining tissue was destained and macerated in 1%KOH, 20% 

glycerol at 37°C for 24h and subsequently stored at room temperature until tissue is 

destained. Skeletons were subjected to glycerol dilution series (20%, 50%, 80% in 

H2O) and stored in 100% glycerol. Alcian blue/Alizarin red stained skeletons were 

imaged using a MZ APO stereomicroscope. Length and width of lower forelimb bone 
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structures as highlighted in Fig. 19A,B were quantified in pixels as measurement by 

ImageJ. 

 

III.3.2 X-ray 

Faxitron X-ray Model MX-20   (Specimen Radiography Systems, 

 Illinois, USA) 

NTB Digital X-ray Scanner EZ 40   (NTB GmbH, Diepholz, Germany) 

iXPect software     (NTB GmbH, Diepholz, Germany) 

 

After fixation of the dead mouse on a plate which is permeable for X-rays, the plate 

with the specimen was placed in the chamber of the MX-20 cabinet X-ray system. 

Images were taken and the parameters bone mineral content (BMC) and bone width 

were analysed qualitatively using the NTB x-ray scanner and the supplied iXPect 

software. Settings were: Voltage 25kV, integration time 40ms. 

 

III.4 Ultrastructural analysis of forelimb nerves 

III.4.1 Electron microscopy 

Dalton’s chrome-osmium fixative  1 part Buffer solution 

  1 part Salt solution 

  2 parts 2% OsO4 solution 

Buffer solution (pH7.2) 5% Potassium dichromate  

2.5N KOH 

Salt solution 3.4% NaCl  

Dodecenyl succinic anhydride (DDSA)  (Serva Electrophoresis GmBH,  

  Heidelberg, Germany) 

Epon embedding media    61.5g DDSA 

       81.5g MNA 

       130.5g Glyidether 100 (Epon 812) 

       3.75ml DMP-30 

Formvar carbon coated copper grids   (Plano GmbH, Wetzlar, Germany) 

with 3.05mm diameter 
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Glutaraldehyde solution (25%), EM grade    (Applichem, Darmstadt, Germany) 

2.5% glutaraldehyde     (Electron Microscopy Sciences, 

in 0.1 M sodium cacodylate buffer Hatfield, USA) 

Glycerol      (Merck KGaA, Darmstadt, Germany) 

Glyidether 100 (Epon 812)    (Electron Microscopy Sciences,  

    Hatfield, USA) 

Lead citrate (Ultrostain 2)  (Laurylab SARL, St Fons, France) 

Methyl nadic anhydride (MNA)  (Serva Electrophoresis GmBH,  

  Heidelberg, Germany) 

NaH2PO4 x H2O     (Merck KGaA, Darmstadt, Germany) 

0.2M NaH2PO4     13,8g NaH2PO4 x H2O 

       fill up with milliQ-H2O to 500ml 

Na2HPO4      (Merck KGaA, Darmstadt, Germany) 

0.2M Na2HPO4     26,81g Na2HPO4 

       fill up with milliQ-H2O to 500ml 

Osmium tetroxide (OsO4)    (Electron Microscopy Sciences,  

    Hatfield, USA) 

0.1M PB buffer pH7.4    202,5ml 0.2M Na2HPO4  

       47,5ml 0.2M NaH2P O4 

add milliQ-H2O 

       adjust pH to 7.4 

fill up with milliQ-H2O to 500ml  

Potassium dichromate (K2Cr2O7)   (Sigma-Aldrich, Steinheim, Germany) 

Potassium hydrate (KOH)    (Merck KGaA, Darmstadt, Germany) 

Propylene oxide (C3H6O)  (Serva Electrophoresis GmbH,  

  Heidelberg, Germany) 

0.2M Sodium cacodylate buffer (pH7.4)  (Electron Microscopy Sciences,  

    Hatfield, USA) 

Sodium chloride (NaCl)    (Merck KGaA, Darmstadt, Germany) 

Sodium bicarbonate (NaHCO3)   (Merck KGaA, Darmstadt, Germany) 

Toluidine blue O     (Merck KGaA, Darmstadt, Germany) 

Toluidine blue solution    1g Toluidine blue O 

       60ml 1% NaHCO3 solution 

       40ml Glycerol 
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Transmission electron microscope (TEM) (Zeiss, Jena, Germany) 

EM 10 CR     

2,4,6-Tri-(dimethylaminomethyl)phenol  (Serva Electrophoresis GmBH,  

(DMP-30)    Heidelberg, Germany)  

Uranyl acetate (Ultrostain 1)   (Laurylab SARL, St Fons, France) 

Ultramicrotome Ultracut E    (Leica GmbH, Wetzlar, Germany) 

Washing solution     0.1M Sodium cacodylate buffer pH7.4 

    4% Saccharose 

    2mM CaCl2    

   

Animals were perfused transcardially with 1% phosphate buffered saline (PBS) for 

5min followed by fixation in 4% paraformaldehyde (PFA) and 0.25% 

glutaraldehyde in 0.1M PB buffer for 10min. Forelimb nerves N.radial and 

N.median were extracted, post-fixed overnight and subsequently stored in 2.5% 

glutaraldehyde in 0.1M sodium cacodylate buffer (pH 7.4) for 2-5h or overnight at 

4°C. Nerves were rinsed 3 times in washing solution for 20min each to remove 

remaining unreacted glutaraldehyde in the tissue. Post-fixation in Dalton’s chrome-

osmium fixative for 1-2h eliminated aldehydes left over from the primary fixation 

step. After extensive washing in distilled water for 3 times à 10min, samples were 

dehydrated in a graded series of ethanol: 50%, 70%, 90% and 96% ethanol, 

followed by 3 times in 100% ethanol for 15-20 min each. Subsequently, the tissue 

was processed for embedding by replacing the 100% ethanol with propylene oxide 

2 times for 30min. Epon embedding media was prepared by thoroughly mixing the 

resin glyidether 100 (Epon 812) with the hardeners DDSA and MNA and the 

accelerator DMP-30. Tissue was first incubated in a 1:1 solution of the embedding 

media and propylene oxide for 1h before storing in pure epon embedding media 

overnight. The next day samples were transferred into molds filled with epon 

embedding media and the resin is subsequently polymerized at 60°C for 24-48h. 

Semithin transverse sections (1µm) were cut on a ultramicrotome Ultracut E and 

stained for examination in Toluidine blue solution. Ultrathin sections of nerve tissue 

(60-70nm) were mounted on Formvar carbon coated copper grids and afterwards 

stained for high contrast in 0.5% uranyl acetat (Ultrostain 1) followed by 3% lead 

citrate (Ultrostain 2). Single images were captured with a magnification of 5000x 

using an EM 10 CR TEM. 
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III.4.2 EM image analysis  

Definiens 

Enterprise Image Intelligence Suite software  (Definiens, München, Germany) 

 

Individual EM images were arranged by multiple image alignment (MIA) to a single 

image representing the whole nerve cross-sectioned. These MIAs were subsequently 

analysed with Definiens Enterprise Image Intelligence Suite software (Baatz et al., 

2006; Baatz et al., 2009). The basic operation principles of the image analysis 

software Definiens are alogorithm-based rule sets to detect and further refine pixel 

clusters referred to as image objects. Thereby, single axon fibers and their 

surrounding myelin sheath were identified from background structures based on their 

staining intensity, size, shape and neighbourhood. Axons were classified into small 

diameter and large diameter fibers by a pixel threshold of 7000. The amount of 

Remak bundles and the number of axons incorporated per Remak bundle were 

counted in single images representing the whole nerve cross section. Additionally, 

the g-ratio (axon diameter/fibre diameter) was calculated for each axon. 

 

III.5 Behavioural data acquisition and analysis 

III.5.1 Experimental design and housing 

Individually ventilated cages (IVC)  (Biozone Global, Kent, UK) 

Mini step ladder     10cm x 5cm x 5cm, 

19 rungs of 5 mm diameter each 

(HGMU Craft services, München 

Germany) 

Wood-wool      (Abedd, Vienna, Austria) 

Mouse Low Profile Wireless Running WheelR  (Med Associates Inc, St. Albans, USA) 

   

Testing of the animals was performed during the light phase of the light:dark cycle. 

The behavioural motor tests Open field, Grip strength, Rotarod, Grid walking, Beam 

walking, Wire climbing and Hind limb paw placement accuracy were conducted in the 

indicated order over 5 consecutive days. 
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One group of male mice was housed under standard laboratory conditions in IVCs. 

The enriched environment (EE) group was housed in larger cages (37 cm x 21 cm x 

18 cm) in groups of 5 animals per cage. These cages contained the following 

enriched environment devices: a Mouse Low Profile Wireless Running WheelR, a 

custom-made mini step ladder, wood-wool (5g) and metal objects for shelter. The EE 

objects were renewed on a weekly basis during cage cleaning. 

All behaviour data were measured by experimenters blinded to the genotype of the 

tested male mice and littermate controls (n= 10 for each group unless indicated 

otherwise).  

 

III.5.2 Beam walking 

Wood beam      12mm diameter, 95cm length 

(Dehner GmbH&Co KG, Rain,  

Germany) 

 

Mice had to traverse an elevated (75cm high) round beam. The mean time to cross 

the beam and the mean number of hind limb slips over 3 consecutive trials were 

used as a measure for balance skills. 

 

III.5.3 Catwalk 

Catwalk7.1 gait analysis system   (Noldus, Wageningen, Netherlands) 

 
Data acquisition: 
The Catwalk system is a video-based gait analysis system consisting of a walkway 

with a glass plate and a high speed video camera underneath to capture the run of 

the mouse traversing the walkway from one side to the other. The basic operating 

principle is based on light forced to enter the glass plate from one side which is 

internally reflected when there is no contact on the glass plate. As soon as parts of 

the animal, such as paws or tail, contact the glass plate the light is able to escape at 

these areas and will be taped by the high-speed video camera underneath. The 

following settings were used during data acquisition: Contrast (‰): 3990, Brightness 

x 0.001V: -420, Pixel intensity threshold: 40, Pixel number threshold: 3. Under normal 

data acquisition conditions, the mice traverse the walkway voluntarily except for 
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Olig2-Cre+,Npn-1cond-/- mutants. These animals with congenital forelimb abnormalities 

had to be air-puffed (referred to as “forced” conditions) to ensure a straight and 

continuous walk. Consequently, control littermates and line Npn-1Sema- mutants and 

controls used for comparison were likewise subjected to these “forced” conditions. 

 

Data analysis: 
From the 6 runs videotaped during data acquisition, the 3 best were chosen based 

on the following criteria: comparable walking speed in the different runs, a minimum 

of 3 complete step cycles and a straight and continuous walk without stoppings. 

Runs were pre-processed with an analysis pixel threshold of 25 to differentiate 

unspecific background from paw prints before paw classification. The pixel areas of 

each paw print were classified manually as right or left fore or hind limb. The 

following parameters were used for analysis: Stand duration (s), Base of support 

(BOS), Duty cycle and Usage of 3 paws. 

 

III.5.4 Grip strength 

Grip strength meter     (Bioseb, Vitrolles Cedex, France) 

 

The strength of the muscles in forelimb and combined fore- and hind limbs as an 

indicator of muscle weakness and functional neuromuscular connectivity was 

assessed with the grip strength meter. Mice were allowed to grasp the grid with their 

forelimbs only or fore- and hind limbs and were pulled backward by their tail in the 

horizontal plane. The force (g) applied upon release of the bar was documented. 5 

consecutive trials for forelimb and combined fore- and hind limbs were averaged and 

normalised over the body weight of the animals to take into account the lighter 

mutant Sema3F mice. 

 

III.5.5 Grid walking 

Horziontal ladder     74cm length,  

17cm high walls of Plexi glass, 

146 metal rungs of 1 mm diameter 

(HGMU Craft services, München, 

Germany) 
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Animals were subjected to cross a costum-made horizontal ladder with irregularly 

spaced round metal rungs and 2 side-walls of Plexi glass. The time to cross the 

ladder and the number of forelimb and hind limb placement errors by either missing 

the rung or slipping of the rung was averaged over 3 successive trials. 

 

III.5.6 Hind limb extension reflex 

Mice were lifted by their tails for 1min and the movement of their hind limbs was 

observed. A negative hind limb extension reflex was noted when 1 or 2 hind limbs 

were retracted and dragged to the body instead of spreading them. 

 

III.5.7 Hind limb paw placement accuracy 

Catwalk7.1 gait analysis system   (Noldus, Wageningen, Netherlands) 

Horziontal ladder     74cm length,  

17cm high walls of Plexi glass, 

146 metal rungs of 1mm diameter 

(HGMU Craft services, München, 

Germany) 

 

The inter-limb coordination capacities of male Sema3F mice were assessed by using 

the ladder from the grid walk test in combination with the high-speed video camera 

Pulnix model TM-756/745 from the gait analysis system CatWalk. 6 mutant and 

wildtype littermates at 4 weeks were recorded from beneath while crossing the grid 

walk apparatus with irregularly spaced metal rungs. The accuracy of the ipsilateral 

hind limb targeting the identical rung as its corresponding forelimb was determined 

frame by frame over 3 successive trials. Missing the rung completely as well as 

placing the hind limb on a different rung than previously the ipsilateral forelimb were 

counted as hind limb paw placement errors. Errors were evaluated as the percentage 

of total hind limb paw placements. 
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III.5.8 Nociception 

Hot plate Analgesiometer    (Accuscan Instruments, Columbus, 

USA) 

 

The Hot Plate apparatus is heated to 52°C for a noxious heat stimulus to elicit 

nociceptive withdrawal responses in the mouse. The mouse is placed onto the 

surface and the latency in seconds to the following pain-reflex behaviours is 

measured: paw shaking, paw licking and jumping. The experiment was stopped as 

soon as the mouse jumps or latest at the cutoff time of 60s. 

 

III.5.9 Open field 

Open field      45.5cm x 45.5cm x 39.5cm  

(TSE, Bad Homburg, Germany) 

 

4 weeks old male mice were tested for gross locomotion abnormalities in the open- 

field apparatus in the dark during the light phase of the light:dark cycle for 20min in 

total. Assessing locomotor parameters in the dark circumvents possible effects of 

anxiety on gross locomotor behaviour of rodents (Zadicario et al., 2005). Recordings 

of the automated video-tracking system were analysed with regard to horizontal 

(distance travelled) and vertical locomotion (number of rearings) parameters as well 

as average locomotor speed. 

An additional cohort of 4 weeks old Sema3F male mice was tested for anxiety and 

explorative behaviour at illumination levels of approximately 150lux in the corners 

and 200lux in the middle of the test arena. The following parameters were analysed 

individually for the 3 areas (center, periphery and total arena): resting and 

permanence time, distance travelled and average speed of locomotion. Additional 

parameters (percentage of time spend in the center, latency to first center entry and 

center enter frequency) focussing on anxiety related behaviour were likewise 

determined. 
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III.5.10 Rotarod 

ROTA-ROD/RS     (Bioseb, Vitrolles Cedex, France) 

 

Mice were placed on a Rotarod apparatus continuously accelerating from 4 to 40 rpm 

in 2min. The latency of the mice on the accelerating rod in rpm and seconds was 

recorded for 3 trials with 15min intertrial interval. The mice were stopped on the 

second passive rotation or when falling off the rod.  

 

III.5.11 Wire climbing 

Metal wire      40cm length, 2mm diameter  

       (OBI GmbH&Co KG, Wermelskirchen,  

Germany) 

Digital Camera Sony DCS-T100   (Sony Europe Ltd., Berlin, Germany) 

 

We modified the SHIRPA wire manoeuvre test focussing on hind limb grip 

capabilities (Rogers et al., 1997) to additionally evaluate the climbing performance of 

the mice along the wire. In order to assess the inter-limb and fore- and hind limb 

coordination in male mice at 4 and 8 weeks of age, they were hung by their forepaws 

on an elevated (52cm) metal wire (2mm diameter). 3 repetitive trials were video-

taped and subjected to qualitative analysis according to the following criteria: mice 

had to swing their hind limbs on the wire and subsequently climb to one end of the 

wire. Wild-type mice revealed a stereo-typed climbing pattern with fastened hind 

limbs and forelimbs actively dragging the body along the wire. 3 consecutive trials 

were analysed according to a qualitative scale ranging from 1= precise grip on the 

wire with fore- and hind limbs and rhythmic climbing to 8= fore- and hind limbs clung 

to the wire, no rhythmic pattern or coordinated movement. 

 

III.5.12 Statistical analysis 

Graph Pad Prism 5.0    (GraphPad Software, La Jolla, USA) 

 

All results were calculated as mean values ±  SEM using Prism 5.0 software. The 

obtained behavioural data sets were initially checked for normal distribution with the 
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D'Agostino-Pearson normality test. In case the data values deviate from the 

Gaussian distribution, single comparisons were computed with the non-parametric 

unpaired Mann-Whitney test. A p-value less than 0.05 was set as statistical 

significance. 

The percentage of improvement in motor performance from 4 to 12 weeks in 

wildtypes and mutants was calculated by using the mean wildtype value at 4 weeks 

as reference. 

 

III.6 Neuroanatomical analysis 

III.6.1 Anesthesia 

Ketamine 10% (Bela-Pharm GmbH & Co. KG, 

Vechta, Germany)  

Xylazine 2%      (cp-pharma mbH, Burgdorf, Germany) 

Meloxicam (Mobic 15mg/1.5ml)   (Boehringer Ingelheim, Biberach, 

 Germany) 

 

Surgical procedures were carried out under aseptic conditions using i.p. Ketamine 

(0.1mg/g) and Xylazine (0.01mg/g) anesthesia with Meloxicam (2µg/g) as analgesic.  

 

III.6.2 Retrograde labelling of dorsal and ventral forelimb motor pools 

Cholera toxin B subunit (CTB)     

Alexa488-conjugated   (Molecular Probes, Darmstadt,  

      Germany) 

Alexa555-conjugated   (Molecular Probes, Darmstadt, 

 Germany) 

D(+)-Saccharose     (Merck KGaA, Darmstadt, Germany) 

Hamilton syringe (10ml)    (Hamilton GmbH, Höchst, Germany) 

Histoacryl      (B. Braun AG, Melsungen, Germany) 

Paraformaldehyd (PFA)    (Sigma-Aldrich, Steinheim, Germany) 

Sliding microtome SM2000R   (Leica GmbH, Wetzlar, Germany)  
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Sucrose (30%)     30g D(+)-Saccharose  

       100ml 1x PBS 

 

The forelimb muscles of interest were exposed for CTB injection by small incisions to 

the overlying skin. Alexa-conjugated Cholera toxin B subunit (CTB, 1mg/ml in neutral 

phosphate buffer) was unilaterally pressure-injected using a 10µl Hamilton syringe in 

either the dorsal (CTB-Alexa555) or ventral (CTB-Alexa488) distal forelimb muscles 

or in the biceps (CTB-Alexa488) or triceps (CTB-Alexa555) muscles in the upper 

arm. After injection the skin was sutured with the tissue adhesive Histoacryl. 2-3 days 

post injection animals were perfused transcardially with 1% phosphate buffered 

saline (PBS) for 5min followed by the ice-cold fixative (4% PFA in PBS) for 10min. 

The spinal cervical vertebra C2 was used as a reference point. Tissue was post-fixed 

for 4h in 4% PFA, incubated in 30% sucrose and sectioned with a sliding microtome 

in 40µm thick slices.  

 

III.6.3 Reconstruction of spinal motor pool representation 

Fluorescent microscope    Axiovert 200 

 Camera     AxioCam HR 

Image capturing software   AxiovisionX.X 

(Zeiss, Jena, Germany) 

ReconstructTM software    (http://synapses.clm.utexas.edu) 

 

2 of the 4 consecutive series of coronal 40µm spinal cord sections were used for 

quantification and reconstruction of labelled forelimb motor pools. CTB-Alexa labelled 

motor neurons were captured on a fluorescent microscope. Serial section images 

were aligned by means of 4 optical reference points and individual motor neurons 

were traced using the ReconstructTM software (Fiala and Harris, 2001b; Fiala, 2005).  

 

III.6.4 Scatter index calculation for dorsal and ventral motor pool spreading 

The physiologically increased diameter of spinal sections at the level of the cervical 

enlargement was corrected for by post-section alignment. A reference curve was 

defined for all sections using 5 points on the lateral edge of the spinal cord grey 

matter. For each individual section the intercept point between the reference curve 
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and the perpendicular to the main (mid-sagittal) symmetry axis through the central 

canal was calculated. Each section was then separately readjusted after spline 

interpolation of these intersection points. 

A scatter index (SI) as the quantitative readout for the spreading of medial and lateral 

motor pools was calculated by determining the area of an ellipse fitted to the samples 

using a method similar to Principal Component Analysis: The covariance matrix of 

the X- and Y-Coordinates of the motor neuron traces was computed for both motor 

pools. Its 2 eigenvectors are perpendicular and represent the major and minor axes 

of an ellipse centered at the data mean, with width adjusted to the directional 

standard deviations (in other words the optimal fit of a bivariate correlated Gaussian 

distribution). By multiplying the product of the 2 eigenvalues with π, we determined 

the area of the ellipse and thus a single, comparable value: the scatter index 

[ SI = π ⋅ eigi (cov([x; y]))
i=1,2

∏ ] which is obtained for each motor pool.  

 

III.6.5 Statistical analysis 

Graph Pad Prism 5.0    (GraphPad Software, La Jolla,USA) 

 

All results were calculated as mean values ±  SEM using Prism 5.0 software. 

Unpaired 2-tailed Student’s t test was used for single comparisons. A p-value less 

than 0.05 was set as statistical significance. 

 

III.7 Electrophysiology 

III.7.1 Anesthesia 

Ketamine 10% (Bela-Pharm GmbH & Co. KG, 

Vechta, Germany)  

Xylazine 2%      (cp-pharma mbH, Burgdorf, Germany) 

 

Electrophysiological experiments were carried out under aseptic conditions with 

Ketamine (0.1mg/g) and Xylazine (0.01mg/g) anesthesia administered i.p. Ketamin 

was previously reported to have negligible side-effects on reflex excitability during 
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electrophysiological recordings (Ho & Waite, 2002). An additional dose of anesthesia 

was given if required during the experiment. After the experiment mice were 

euthanized without regaining consciousness. 

 

III.7.2 Nerve stimulation 

Amplifier P511 DC     (Astromed GmbH, Rodgau, Germany) 

Digidata 1440A Digitizer    (Molecular devices, Sunnyvale, USA) 

Isoflex- Flexible stimulus isolator   (A.M.P.I, Jerusalem, Israel) 

Master-8 pulse generator    (A.M.P.I, Jerusalem, Israel) 

 

The nerves of interest were stimulated with single trains of bipolar electric pulses 

(single pulse: 100µs duration, 3.3ms interval,) using custom-made stimulation 

electrodes with 2 hooks (stainless steel, 0,2mm in diameter with 1mm spacer 

inbetween them). Stimulation intensity was increased in 0.5 intervalls from 0-10 x 

0.01mA. The elicited movement in the limb was described in terms of direction and 

body parts involved and afterwards compared between wildtype and mutant animals.

  

III.7.3 EMG recordings 

AxoScope software     (Molecular devices, Sunnyvale, USA) 

Teflon insulated multi-stranded fine wire  (A-M Systems Inc., Sequim, USA)   

 

Bipolar EMGs were fabricated from Teflon-insulated multi-stranded fine wire as 

previously described (Pearson et al., 2005). A small incision was made above the 

brachial plexus area to gain access to the forelimb nerves and muscles. Electrodes 

were inserted unilaterally into the forelimb muscles Triceps brachii (TB; dorsal 

extensor) and antagonistic Biceps brachii (BB; ventral flexor) using the needles at 

their distal ends. An additional needle electrode was inserted into the animal’s body 

for grounding. EMG activity was recorded in parallel from TB and BB by stimulating 

the corresponding N. musculocutaneous for BB or the N.radial for TB activity. Muscle 

activity was taped and analysed using the AxoScope software. 
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IV RESULTS 

 

 

IV.1 Mutual dependency of growing motor and sensory axons for correct 

assembly of peripheral circuitry 

How are outgrowing motor and sensory axons guided to their correct targets and 

interconnected in complex neuronal networks? This question has been puzzling 

neurobiologists for decades. So far, substantial knowledge is available on the 

mechanisms and molecules mediating motor neuron connectivity. Depending on their 

assigned subtype, e.g. medial or lateral LMC, growing motor axons are responsive to 

different environmentally- or target-derived guidance cues (reviewed in Bonanomi & 

Pfaff, 2010). These data suggest an independency of motor axons from co-extending 

sensory projections regarding correct target innervation. The published data on the 

pathfinding capabilities of sensory axons in chick limbs deprived of motor innervation 

on the other hand are rather controversial and sensitive to the time point of motor 

neuron depletion. Sensory projections fail to innervate target muscles when spinal 

motor neurons in the chick ventral neural tube were removed prior to DRG formation 

(HH stage 17-18;  Landmesser & Honig, 1986; Swanson & Lewis, 1986) whereas 

later depletion of motor neurons (HH stage 21) has a less profound effect on sensory 

trajectory formation  (Wang & Scott, 1999). Additionally, a major drawback lies in the 

applied methods: surgical removal or UV irradation of the ventral neural tube are 

invasive approches (Landmesser & Honig, 1986; Swanson & Lewis, 1986; Wang & 

Scott, 1999). Destruction and possibly alteration of the tissue surrounding the lesion 

site may also influence axonal outgrowth, fasciculation and guidance and eventually 

confound the observed results. 

To circumvent these caveats, we chose a genetic approach for selective and 

early removal of either sensory or motor neuron precursors. We then assessed the 

consequences on axonal outgrowth and trajectory fidelity during limb innervation. 
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IV.1.1 Efficient genetic ablation of sensory or motor neurons  

Recent publications presented the conditional R26:lacZbpAfloxDT-A mouse line 

(abbreviated DT-Afloxed) for in vivo cell depletion following Cre-mediated activation of 

a silenced diphteria toxin fragment A (DT-A) transgene inserted into the ROSA26 

locus for ubiquitous expression in all somatic cells (Brockschnieder et al., 2004; 

Brockschnieder et al., 2006). The time frame from the onset of DT-A transgene 

activation upon Cre-mediated recombination till death of targeted Cre+ cells was 

approximately 2 days for adult mice but is more variable during embryogenesis 

depending on tissue and cell types (Brockschnieder et al., 2004). 

We made use of the conditional DT-Afloxed mouse line to selectively activate 

lethal toxin expression in Ht-PA-Cre+ sensory or Olig2-Cre+ motor neurons (Pietri, 

2003; Dessaud et al., 2007). The Olig2-Cre line expresses the Cre recombinase 

under the control of the promoter for the basic helix-loop-helix (bHLH) transcription 

factor Olig2 essential for motor neuron and oligodendrocyte precursor cell formation 

during development (Rowitch et al., 2002). To assess the efficiency of motor neuron 

depletion in Olig2-Cre+;DT-Afloxed mice, we immunohistochemically quantified the 

number of medial and lateral LMC neurons present in the spinal cord at E11.5 in 

comparison to control mice without DT-A activation (Fig. 8A,B). Both FoxP1+ lateral 

LMC  and FoxP1+, Isl1+ medial LMC spinal motor neuron numbers were dramatically 

reduced in Olig2-Cre+;DT-Afloxed mice albeit not completely ablated (Fig. 8C).  

Sensory neurons of the DRG were targeted by Cre-expression from the 

human tissue plasminogen activator promoter (Ht-PA-Cre) specifically in peripheral 

neural crest cell (NCC) derivatives (Pietri, 2003). Sensory neurons per DRG were 

significantly reduced about 11 times from 181.69 ± 25.71 to 16.64 ± 4.45 in Ht-PA-

Cre+;DT-Afloxed mice. Similarly to the incomplete ablation of motor neurons in Olig2-

Cre+;DT-Afloxed embryos, some residual Isl1+ sensory neurons remained at E11.5  

(Fig. 8D-F). 
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Figure 8: Partial genetic ablation of Olig2-Cre
+
 motor or Ht-PA-Cre

+
 sensory neurons upon 

tissue-specific DT-A
floxed

 activation. 

(A-C) Dramatic loss of  medial (FoxP1
+
; Isl1

+
) and lateral (FoxP1

+
) LMC neurons in the spinal cord of 

Olig2-Cre
+
;DT-A

floxed
 (B) versus controls (A) at developmental stage E11.5. (D-F) 10.92 fold decrease 

in the number of Isl1
+
 sensory neurons per DRG (F) in Ht-PA-Cre

+
; DT-A

floxed
 (E) mutants relative to 

controls (D). DRG are outlined with white dashed line, spinal cord is outlined with white punctate line. 

Scale bar equals 50µm in A-E. Data were analysed with the two-tailed, unpaired Student’s t-test; 

asterisks indicate significance *p<0.05, **p<0.01. 

 

Together, our data demonstrate the partial ablation of sensory or motor 

neurons by a conditional DT-Afloxed based approach using either Ht-PA-Cre or Olig2-

Cre to induce elimination of sensory or motor neurons, respectively. 

 

IV.1.2 Impaired formation of forelimb sensory trajectories after partial ablation 

of motor neurons in Olig2-Cre+;DT-Afloxed mice 

We analysed the pathfinding and formation of sensory trajectories in Olig2-Cre+;   

DT-Afloxed embryos with substantially reduced number of motor neurons at 

developmental time points when sensory and motor axons converge in the plexus 

region (E10.5) and one day later when the projections have navigated the dorsal-

ventral choice point and started to invade the limb (E11.5). In order to label motor 

axons selectively,  Olig2-Cre+;DT-Afloxed mice were crossed to the transgenic mouse 
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line Hb9::GFP, expressing enhanced green fluorescent protein (eGFP) under the 

control of the mouse motor neuron promoter Hb9 (Wichterle et al., 2002). 

Furthermore, sensory and motor axons were visualised by anti-neurofilament staining 

(Dodd et al., 1988). Therefore, in whole mount embryo preparations motor axons 

double stained from Hb9::GFP transgene expression (Wichterle et al., 2002) and 

anti-neurofilament were differentiated from sensory projections stained only by anti-

neurofilament in absence of eGFP. Thereby neurofilament positive motor and 

sensory neurons are eventually visualised in red and Hb9::GFP expressing motor 

projections are additionally overlayed in green, resulting in a yellow appearance. 

However, since the readout of the DT-A mediated ablation of motor axons depends 

on resolution of very fine axonal branches, we optimized confocal microscope 

settings as previously described (Wichterle et al., 2002; Harper et al., 2004; Corti et 

al., 2008). By reducing the saturation in the red channel to avoid unintenteded 

masking of fine motor projections, sensory projections are represented in red and 

motor axons in green.  

In control embryos at E10.5, motor and sensory projections have converged 

into the plexus and started fasciculating into distinct spinal nerves (Fig. 9A-A’’). 

Activation of the toxin in Olig2-Cre+;DT-Afloxed embryos resulted in a visible reduction 

of spinal motor neuron numbers and hardly any motor projections exciting the spinal 

cord (Fig. 9B’ inlay and arrows). Despite the severe reduction in motor axons, 

sensory axons from the 6 DRG contributing to the forelimb plexus, correctly 

navigated towards the plexus region. However, their projections seem thinned and 

delayed as the individual nerves have not joined for plexus formation by E10.5 

(Fig.9B’’,D). 
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Figure 9: Loss of motor neurons in Olig2-Cre+;DT-A
floxed

 mice delays plexus formation of 

outgrowing sensory projections.  

Whole mount antibody staining of E10.5 embryos to differentially visualise motor axons (anti-GFP, 

green) and motor and sensory nerves (anti-neurofilament, red). Motor projections (A’) and sensory 

axons from 6 spinal DRG project and converge to form the limb plexus (circled) in control embryos. In 

contrast, partial ablation of motor neurons in Olig2-Cre
+
; DT-A

floxed
 mutants (B’ and inlay) delayed the 

formation of the forelimb plexus but did not influence sensory axon guidance to the plexus (B,B’’). 

Arrows in the inlay in B’ point to thin motor projections. Scheme (C) and quantification (D) of axonal 

defasciculation and thinning before the projections reach the plexus: the sum of the six spinal nerves 

(a1-a6) normalised over the area (b) occupied by them. Scale bar equals 500µm in all panels. Data 

were analysed with the two-tailed, unpaired Student’s t-test; asterisks indicate significance ***p<0.001. 

 

By E11.5, few substantially thinned motor projections were present in Olig2-

Cre+;DT-Afloxed embryos (Fig. 10B’,C’ asterisks) but co-extending sensory axons 

nevertheless reached and converged in the plexus region. Interestingly, we observed 

an abormal variability in the number of DRG contributing to sensory projections to the 
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plexus and in the number of peripheral nerve branches formed after the plexus in 

Olig2-Cre+;DT-Afloxed embryos. In control embryos, sensory projections from 6 DRG 

converged to the plexus region and are sorted into the 4 distinct major spinal forelimb 

nerves. The number of sensory DRG projections converging into the plexus ranges 

between 3 and 4 forming either supernumerary or reduced spinal nerves in embryos 

with partially ablated motor neurons (Fig. 10A’’- C’’). 

 

Figure 10: Increased variability in the formation of the plexus und spinal nerves in Olig2-
Cre

+
;DT-A

floxed mice.  
Whole mount antibody staining in E11.5 embryos with motor axons visualised by anti-GFP (green) and 

motor and sensory nerves by anti-neurofilament staining (red). Individual motor (A’) or sensory (A’’) 

projections and merged image (A) in controls. (B-C’’) Despite complete absence of motor axons (B’, C’ 

asterisks), sensory projections from 3-4 DRG converged to the plexus. Subsequent branching resulted 
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either into supernumerary (B’’) or reduced (C’’) spinal nerves in Olig2-Cre
+
; DT-A

floxed
 mutants. Scale 

bar equals 400µm in all panels. 

 

At E12.5 in the fore- and hind limb of control embryos, motor and sensory 

axons have navigated the plexus and sorted into individual nerve branches (Fig. 

11A,C). Fore- and hind limbs in Olig2-Cre+; DT-Afloxed mutants display thinning of 

sensory nerves, delayed ingrowth to the limb and at times missing nerve branches 

(Fig. 11B,D; arrows). The data from E12.5 embryos mirror the delay of sensory axon 

growth and abnormal spinal nerve projection patterns observed at earlier 

embryonical stages.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11: Effects of early motor neuron ablation on sensory projections are maintained at 
E12.5. 

Whole mount antibody staining of fore- (A,B) and hind limbs (C,D) in control (A,C) and Olig2-Cre
+
;  

DT-A
floxed

 mutants at E12.5 (B,D). The phenotype of significantly reduced motor projections in Olig2-

Cre
+
; DT-A

floxed
 mutants is associated with thinned and missing sensory nerves (B,D; arrows) in fore- 

and hind limbs. (A-D) Motor axons are visualised in green (anti-GFP) and motor and sensory 

projections in red (anti-neurofilament staining). Scale bar equals 500µm in all panels. 

 

Our data suggest that a minimum of outgrowing motor projections is sufficient 

for correct navigation of sensory axons to the forelimb plexus region. Reduction of 

motor neuron numbers seems to influence the timing of sensory outgrowth by E10.5 

and later on the formation and number of spinal forelimb nerves. 
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IV.1.3 Sensory axons influence fasciculation and timing of co-extending motor 
projections to the forelimb 

As previously shown, tissue-specific expression of DT-A in peripheral neural crest 

cells significantly reduced the amount of sensory neurons present in the DRG and 

thereby enables us to analyse the dependency of outgrowing motor axons on 

adjacent sensory projections (Fig. 8D-F).  

Whole mount embryo preparations at E10.5 showed that the effect of sensory 

ablation on spinal nerves is determined by their anterior-posterior position in Ht-PA-

Cre+;DT-Afloxed embryos: nerves 1 and 2 were thinned or absent whereas nerves 3 to 

6 appeared defasciculated (Fig. 12B,C). Interestingly, both sensory and motor 

projections of nerves 3 to 5 were defasciculated (Fig. 12B’,B’’, arrows) without visible 

deficits in pathfinding or timing of plexus formation when compared to control animals 

(Fig. 12A-A’’).  

Similarly to E10.5, absence of some anterior nerves and branches as well as 

defasciculation of remaining motor and sensory axons were also observed at E11.5 

(Fig. 13D-F’). Additionally, the ingrowth of motor projections into the limb seemed 

less far advanced than in adjacent sensory axons in Ht-PA-Cre+;DT-Afloxed embryos 

(Fig. 13E’,F’, arrowhead). Interestingly, pathfinding of motor axons was not 

hampered in mutant embryos which fits with previous results on target pre-

specification of spinal motor projections prior to their outgrowth of the spinal cord 

(Lance-Jones & Landmesser, 1981a; Landmesser, 2001). Together, the presence of 

co-extending sensory projections influences the fasciculation status and distal 

advancement of nearby growing motor axons. 
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Figure 12: Impaired fasciculation of motor projections in Ht-PA-Cre+;DT-A
floxed

 mice.  

Whole mount E10.5 embryos stained with anti-GFP (motor axons, green) and anti-neurofilament 

antibody (motor and sensory nerves, red). Significant reduction of sensory neurons in Ht-PA-Cre
+
;DT-

A
floxed

 mutants elicits absent or thinning of anterior spinal nerves 1 and 2 and defasciculation of more 

posterior motor and sensory projections (B-B’’; arrows) relative to control embryos (A-A’’). Inlays 

represent the area of spinal nerves 1-6 (A’-A’’) or 2-5 (B’-B’’) converging to the plexus.                   

(C) Quantification of the pre-plexus fasciculation of individual spinal nerves a1-a6 corroborate the 

previous observations. Scale bar equals 500µm in all panels. Data were analysed with the two-tailed, 

unpaired Student’s t-test; asterisks indicate significance *p<0.05.  
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Figure 13: Elimination of sensory neurons impairs the correct formation of motor 
projections.  

Whole mount antibody staining with motor axons shown in green (anti-GFP) and motor and sensory 

projections in red (anti-neurofilament staining). Control embryos at E11.5 (A-C) and higher 

magnification of the plexus area (A’-C’). Ht-PA-Cre
+
;DT-A

floxed
 mutants (D-F’) reveal absence of 

anterior spinal nerve branches (B’ compared to E’, open arrowhead), severe defasciculation in motor 

and sensory projections (E-F’, arrows) and delay of motor axon ingrowth (E’,F’, arrowhead). Scale bar 

equals 400µm in (A-F) and 200µm in (A’-F’). 

 

In summary, our data gained from analysis of partial genetic ablation of motor 

or sensory neurons support previous results that outgrowing spinal sensory and 

motor axons mutually influence each other en route to their limb targets (Lance-

Jones & Landmesser, 1981a; Landmesser & Honig, 1986; Swanson & Lewis, 1986; 

Landmesser, 2001). On the one hand, co-extending motor projections ensure correct 

timing of sensory axons growth to the plexus as well as formation of stereotypical 

spinal nerve projection patterns. On the other hand, the presence of sensory neurons 

contributes to the fasciculation status of motor projections and their timing of limb 

ingrowth but does not affect the choice of trajectory. 
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IV.2 Musculoskeletal, neuromuscular and functional forelimb deficits in 

postnatal mice that lack Npn-1 on motor neurons  

 
Results from the previous chapter propose a dependency of co-extending sensory 

and motor axons on their mutual presence for correct wiring of spinal sensorimotor 

circuitry. However, the underlying mechanisms and molecular cues involved in 

reciprocal axon-axon interactions are only partially unraveled so far. Evidence is 

accumulating that axon guidance cues and receptors also serve additional roles in 

interaxonal communication. Trans-axonal ephrinA-EphA3/A4 signalling is crucial for 

adjacent axial sensory and motor projections to preserve their separation and 

prevent inappropriate intermingling of heterotypic axons (Gallarda et al., 2008). 

Additionally, pre-target sensory axon sorting and olfactory map topography are 

sensitive to Npn-1 and Sema3A expression levels on olfactory sensory neurons (Imai 

et al., 2009).  

Recent studies in the laboratory used a conditional approach to assess the 

role of Neuropilin-1 on motor and sensory projections in axon bundling and 

interaxonal communication en route to peripheral limb targets (Huettl et al., 2011). 

Deletion of Npn-1 from sensory neurons affected the fasciculation but not trajectory 

fidelity of sensory and motor axons. Loss of Npn-1 in Olig2-Cre expressing motor 

neurons, however, induces strong defasciculation of motor but not sensory 

projections to the limb. Additionally, motor axons revealed dorsal-ventral pathfinding 

defects. Interestingly, in Olig2-Cre+;Npn-1cond-/- mice the distal advancement of 

defasciculated motor projections was strongly reduced with hardly any motor fibers 

present in the distal forelimb at E12.5. This finding was corroborated by the inability 

to retrogradely trace motor projections at E12.5. It was therefore of interest to 

determine if these defects in embryonic miswiring of motor axons have any impact on 

postnatal development and behaviour in Olig2-Cre+;Npn-1cond-/-  mice. I compared the 

effect of absence of the entire Npn-1 receptor in motor neurons (Olig2-Cre+;        

Npn-1cond-/-) to loss of Sema-Npn-1-signalling in the entire organisms. Npn-1Sema- 

knockin mice harbour a 7 amino acids substitution in the Sema binding domain of 

Npn-1 (Gu et al., 2003). In addition to defasciculation and dorsal-ventral pathfinding 

deficits of motor projections that were likewise observed in Olig2-Cre+;Npn-1cond-/- 
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mice, Npn-1Sema- embryos also showed defasciculation of sensory axons and a 

premature ingrowth to the developing limb (Huber et al., 2005).  

 

IV.2.1 Characterization of forepaw flexor posturing in Olig2-Cre+;Npn-1cond-/-         
neonatal mice 

At birth, Olig2-Cre+;Npn-1cond-/-  mutant mice reveal constant flexor posturing by 

abnormal flexion in one or both paws or forelimbs, which is reminiscent of the 

defining arthrogryposis phenotype described in the claw paw mutant (Bermingham et 

al., 2006). The phenotype is completely penetrant in Olig2-Cre+;Npn-1cond-/- mutants 

albeit with variable expressivity affecting one or both paws with differing severity of 

flexor posturing. These posture abnormalities in the forepaws persist throughout 

postnatal development without visible amelioration or aggravation. Impairments in 

hind limbs have never been observed (Fig. 14A-D). No such postnatal fore- or hind 

limb abnormalities were observed in Npn-1Sema- mutants. Additionally, affected Olig2-

Cre+;Npn-1cond-/- mutants are retarded in growth, which is manifested by a decreased 

weight from P4 on when compared to littermate controls (Fig. 14F,G). The reduced 

number of mutants weaned (16% for females and 18% for males instead of the 25% 

expected) point to increased prenatal or early neonatal death in these mice (Fig. 

14E).  
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Figure 14: Olig2-Cre+;Npn-1cond-/- mutants reveal forepaw posture abnormalities and 
reduced body weight. 

(A-D) Forepaw flexor posturing in mutants (P0 in B, adult in D) compared to controls (P0 in A, adult in 

C). (E) Genotypes and numbers of female and male mice weaned from  Olig2-Cre+;Npn-1cond+/- x Npn-
1cond-/-

 backcrosses relative to expected proportions of genotypes from Mendelian inheritance. (F,G) 

The weight gain (in g) in Olig2-Cre+; Npn-1cond-/-
 from P0 to P22 (F) and at 4, 8 and 12 weeks (G). P0: 

ncontrol= 6; nmut= 6; 4 weeks: ncontrol= 10; nmut= 10. Data were analysed with the two-tailed, unpaired 

Student’s t-test; asterisks indicate significance *p<0.05, **p<0.01. 

   

To test wether the peripheral neural circuits activating distal forelimb extensor 

muscles are functional and thus enable active extension in the wrist, we 

characterized the movement of the forepaw upon stimulation of the N.radial that 

innervates exclusively extensor muscles (Fig. 15A,B).  

Single train stimulation of the N.radial distal to the brachial plexus in control 

mice older than 12 weeks resulted in extension of the digits and wrist of the forelimb. 

In the affected paws in all Olig2-Cre+;Npn-1cond-/- mice analysed, we could never elicit 

extensor-like movements in any forelimb parts distal to the elbow. Instead flexion 

movements of the elbow were observed. If only one paw showed loss of active 

extension, extension could be elicited by stimulation of the N.radial  in the unaffected 

forelimb. Stimulation of the other major forelimb nerves, N.median and N.ulnar, that 

innervate distal antagonistic flexor muscles caused flexion of elbow, wrist and digits 

in control animals and in Olig2-Cre+;Npn-1cond-/- mutants. Innervation of muscles like 
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Biceps brachii located proximal of the elbow joint by N.musculocutaneous was also 

indistinguishable from control animals (Fig. 15C). 

 

 

Figure 15: Loss of active extension in the distal forelimb of Olig2-Cre+;Npn-1cond-/- mutants 
upon stimulation of N.radial. 

(A,B) Illustration of the brachial plexus area (red dashed line) and the 4 major nerves innervating 

extensor and flexor muscles in the forelimb (B). (C) Forelimb flexor or extensor movements elicited by 

single nerve stimulation in control or mutant mice. ncontrol= 3; nmut= 3. 

 

Together, the absence of extension in affected distal forepaws in Olig2-

Cre+;Npn-1cond-/- mutants might be explained by defects in neuronal circuit wiring and 

forepaw muscle innervation. However, other factors might likewise contribute to this 

phenotype, alone or in combination. We therefore investigated the peripheral 

musculoskeletal and neuromuscular system. 

 

IV.2.2 Reduced dorsal forelimb extensor muscle area and further postnatal 
degeneration in affected mutants  

Paralysis of peripheral nerves or degeneration of forelimb extensor muscles results in 

wrist-drop of the paw and appears very similar to the phenotype we have observed in 

Olig2-Cre+;Npn-1cond-/-  mutants (reviewed in Darbas et al., 2004). Visual inspection of 
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the forelimb in 4 weeks old mice revealed a reduction in dorsal extensor muscles 

exposing tendons located beneath in Olig2-Cre+;Npn-1cond-/- mutants compared to the 

volume of extensor muscles and localization of tendons in control mice (Fig. 16F,G). 

To quantitify their size, we determined the area that forelimb extensor Carpi Radialis 

longus and brevis and control wrist flexor muscle Carpi ulnaris occupy in cross 

sections of both affected and unaffected limbs of Olig2-Cre+;Npn-1cond-/- mice at P0. 

The position of the specified muscles was identified according to previously 

published anatomical data and visualised by immunohistochemistry using anti-

myosin for musculature and anti-neurofilament for peripheral nerves (Fig. 16A; 

Watson et al., 2009). This was done as a part of the bachelor thesis of Julia 

Sundermeier whom I supervised (Sundermeier, 2009). 
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Figure 16: Reduced forelimb extensor muscle area in newborn Olig2-Cre+;Npn-1cond-/- 
mutants.  

(A) Immunohistochemistry with anti-myosin (muscles, red) and anti-neurofilament (nerves, green) 

antibodies in cross sections of the distal forelimb of P0 mice (1= Extensor Carpi Radialis Longus, 2= 
Extensor Carpi Radialis Brevis, 3= Extensor Digitorum Communis, 4= Extensor Pollicis, 5= Extensor 
Indicis Proprius, 6= Pronator Quadratus, 7= Flexor Digitorum Profundus, 8= Supinator, 9= Flexor 
Carpi Radialis, 10= Flexor Digitorum Sublimis, 11= Extensor Digiti Quarti, 12= Flexor Carpi Ulnaris, 
13= Nervus medianus, 14= Nervus ulnaris). Localization of the 2 extensor muscles Extensor carpi 
radialis longus (ECRL, blue) and Extensor carpi radialis brevis (ECRB, pink) and antagonistic Flexor 
carpi ulnaris (FCU, green) in control (B) and newborn Olig2-Cre+;Npn-1cond-/-

 mutants (C). Area in µm
2
 

of ECRL and ECRB (D) and FCU (E) in forelimbs affected by posture abnormalities and unaffected 

paws in mutant and control animals. Dorsal extensor muscles in the distal forelimb of 4 weeks old 

control (F) and Olig2-Cre+;Npn-1cond-/-
 mutants (G). Red arrow indicates the area where the tendons 

are covered by dorsal muscles in control but not mutant mice. Scale bar equals 500µm in A-C. ncontrol= 

3; nmut= 3. Data were analysed with the two-tailed, unpaired Student’s t-test; asterisks indicate 

significance *p<0.05. (Experiments A-E performed by Julia Sundermeier).  

 

Interestingly, the mean area of both distal forelimb extensors Carpi Radialis 

longus (ECRL) and brevis (ECRB) were signifcantly reduced in the affected paw of 

P0 mutants and tend to be decreased in unaffected paws relative to control 

littermates (Fig. 16B-D). In contrast, ventral flexor Carpi ulnaris (FCU) muscles size 

both in wrist-drop affected and functional forelimb is indistinguishable from wildtype 

values (Fig. 16E). 

Our data demonstrate that the observed claw paw-like forelimb posture 

abnormalties in Olig2-Cre+;Npn-1cond-/- mutants are accompanied by a reduction in 

the size of dorsal extensor but not antagonistic flexor muscles already at birth. During 

subsequent postnatal development the extensor muscles atrophy even further. 

 

IV.2.3 Skilled locomotion is impaired in Olig2-Cre+;Npn-1cond-/- mutants 

Sensorimotor wiring deficits in the forelimbs of Olig2-Cre+;Npn-1cond-/- mice during 

embryogenesis predict impairments in motor innervation but not in the formation of 

sensory projections (Huettl et al., 2011). In order to ensure that sensory function is 

not affected if Npn-1 is removed from motor neurons, the response to heat as a 

noxious stimulus was measured on the Hot Plate. We found no significant difference 

in the latency of forepaw shaking or licking in mutant animals relative to control 

littermates (pshaking= 0.40, plicking= 0.89; ncontrol= 9, nmut= 9; non-parametric Mann-

Whitney test). Similarly, Npn-1Sema- mutants did not reveal deficits in noxious sensory 
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functions (pshaking= 0.22, plicking= 1.00; ncontrol= 6, nmut= 6; non-parametric Mann-

Whitney test). 

The loss of active extension in affected forelimbs of Olig2-Cre+;Npn-1cond-/- 

mice predicts functional deficits in stereotyped overground locomotion. In order to 

assess gross motor capabilities, control and mutant animals were tested for voluntary 

movement in the open field apparatus. Interestingly, mutant Olig2-Cre+;Npn-1cond-/- 

mice move with a comparable velocity to control mice and reveal no deficits in 

horizontal or vertical locomotion (rearings). All three parameters are slightly reduced 

in mutants but not significantly different from control mice (Fig. 17A-C). Similar, loss 

of Semaphorin-Npn-1 signalling in Npn-1Sema- mice does not affect their gross 

locomotor capabilities represented by the total distance travelled (horizontal 

locomotion; p= 0.19), number of rearings (vertical locomotion; p= 0.37) or locomotor 

speed (p= 0.23).  

 

 
Figure 17: Gait irregularities in Olig2-Cre+;Npn-1cond-/- mutants.  
(A-C) Gross locomotion parameters such as horizontal (A) or vertical locomotion (B) and velocity of 

voluntary movement (C) tested in the open field of 4 weeks old Olig2-Cre+;Npn-1cond-/- 
mutants and 

controls. (D-J) Catwalk derived gait analysis parameters such as paw prints of fore- and hind limbs in 

control (D), Npn-1Sema- mutants (E) and Olig2-Cre+;Npn-1cond-/- 
affected in both forelimbs (F), the usage 
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of 3 paws in % (G), stride length of fore- (H) or hind paws (I) and the duty cycle in forelimbs in % (J). 

Olig2-Cre;Npn-1cond
: ncontrol= 9; nmut= 8; Npn-1Sema-

: ncontrol= 5; nmut= 9. Data were analysed with the non-

parametric Mann-Whitney test; asterisks indicate significance *p<0.05, **p<0.01. 

  

Next, we analysed dynamic gait parameters in detail to reveal subtle changes. 

Regularity of walking was lost in Olig2-Cre+;Npn-1cond-/- mutants: we detected 

disturbances in parameters like usage of 3 paws (Fig. 17G) as an indicator of 

balance problems and specifically in the stride length of fore- and hind limbs        

(Fig. 17H,I). Additionally, the loss of extension in forepaws accounts for the 

characteristic paw prints in the affected forelimbs of mutant mice resembling walking 

on fists (Fig. 17D,F) and the reduced stance duration of forepaws repesented in the 

duty cycle (Fig. 17J). We then assessed more complex motor skills such as 

performance on the accelerating rotarod and motor coordination on the grid walk. 

 

 

Figure 18: Persistent deficits in skilled locomotion in Olig2-Cre+;Npn-1cond-/- mutants.  
(A,B) Mean time that the mice spent on the accelerating rotarod as an indicator of balance and motor 

coordination in Olig2-Cre+;Npn-1cond-/- 
mutants and controls (A) and in Npn-1Sema- 

mice (B). (C,D) Motor 

coordination capabillities tested in the grid walk: mean time to cross the horizontal ladder in Olig2-
Cre+;Npn-1cond-/- 

(C) as well as Npn-1Sema- 
mice (D). Olig2-Cre;Npn-1cond

: ncontrol= 10; nmut= 10;         
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Npn-1
Sema-

: ncontrol= 12; nmut= 12. Data were analysed with the non-parametric Mann-Whitney test; 

asterisks indicate significance  **p<0.01, ***p<0.001. 

 

Olig2-Cre+;Npn-1cond-/- mutants were able to stay on the accelerating rod 

approximately half the time than control animals and were unable to improve their 

performance from 4 to 12 weeks (Fig. 18A). Interestingly, Npn-1Sema- animals 

performed at wildtype-level on the rotarod (Fig. 18B). To investigate whether 

forelimb-hind limb coordination capabilties were impaired, mice were assessed in the 

grid walk test: the time it takes the mouse to cross a horizontal ladder with irregularly 

spaced bars is measured. Olig2-Cre+;Npn-1cond-/- mutants performed significantly 

worse than their control littermates and did not improve their performance up to 12 

weeks of age (Fig. 18C; improvement in mutants from 4 to 12 weeks: -2,90%). Npn-

1Sema- mutants also performed significantly worse than their wildtype littermates at 4 

weeks. However, over the course of the next 8 weeks these mutants improved their 

motor coordination skills (Fig. 18D; improvements in mutants from 4 to 12 weeks: 

+33.85%) suggesting functional or anatomical compensation in Npn-1Sema- mice. 

Together, forelimb abnormalities in Olig2-Cre+;Npn-1cond-/- mutants do not 

interfere with gross locomotion but cause specific irregularities in walking patterns 

and deficits in skilled motor performance. These deficits are unchanged during 

further postnatal improvement. In contrast, Npn-1Sema- mutants also showed severe 

impairments in motor coordination at 4 weeks but improved locomotor performance 

from 4 to 12 weeks.     

 

IV.2.4 Postnatal bone malformations in the affected forepaw of Olig2-Cre+;   
Npn-1cond-/-  mutants  

The majority of vertebrate bones are generated postnatally by secondary 

endochondral ossification of cartilaginous templates into bones (Hartmann, 2009). 

Based on the biomechanical link of bone and muscles, there is a direct correlation of 

neuromuscular function to bone properties and remodelling throughout skeletal 

growth (Gross et al., 2010). Murine models of muscle pathologies e.g. spinal 

muscular atrophy or traumatic injury to the CNS or PNS with focal paralysis of 

muscles revealed a significant influence of muscle and nerve dysfunction on bone 

homeostasis, morphology and skeletal degradation (Kingery et al., 2003; Warner et 

al., 2006; Morse et al., 2008; Shanmugarajan et al., 2009). Since Olig2-Cre+;       
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Npn-1cond-/- mice showed loss of active functional extension of the paws and muscular 

atrophy in the respective forelimb extensor muscles, we analysed putative effects on 

bone structural properties. Differential staining of P0 skeleton of control and mutant 

mice with Alizarin Red S and Alcian blue for fetal bone and cartilage, respectively, as 

well as radiographic analysis in 40 weeks old adult mice were conducted in 

cooperation with Christian Cohrs (Institute of  Experimental Genetics, HGMU). 

 

 

Figure 19: Distal forelimb bone malformations in Olig2-Cre+;Npn-1cond-/- mutants.  
(A,B) Skeletal preparations of control (A) and affected forelimbs of Olig2-Cre+;Npn-1cond-/- 

(B) stained 

with Alizarin Red and Alcian Blue to visualise the bone-cartilage structure at P0. (C,D) X-ray images of 

forelimb bone morphology in 40 weeks old control (C) and Olig2-Cre+;Npn-1cond-/- 
(D) mice. Olig2-

Cre;Npn-1cond 
P0: ncontrol= 2; nmut= 3; 40 weeks: ncontrol= 2; nmut= 2. 

 

The morphological pattern of skeletal elements in forelimbs at birth did not 

reveal abnormalties in generation or distribution of cartilage and bone nor in bone 

thickness or length in mutants relative to controls (Fig. 19A,B; plength= 0.20; pthickness= 

0.12). In order to address secondary endochondral ossification deficits due to 

mechanical disuse in affected forepaws, we assessed the bone morphology by X-ray 

in 40 weeks old Olig2-Cre+;Npn-1cond-/- mice. The bone digits of affected paws exhibit 

severe deformity and ulna and radius bones seem to be reduced in thickness 

compared to Olig2-Cre+;Npn-1cond controls (Fig. 19C, D). Indeed, quantification of 

bone width (p= 0.003) revealed a significant reduction in mutant mice. 
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In summary, forelimb neuromuscular dysfunction in Olig2-Cre+;Npn-1cond-/- 

mutants promotes bone deformity in the distal forelimb during postnatal secondary 

endochondral ossification. 

 

IV.2.5 Alterations in the fiber composition of N.radial in Olig2-Cre+;Npn-1cond-/-  

mutants  

During embryogenesis, peripheral axons are sorted into prospective nerves while 

they are growing towards their respective targets. Axons tightly associate with 

Schwann cells that myelinate single large diameter axons or ensheath numerous 

small unmyelinated fibers into Remak bundles (Jessen & Mirsky, 2005).  

To determine whether Npn-1 plays a role in axon sorting and/or axon-

Schwann cell interaction, we assessed the myelination status and composition of 

defined nerves mediating forelimb extension or flexion. The N.radial innervating 

extensor muscles and N.median representing a nerve projecting to flexor muscles 

were ultrastructurally analysed in mice older than 12 weeks. The Institute of 

Pathology (HGMU) helped in preparing the tissues for EM analysis and quantified the 

nerve pictures with the Definiens image analysis software (see Material and Methods 

III.4). For a reliable readout of correct myelination, the g-ratio as a quantitative index 

of the thickness of myelin sheath with respect to the total axon diameter was used 

(Fig. 20A). Myelination in N.radial and N.median in affected paws of Olig2-Cre+; Npn-

1cond-/- mice did not differ from control animals. Similarly, inactivation of the 

semaphorin binding site in Npn-1Sema- mutants did not seem to interfere with proper 

myelination of N.radial (Fig. 20B).  
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Figure 20: Normal myelination of PNS forelimb nerves in Olig2-Cre+;Npn-1cond-/- and       
Npn-1Sema- mutants.  

(A) Determination of the g-ratio as the quotient of inner (a) to total axon diameter (b). (B) g-ratio of 

N.median and N.radial nerve in Olig2-Cre+;Npn-1cond-/- 
 and Npn-1Sema-

 mutants and controls. Olig2-

Cre;Npn-1cond
: ncontrol= 3; nmut= 3; Npn-1Sema-

: ncontrol= 1; nmut= 1. Data were analysed with the two-tailed, 

unpaired Student’s t-test. 

 

Loss of active extension in the forepaw of Olig2-Cre+;Npn-1cond-/- mutants 

might be associated with changes in the N.radial innervating the extensor muscles. 

Thus, the composition of N.radial and a nerve innervating flexor muscles, N.median 

as control, was analysed with regard to the amount of large and small diameter 

axons and Remak bundles. Indeed, the composition of N.radial in Olig2-Cre+;      

Npn-1cond-/- mutants appeared changed with an increase in the size of Remak 

bundles and amount of small diameter axons relative to control animals (Fig. 21A,B). 

Interestingly, no changes in the relation of small and large axons or Remak bundles 

were apparent in N.median projecting to antagonistic flexor muscles (Fig. 21C,D). 

Again, distribution of axons versus Remak bundles in N.radial of Npn-1Sema- mutants 

appeared comparable in mutant and wildtype controls (Fig. 21E,F). 

The observations were quantified with the help of the Institute of Pathology 

(HGMU) using the Definiens image analysis software by setting a pixel threshold to 

distinguish between large and small diameter axons (Fig. 21G). Quantification data 

corroborated the previous observations that in the N.radial of Olig2-Cre+;Npn-1cond-/- 

mutants a significant reallocation from large diameter axons to predominantly small 

diameter axons occured (Fig. 21H). Quantification of N.median in the affected 
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forelimb revealed increased numbers of Remak bundles whereas the number of 

axonal subtypes was not altered compared to age-matched control mice (data not 

shown, pAxonsL= 0.94; pAxonsS= 0.64; pRemak bundles<0.05; unpaired, two-tailed Student’s 

t-test).  

Additionally, the number of Remak structures and fibers per bundle were 

counted. The number of axon fibers ensheathed per Remak bundle in Olig2-Cre+; 

Npn-1cond-/- mutants relative to control mice was increased by roughly 2,38 times. In 

contrast, the number of  fibers incorporated per Remak bundle (Fig. 21I) were not 

altered in N.median of Olig2-Cre+;Npn-1cond-/- animals. 

 

Figure 21: Significant changes in axon size and number of fibers in N.radial of Olig2-Cre+; 
Npn-1cond-/- mutants.  

(A-F) Electron microscopy images (magnification: 5000x) of N.radial (A,B) and N.median (C,D) in 

control and Olig2-Cre+;Npn-1cond-/- 
mutants and Npn-1Sema-

 (E,F) mice. Remak bundles in A,B are 

marked by red arrows. (G) Scheme for axon classification by size into small (brown) or large diameter 
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(yellow) axons and unmyelinated Remak bundles (purple) using Definiens image analysis software. 

(H) Mean number of large diameter axons (Axons L), small diameter axons (Axons S) and 

unmyelinated Remak bundles as percentage of total axon numbers. (I) Mean number of axons 

incorporated per Remak bundle in N.median or N.radial of control and Olig2-Cre+;Npn-1cond-/- 
 and 

Npn-1Sema-
 mutants. Olig2-Cre; Npn-1cond

: ncontrol= 3; nmut= 3; Npn-1Sema-
: ncontrol= 1; nmut= 1. Data were 

analysed with the two-tailed, unpaired Student’s t-test; asterisks indicate significance *p<0.05. 

 

Preliminary results indicate that the semaphorin binding domain in the Npn-1 

receptor is not required for proper myelination of peripheral N.radial nor for the 

correct ratio of small and large diameter axons to unmyelinated Remak bundles (data 

not shown) or fibers ensheathed per Remak bundle (Fig. 21I) as no differences were 

found in Npn-1Sema- mutants. 

Our data suggest a reallocation in the ratio of large to predominantly smaller 

myelinated axons and an approximately twofold increase of fibers incorporated per 

Remak bundle in the N.radial of affected Olig2-Cre+;Npn-1cond-/- mutants.  
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IV.3 Adaptive structural plasticity parallels motor recovery in a model of 

neurodevelopmental miswiring 

 

During nervous system development, growing axons need to interconnect and wire 

the entire neuronal circuits of the organism. At spinal level, interaction of the 

chemorepellent Sema3F with its receptor Npn-2 is crucial for correct wiring of 

sensorimotor networks. Thus, loss of Sema3F-Npn-2 signalling results in aberrant 

pathfinding of medial motor projections of the lateral motor column (LMC) to dorsal 

limb targets (Huber et al., 2005). This pronounced genetically-induced wiring defect 

of peripheral sensorimotor circuitry proposes defined postnatal deficits in motor 

and/or sensory function. Since Sema3F and Npn-2 mutants are viable, we assessed 

their locomotor abilities as well as potential mechanisms to compensate for or adapt 

to the miswired peripheral circuitry by combining behavioural phenotyping with 

neuroanatomical and functional analyses of spinal neural networks. 

 

IV.3.1 Specific deficits in motor coordination in Sema3F mutant mice 

Sema3F and Npn-2 mutant mice displayed no deficits when we tested them for 

sensory functions such as the optokinetic reflex, somatosensory whisker 

representation or nociception (data not shown). The proper connection of motor axon 

terminals with the target muscles via neuromuscular junctions was analysed by the 

grip strength test. The neuromuscular strength of forelimbs (p= 0.41) or the combined 

fore- and hind limb strength (p= 0.08) was not significantly altered in Sema3F 

mutants at 4 weeks.  

 Embryonic dorsal-ventral motor axon pathfinding defects suggest functional 

deficits in motor behaviour. Indeed, the majority of adult Sema3F mutant mice flex 

one or both hind limbs when lifted by their tail instead of extending them as observed 

in wildtype littermates. This change in the hind limb extension reflex test suggests a 

motor phenotype in Sema3F mutants (Barneoud et al., 1997). Mice were subjected to 

a battery of behavioural test at 4, 8 and 12 weeks of age to thoroughly assess 

locomotor skills and reveal potential impairments and subsequent changes in motor 

performance during postnatal development. The locomotor performance of the tested 

Sema3F and Npn-2 mice in the behaviour test battery is summarized in Table 1 in 
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IV.3.6. We first tested general locomotor behaviour in the open field, where horizontal 

and vertical locomotion, locomotor speed and anxiety-related behaviours were 

recorded. We found no significant differences in any of these parameters in Sema3F 

mutants when compared to wildtype littermates (pTotal distance= 0.48; pRearings= 0.35; 

pLocomotor speed= 0.86; pDistance travelled in the center= 0.91). Additionally, we assessed more 

complex and precise motor skills such as balance on an elevated narrow beam and 

performance on the rotarod, under accelerating velocity conditions. 4 weeks old 

Sema3F mutants crossed the elevated beam significantly slower (p<0.05) than 

control littermates. The rotarod tests revealed no impairments in Sema3F mutant 

mice (p= 0.85). Thus, Sema3F mutants have no obvious deficits in overground and 

gross locomotion but slight impairments in balance at 4 weeks only.  

 We addressed skilled locomotor capabilities further by testing the forelimb-

hind limb coordination during walking on a horizontal ladder with irregularly spaced 

bars. Sema3F mutants required significantly more time to cross the ladder and 

showed an increased number of paw slips (Fig. 22A,C). Additionally, they displayed 

deficits in fine motor control of hindpaw placement at 4 weeks of age (Fig. 22D). 

During postnatal development, Sema3F mutants gradually improved their 

performance from 4 to 12 weeks, however, without attaining wildtype performance 

levels (Fig. 22A). When the performance on the grid walk of individual mutant 

animals was analysed, a significant segregation of the population became obvious. 

One group behaved close to wildtype levels (wildtype-like performers) and another 

group of mutant animals performed at least 2 standard deviations worse than the 

wildtype mean (poor performers, Fig. 22B; highlighted in blue and orange, 

respectively). This segregation of Sema3F mutants into two groups was less 

prominent at 12 weeks. Separate quantification of motor improvements for the two 

mutant populations revealed that recovery rates over 8 weeks of poorly performing 

mutants surpassed those of wildtype-like performers (Fig. 22E; improvementGrid walk 

from 4 to 12 weeks in time= 47,75% and slips= 62,22%).  

These findings were corroborated in a wire climbing test where mice are hung 

on a thin horizontal wire by their forepaws and have to lift their hind limbs up to the 

wire and pull themselves forward. We modified the SHIRPA wire manoeuvre test 

focussing on hind limb grip capabilities (Rogers et al., 1997) to additionally evaluate 

the climbing performance of the mice along the wire. Apart from muscular strength, 

this requires precise inter-limb coordination. 
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Figure 22: Motor coordination deficits improve during postnatal development in Sema3F 
mutants.  

(A,C) Grid walk: mean time to cross the horizontal ladder (A) and mean number of paw slips (C) at 4, 

8 and 12 weeks. (B) Segregation of Sema3F mutants into wildtype-like (blue circle) and poor 

performers (orange circle) at 4 and 12 weeks. Individual poor performers either improve their 

coordination skills from 4 to 12 weeks to wildtype level (blue rectangle) or still show significant motor 

deficits (orange rectangle). (D) Errors in precise hindpaw placement as % of total paw placements at 4 

weeks (n= 3 for all groups). (E) Improvement of motor coordination from 4 to 12 weeks with respect to 

mean time for crossing the ladder. Data were analysed with the nonparametric Mann-Whitney test; 

asterisks indicate significance *p<0.05, **p<0.01. 

 

The wire climbing strategies of the mice were rated according to a qualitative 

scale. The scores ranged from 1 for coordinated, rhythmic climbing with both fore- 

and hind limbs to 8 corresponding to uncoordinated climbing lacking any rhythmic 

movements. Sema3F mutants showed signifcant difficulties in pulling themselves up 

to the wire, coordinating fore- and hind limbs while climbing along and displayed 

clasp-like hind limb movements at 4 weeks of age (Fig. 23C). The wire climbing test 

cannot be done at 12 weeks as the mice are unable to lift themselves up to the wire 

due to the physiological increase in body weight from 8 to 12 weeks. 
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 Together, embryonic loss of Sema3F-Npn-2 signalling results in postnatal 

motor coordination deficits whereas stereotyped overground locomotion is 

unaffected. Sema3F mutants segregate into wildtype-like performers with 

coordination skills comparable to wildtype littermates and poor performers with 

severe deficits in motor coordination. The significant, subsequent improvement in 

behavioural performance of Sema3F mutants over the course of 8 weeks is a strong 

indication that adaptive changes occured in these mutant animals. 

 

IV.3.2 Loss of Npn-2 leads to additional motor impairments  

Neuropilin-2 is the only known receptor for Sema3F and essential for the 

chemorepulsive action of this ligand on LMCm motor projections. The locomotor 

performance of mice lacking Npn-2 was assessed in the same battery of behavioural 

tests as previously described for Sema3F mice. The observed motor deficits in Npn-2 

mutants were very similar to the motor phenotype in Sema3F mutants (Fig. 23A,B,D-

F). In addition, Npn-2 mutant mice also revealed deficits in parameters assigned to 

gross locomotion like vertical locomotion by decreased amount of rearings in the 

open field (p<0.05) as well as in tests examining a combination of balance and 

coordination skills: the time that 4 weeks old Npn-2 mutants spent on the rotarod was 

decreased under accelerating velocity conditions (Fig. 23F). Similar to Sema3F mice, 

Npn-2 mutants required significantly longer to traverse an elevated narrow beam 

relative to their wildtype littermates (Fig. 23E). Coordination skills on the horizontal 

ladder also segregated Npn-2 mutants into wildtype-like and poor performers (Fig. 

23B). Improvement of locomotor performance in Npn-2 mutants during postnatal 

development from 4 to 12 weeks of age mirrored the results we had already obtained 

for Sema3F mutants (Fig. 23A).  
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Figure 23: Locomotor deficits in Npn-2 mutants.  
(A) Mean time to cross the horizontal ladder at 4, 8 and 12 weeks. (B) Segregation of Npn-2 mutants 

into wildtype-like (blue circle) and poor performers (orange circle) at 4 and 12 weeks. The wire 

climbing performance of Sema3F (C) and Npn-2 (D) mice at 4 and 8 weeks was evaluated using a 

qualitative scale ranging from 1= precise grip onto the wire with fore- and hind limbs, rhythmic climbing 

to 8= fore- and hind limbs clung to the wire, no coordinated movements, no rhythmic pattern. (E) Mean 

time to cross the narrow beam at 4, 8 and 12 weeks is shown. (F) Mean time on the rotarod at 4, 8 

and 12 weeks. Data were analysed with the nonparametric Mann Whitney test; asterisks indicate 

significance *p<0.05, **p<0.01, ***p<0.001. 

 

 Our data show that Sema3F and Npn-2 mutant mice revealed very similar 

motor coordination deficits. Both, Npn-2 and Sema3F mutants segregate into groups 

that display wildtype-like or severely impaired motor performance. Poor motor 
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coordination capabilities in mutants recovered spontaneously, albeit only partially, 

from 4 to 12 weeks of age. Loss of the receptor Npn-2 revealed additional 

impairments in general locomotion, pointing towards a slightly more severe motor 

phenotype. Moreover, our data suggest that adaptive processes lead to a 

spontaneous recovery from genetically induced motor impairments in both Npn-2 or 

Sema3F mice. 

 

IV.3.3 Disturbed organisation of medial LMC neurons in Sema3F poor 
performers 

At E13.5, the dorsal-ventral pathfinding choice of peripheral motor axons to the limb 

is compromised in absence of Sema3F-Npn-2 signalling: roughly 30% of medial LMC 

neurons misproject to dorsal instead of ventral muscles (Huber et al., 2005). It is still 

elusive whether this embryonic miswiring in the sensorimotor circuitry is corrected 

later during development. Thus, we investigated the underlying neuroanatomy of 

peripheral forelimb circuitry in Sema3F mutants at different postnatal time points. 

Molecular markers that are commonly used to assign motor neurons to the medial or 

lateral LMC divisions during embryonic development, Isl1 and Lim1, respectively, are 

no longer expressed in the postnatal spinal cord. We therefore retrogradely traced 

motor projections from dorsal and ventral muscles of the distal forelimb by injecting 

different fluorescent conjugates of the neuronal tracer cholera toxin subunit B (CTB): 

CTB-Alexa555 and CTB-Alexa488, respectively. 48 hours after tracer application, 

spinal cords were processed for histological analysis and motor neurons were 

marked on each spinal cord section for subsequent reconstruction of their location 

along the spinal cord. To validate the tracing method and detect potential changes in 

the number of motor neurons in Sema3F mutants, we counted the numbers of 

retrogradely labelled motor neurons after CTB injection in dorsal and ventral forelimb 

muscles. No differences in numbers of traced motor neurons were found in wildtypes 

or Sema3F mutants at 4 (pdorsal= 0.16, pventral= 0.36) or 12 weeks (pdorsal= 0.76, 

pventral= 0.19).  

For further analysis of the localization and organisation as well as dorsal-

ventral and mediolateral distribution of motor pools at 12 weeks, the positions of all 

labelled motor neurons were collapsed into a single transverse plane using 

ReconstructTM software (Fig. 24A-C). In Sema3F wildtype littermates and wildtype-
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like performing mutants, ventrally and dorsally projecting motor neurons were located 

in two distinct and compact motor pools in the spinal cord (Fig. 24B,C). In contrast, 

ventrally projecting motor neurons of poorly performing Sema3F mutants spread into 

and mixed with dorsally projecting motor pools (Fig. 24C). Moreover, the localization 

and distribution of individual motor pools was quantified by calculating their scatter 

index (SI): the geometric center of each individual pool in the transverse plane. The 

SI measures its extent by the area of a fitted ellipse spanning all medial or all lateral 

motor neurons, respectively (for a detailed description see Material and Methods 

III.6.4). The scatter index analysis confirmed the previous observation: increased 

spreading of exclusively ventrally projecting motor neurons in poorly performing 

Sema3F mutants but no difference in the SI of wildtype-like performers and wildtype 

littermates (Fig. 24F).  

 

 
Figure 24: Anatomical analysis of distal forelimb motor pools representation in the spinal 

cord.  
(A) Spinal cord section with retrogradely traced motor neurons from dorsal (CTB-Alexa555, red) and 

ventral (CTB-Alexa488, green) forelimb muscles. Scale bar represents 100µm. Reconstruction of the 
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total number of dorsally (red) and ventrally (green) projecting motor neurons collapsed onto a single 

plain in control (B) or Sema3F mutants (C). Scatter index (SI) for distal forelimb motor pool distribution 

at 4 (D) and 12 weeks (F). The medial motor pool shows increased spreading in the dorsal-ventral 

direction at 4 (E) and 12 weeks (G). Correlation of motor coordination (time to cross the horizontal 

ladder) with the scatter index of the medial motor pool at 4 (H) and 12 weeks (I). Dashed blue lines 

represent 2 standard deviations from the mean. Data were analysed with the two-tailed, unpaired 

Student’s t-test; asterisks indicate significance *p<0.05, **p<0.01. 
 

During postnatal development, embryonically established neuronal networks 

are subject to structural refinements (Goodman & Shatz, 1993). Therefore, we 

assessed if the distribution and organisation of defined motor pools changed 

postnatally from 4 to 12 weeks. Similar to the motor pool localization in Sema3F 

mutants at 12 weeks, exclusively medial motor pools of poor performers were 

already significantly more scattered at 4 weeks (Fig. 24D). Next, we determined the 

spreading direction of ventrally projecting motor neurons in the spinal cord. 

Interestingly, medial motor pools preferentially scattered in the dorsal-ventral 

orientation of the spinal cord (Fig. 24E,G) but revealed no aberrant changes in the 

mediolateral distribution (data not shown).  

To determine whether a relationship exists between behavioural deficits and 

abnormal anatomy, both parameters were correlated on a single animal level. 

Interestingly, Sema3F mutants with particularly poor locomotor performance on the 

grid walk also exhibited strong neuroanatomical defects in terms of motor pool 

spreading. These animals make up a population outside the dashed box demarcating 

2 standard deviations from the mean of their grid walk performance and scatter index 

of ventrally projecting motor neurons. Similarly, genetically mutant animals with no or 

only minor locomotor impediment, wildtype-like performers, also showed no 

detectable anatomical defects and are mainly located within the dashed lines (Fig. 

24H,I). 

In summary, our data correlated motor coordination deficits with an aberrant, 

increased dorsal-ventral scattering of ventrally projecting motor neurons in Sema3F 

mutant poor performers. These data match with embryonic pathfinding errors of 

medial LMC neurons previously described for Sema3F and Npn-2 mutants (Huber et 

al., 2005). The reconstruction of spinal motor pool localization and quantification of 

the scatter index was done with the help of a practical student, Stefan Winzeck, 

whom I supervised (Winzeck, 2011). 
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IV.3.4 General behavioural stimulation in an enriched environment enhances 
recovery of motor skills in Sema3F mutant mice 

There is substantial evidence reporting pronounced beneficial effects of physical 

enrichment on functional recovery after spinal cord injury, stroke or age-related 

neurodegeneration in the hippocampus (Johansson & Ohlsson, 1996; 

Nithianantharajah & Hannan, 2006; Fischer & Peduzzi, 2007; O'Callaghan et al., 

2009). Especially, increased voluntary physical activity using running wheel devices 

is associated with improvement in motor coordination skills on the rotarod (Madronal 

et al., 2010). Hence, we determined the influence of enriched environment housing 

combining social interaction and voluntary physical activity on the motor coordination 

deficits of Sema3F mutants. Therefore, Sema3F mice were born and housed in 

groups of 5 in larger cages (vs. 3 mice in regular cages) containing nesting material, 

running wheels and mini horizontal ladders to stimulate motor behaviour. Motor skills 

were assessed at 4, 8 and 12 weeks through the same behavioural test battery used 

for standard housed Sema3F mice. Similar to regularly housed animals, 4-weeks old 

Sema3F mutants experiencing environmental enrichment required significantly more 

time to traverse the horizontal ladder and showed increased number of paw slips 

relative to wildtype littermates (Fig. 25A,C). However, Sema3F mutants did not 

segregate into two distinct groups of mutant and wildtype-like performers (Fig. 25B). 

Moreover, improvement of motor coordination skills in Sema3F mutants raised in an 

enriched environment occurred more rapidly and to a level comparable to wildtype 

littermates (Compare Fig. 25A,C and Fig. 22A,C; improvementGrid walk from 4 to 12 

weeks in time= 15,99% and slips= 19,35%). Interestingly, inter-limb coordination 

skills as measured in the wire climbing test did not differ significantly among mutant 

and wildtype Sema3F littermates under enriched conditions (Fig. 25D). 
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Figure 25: Housing in enriched environments induces recovery of behavioural and 
anatomical deficits in Sema3F mutants.  

(A,C) Grid walk: mean time to cross the ladder (A) and mean number of slips (C) at 4, 8 and 12 

weeks. (B) Mean values of the time to cross the ladder for individual Sema3F mice and wildtype 

littermates at 4 and 12 weeks. (D) Wire climbing performance at 4 and 8 weeks. Scatter index for the 

distribution of distal forelimb motor pools at 4 (E) and 12 weeks (F). Data were analysed with the 

nonparametric Mann-Whitney test (A-D) or the two-tailed, unpaired Student’s t-test (E-F); asterisks 

indicate significance *p<0.05, **p<0.01, ***p<0.001. 

 

Previously we have reported a tight link between motor coordination deficits 

and neuroanatomical aberrations in Sema3F mice. Hence, we addressed the 

question whether the rapid improvement in motor performance under physical 

enrichment is paralleled by a re-organisation of spinal motor pools. Therefore, ventral 
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and dorsal distal forelimb projections were labelled by intramuscular injection of 

fluorescently conjugated CTB, the position of dorsally and ventrally projecting motor 

pools was reconstructed and the scatter index calculated. Indeed, the organisation 

and localization of medial motor pools in enriched environment housed Sema3F 

mutants was indistinguishable from wildtype littermates at 4 and 12 weeks of age 

(Fig. 25E,F). 

Our data indicate that enhanced physical activity in an enriched environment 

significantly improves motor skills of Sema3F mutants which is paralleled by 

wildtype-like organisation of forelimb motor pools in the spinal cord of all Sema3F 

mutants.  

 

IV.3.5 Aberrant activation of dorsal muscles upon stimulation of a ventral nerve 
in Sema3F mutants  

Motor neurons innervating the same peripheral target muscles are clustered into 

distinct pools in the spinal cord. In the limb sensorimotor circuitry, axons from the 

lateral subdivision of the LMC innervate dorsal extensor muscles whereas medial 

LMC motor projections target antagonistic ventral flexors (Landmesser, 1978b; 

Hollyday, 1980; Gutman et al., 1993; Landmesser, 2001). Hence, we investigated the 

muscle innervation pattern in the limb of Sema3F mutants. The recruitment of 

antagonistic forelimb muscles was characterized using simultaneous EMG 

recordings from flexor and extensor muscles. However, muscles in the distal mouse 

forearm are small in size and located in close physical proximity rendering EMG 

recordings of an individual muscle without perturbing signals from adjacent muscles 

technically not feasible. Instead, the more voluminous and spatially separated biceps 

and triceps muscles in the upper forelimb were selected as ventral and dorsal 

antagonists.  

In wildtype Sema3F animals older than 12 weeks, the N.musculocutaneous 

supplying ventral muscles was stimulated by single trains (n= 1 pulse) with increasing 

intensity. Bursts of EMG activity were recorded in the innervated flexor muscle, 

Biceps brachii, but not the antagonistic dorsal extensor muscle, Triceps brachii (Fig. 

26A). Interestingly, stimulating the same ventrally projecting nerve in Sema3F 

mutants elicits synchronous EMG signals in both flexor and extensor muscles 
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regardless of their behavioural performance, wildtype-like or poor, on the grid walk 

(Fig. 26B,C).  

 

 

Figure 26: Synchronous activation of antagonistic forelimb muscles in Sema3F mutants.  

EMG recordings in controls (A) and Sema3F mutants (B) after 12 weeks of age display stimulus 

(upper lane, blue), Biceps brachii activity (middle lane, green) and Triceps brachii (lower lane, red); 

scale bar equals 10ms. (C) Table summarizing the EMG activity in Biceps brachii and Triceps brachii 

muscle upon stimulation of N.musculocutaneous. EE= enriched environment. (D) Image of 

retrogradely labelled ventral (CTB-Alexa488, green) and dorsal (CTB-Alexa555, red) motor neurons in 

a 4 weeks old Sema3F mutant stained for excitatory synapses with anti-vGlut1 antibodies (Cy5, blue). 

Scale bar represents 20µm. (E) Quantification of mean density of vGlut1
+ 

synapses per labelled motor 

neuron. Data were analysed with the two-tailed, unpaired Student’s t-test. (Experiments in D, E 

performed by Stefan Winzeck). 

 

 We further investigated whether the physiological abnormalities in the 

activation pattern of dorsal muscles is also reflected in the localization and 

organisation of motor neurons in the spinal cord. Motor neurons innervating the 
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biceps or triceps muscles were retrogradely labelled and the SI was determined. The 

mediolateral (M-L) and dorsal-ventral (D-V) distribution of the corresponding motor 

pools in the spinal cord in mutants did not differ from wildtype littermates (data not 

shown). The localization and mean number of labelled motor neurons in the 

respective forelimb pool was very similar to previous reports (Tada et al., 1979; 

Crews & Wigston, 1990). 

 We next assessed EMG signals in Sema3F mutant animals housed in 

enriched environment cages to determine if increased motor stimulation influences 

the flexor-extensor muscle recruitment patterns in the forelimb. Similar to mice 

housed under normal conditions, we also found simultaneous EMG activity in biceps 

and triceps muscles upon stimulation of the ventral musculocutaneous nerve in 

enriched environment housed Sema3F animals (Fig. 26C).  

In addition to structural changes on the anatomical level and functional 

alterations in the recruitment patterns of muscles in sensorimotor circuits, adaptive 

mechanisms may also occur on a synaptic level by modulating excitatory and 

inhibitory input for the fine tuning of neuronal circuits (Sanes & Yamagata, 2009). To 

address this possibility, the density of excitatory glutamatergic synapses on lateral 

and medial motor neurons retrogradely labelled from distal forelimb muscles, 

respectively, was assessed. Mean vGlut1+ excitatory input on labelled lateral or 

medial motor neurons was not altered in 4 weeks old Sema3F mutants compared to 

control animals (Fig. 26E). 

In summary, we demonstrate aberrant EMG activity in dorsal upper arm 

muscles in Sema3F mutants upon stimulating a nerve normally supplying exclusively 

ventral muscles. This physiological abnormality is not paralleled by anatomical 

mislocalizations of Biceps brachii and Triceps brachii motor pools in the spinal cord. 

Even though increased behavioural stimulation through enriched environmental 

conditions improved motor coordination impairments and anatomical localization of 

forearm motor pools in Sema3F mutants, abnormal synchronous activity of dorsal 

and ventral antagonistic upper arm muscles persist in Sema3F mutants that were 

housed in an enriched environment.  
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IV.3.6 Overview of behavioural phenotyping in Sema3F and Npn-2 mutants  

 

 

Table 1: Summary of motor skills in Sema3F and Npn-2 mutants tested at 4, 8 and 12 

weeks.  

Overview of the behavioural performance of Sema3F housed under normal and enriched environment 

conditions (Sema3F EE) as well as Npn-2 mutants and wildtypes in locomotor tests of the designed 

behavioural test battery. Red visualises a significant difference of performance between mutants and 

wildtypes in the indicated test, green encodes comparable behaviour test outcome among the different 

genotypes. In case animals were not repetitively tested at 4, 8 and 12 weeks, missing time points are 

marked grey. 8 only and 12 only refers to animals solely tested at 8 or 12 weeks, respectively. Data 

were analysed with the nonparametric Mann-Whitney test; asterisks indicate significance *p<0.05, 

**p<0.01, ***p<0.001. 
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V DISCUSSION 

 
Locomotion in vertebrates relies on correctly laid-out spinal circuitries with efferent 

motor axons innervating their assigned target muscles and afferent sensory 

projections providing feeback information. Although several axon guidance ligand- 

receptor pairs mediating neural circuit wiring have been characterized (Tessier-

Lavigne & Goodman, 1996; Dickson, 2002), less is known about the impact of trans-

axonal communication among co-extending projections and the mechanisms and 

molecules involved therein. In this context my thesis focuses on the formation of 

sensorimotor projections and adaptive plasticity of locomotor circuitry in the postnatal 

animal.  

Using genetic ablation of motor or sensory neurons in mouse, I showed that 

co-extending spinal motor and sensory axons are interdependent for correct 

establishment of the limb circuitry. So far, data on the dependency of growing 

sensory on motor axons is available in the chick based on surgical removal of motor 

neurons as well as in the mouse by genetic ablation of EphA3/4 receptors in motor 

neurons (Landmesser & Honig, 1986; Wang et al., 2011). I refined previous results 

by showing that a minimal substrate of either projection is sufficient for correct timing, 

axonal fasciculation and the formation of stereotyped and precise trajectories.  

Embryonic loss of Npn-1 on motor projections of Olig2-Cre+;Npn-1cond-/- mice 

caused pronounced congenital forelimb posture abnormalities. This arthrogryposis-

like phenotype is associated with permanent deficits in functional forepaw extension 

and skilled locomotion, muscle atrophy and ultrastructural changes in extensor nerve 

composition, which are not susceptible to adaptive compensation.  

Newly established neuronal networks are flexible and amenable to adaptive 

changes. In adults, however, spontaneous functional and structural compensation is 

limited and was mainly studied in traumatic experimental CNS injury models so far. 

This work investigated the postnatal effects of genetically-induced embryonic 

miswiring of limb circuits and the competences for re-shaping these neural networks 

at structural and functional levels. We found that lack of Sema3F-Npn-2 signalling 

caused pronounced deficits in motor coordination, which tightly correlate with 

aberrant neuroanatomy. These parameters are accessible for compensatory 
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plasticity associated with functional motor improvement by housing in an enriched 

environment.  

In the following, I will discuss the obtained results in the context of published 

literature and give suggestions for possible directions of future research on the 

formation and plasticity of sensorimotor circuits. 

 

V.1 Coupling of sensory and motor axons during peripheral circuit 

assembly 

 
The question of mutual dependency of co-extending sensory and motor projections 

for correct target innervation and circuit wiring was addressed using a genetic 

approach. The cell-type specific activation of lethal DT-A expression specifically in 

motor or sensory neurons resulted in ablation of the majority of the targeted neuronal 

subtype albeit not in their complete removal. Temporal control of sensory projection 

growth and spinal nerve formation is sensitive to the presence of a minimum of motor 

axons. Sensory axons in turn influence tight bundling of motor fascicles and their 

timing of ingrowth to the limb. In summary, these data suggest reciprocal 

dependency of spinal motor and sensory axons to establish a stereotyped neural 

circuitry. 

 

V.1.1 Axon-axon interactions 

Seminal studies based on manipulations in chick embryos proposed that sensory 

axons depend on pre-established motor projections as an aligned substrate for the 

formation of their peripheral nerve patterns (Taylor, 1944; Landmesser et al., 1983; 

Honig et al., 1986; Landmesser & Honig, 1986; Swanson & Lewis, 1986; Tosney & 

Hageman, 1989). After early ablation of motor neurons prior to axonal outgrowth in 

chick embryos (HH17-18), the main nerve trunks and cutaneous nerves formed 

similar to controls whereas afferent muscle innervation in the wing or limb was either 

completely absent or critically reduced (Taylor, 1944; Landmesser & Honig, 1986; 

Swanson & Lewis, 1986). To completely remove motor neurons, rather large 

interventions like surgical ablation, UV irradation or ectopic transplantations of the 

ventral neural tube segments were necessary. These manipulations may lead to 
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disturbances in neighbouring tissues either through developmental scars or absence 

of required secreted signals after removal of the entire ventral spinal cord. 

 

Genetic ablation of motor neurons 

We therefore chose a genetic elimination strategy based on lethal DT-A expression 

to target early precursors of motor neurons and oligodendrocytes emerging from the 

pMN domain. Thereby the number of spinal motor neurons present at E11.5 in Olig2-

Cre+;DT-Afloxed mice was significantly reduced by approximately 2.6 fold for LMCl and 

3 fold for LMCm relative to controls whereas the assembly of sensory neurons in the 

DRG was not affected (Fig. 8). Compared to previously performed mechanical 

ablation of motor neurons in chick and frog, the advantages of our strategy based on 

genetic ablation lies in the highly selective elimination of Cre-expressing cells only. 

Thereby, the tissues where axons have to grow through remain untouched. 

Furthermore, combining the conditional DT-A line with Cre-lines targeting different 

neuronal subtypes allows to address the role of virtually any cell type a Cre-line is 

available for.  

In Olig2-Cre+;DT-Afloxed mice sensory projections were thinned and delayed but 

capable of correctly converging to the limb plexus and subsequently forming spinal 

nerves (Fig. 9,10). Compared to previous experiments using early surgical 

elimination of motor neurons in chick embryos (HH17-18), we report less profound 

impairments in sensory afferent formation and guidance. The underlying reasons 

may lie in the different experimental procedures and the consequential efficiency of 

motor neuron ablation. Surgical ablation is accompanied by removal or destruction of 

surrounding tissues to various extents. At HH17-18 the sensory precursors, NCC, are 

still migrating and have not yet coalesced into the dorsal root ganglia. Thus, focal UV 

irradiation or surgical removal of the ventral two thirds of the spinal cord to eliminate 

motor neurons (Landmesser & Honig, 1986; Swanson & Lewis, 1986) may also 

destroy spinal cord derived signals essential for NCC migration or differentiation 

(Kalcheim & Le Douarin, 1986; Le Douarin, 1986). The environmental-derived cues 

essential for NCC migration and pathfinding comprise ECM proteins, T-cadherin, 

PNA-glycoproteins and repulsive ephrin-B2 as murine NCC express the 

coressponding EphB receptor (reviewed in Krull, 2001). Supporting this notion, 

elimination of motor neurons after DRG formation (HH21) by removal of two thirds of 
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the ventral spinal cord did not influence the correct targeting or muscle innervation 

pattern of sensory axons in the chick hind limb (Wang & Scott, 1999).  

 Furthermore, the extent of motor neuron ablation likely determines the severity 

of the impact on sensory projections. Early surgical removal of ventral spinal cord 

parts completely ablated motor neuron precursors whereas the Cre-loxP based 

genetic approach achieved a critical reduction of motor neurons with a few surviving 

neurons that are still extending projections (Fig. 9). A recent study reported that the 

generation of spinal vAChT+ motor neurons and later on formation of projections 

were completely blocked when Olig2-Cre+ mice were crossed to the Rosa26-eGFP-

DT-A mouse line (Wang et al., 2011). Apparently, the time lapse of 16 to 20h 

between onset of DT-A activation and cell ablation is shorter in the Rosa26-eGFP-

DT-A mouse line (Ivanova et al., 2005) compared to 36 to 48h in the conditional 

R26:lacZbpAfloxDT-A mice we have used (Brockschnieder et al., 2004; 

Brockschnieder et al., 2006). Consequently, an earlier activation of DT-A may lead to 

a more complete removal of motor neurons and allow for analysis of sensory 

trajectory formation in complete absence of motor neurons. 

The few residual motor projections in Olig2-Cre+;DT-Afloxed embryos possibly 

laid out the motor tracts and thereby provided sufficient substrate for sensory axons 

to track along. The concept of transient or permanent pioneer axons establishing the 

initial axonal tract where axons of later born neurons migrate along has been 

described in grasshopper for axons crossing the ganglionic midline and reverse 

projection of sensory axons from the limb to the CNS (Raper et al., 1984; Klose & 

Bentley, 1989), DL-1 interneuron pathfinding and formation of the ventral nerve 

innervating the trunk in fish as well as for establishing thalamocortical connections in 

the cat (Kuwada, 1986; Ghosh et al., 1990; Pike et al., 1992). Interestingly, loss of 

pioneering axons significantly delays outgrowth of follower axons in grasshopper and 

fish (Raper et al., 1984; Kuwada, 1986; Pike et al., 1992). Along this line, we also 

reported a delay in axonal growth after partial ablation of motor precursors 

suggesting that the absence or reduction of pre-extended pioneer axons interferes 

with the timing of sensory afferent growth to the plexus (Fig. 9). 

 

Genetic ablation of sensory neurons 

Previous studies analysing the dependency of co-extending sensory and motor 

axons for proper spinal sensorimotor circuit formation in chick focused on the 
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influence of motor on sensory projections but not vice versa (Honig et al., 1986; 

Landmesser & Honig, 1986; Swanson & Lewis, 1986; Tosney & Hageman, 1989; 

Wang & Scott, 1999). Thus, so far no data on the impact of sensory on adjacent 

motor axons during embryonic neural circuit formation is available. However, data on 

motor neuron pre-specification with respect to peripheral targets together with 

smaller growth cone morphology and reduced expression of cell adhesion molecules, 

e.g. NCAM, in sensory axons suggest that motor axons are in the lead and sensory 

axons rather rely on motor neurons for selection of their pathways to the limb 

(Duband et al., 1985; Tosney & Landmesser, 1985b; a; Landmesser & Honig, 1986).  

We addressed the role of sensory axons for correct limb circuit formation in 

mouse embryos where DRG neurons were significantly reduced by expression of 

lethal DT-A in neural crest cell lineage derivatives (Ht-PA-Cre;Dt-Afloxed). Indeed, 

critically reduced numbers of sensory axons projecting to the limb did not interfere 

with motor axon pathfinding. Instead, co-extending sensory projections influence 

correct fasciculation of spinal motor nerves and their timing of ingrowth to the limb 

(Fig. 12,13).  

In conclusion, we could corroborate previous data from chick embryos on the 

dependency of sensory on motor axons for correct wiring of limb circuitry in 

mammals using a Cre-loxP based genetic approach instead of surgical ablation 

techniques. However, I unraveled that for the formation of stereotyped nerve pattern, 

sensory axons rely on only a minimal scaffold of motor projections. Additionally, the 

fasciculation and timing of co-extending motor projections during limb circuit 

establishment is mediated by sensory axons - an issue that has not been addressed 

previously. Furthermore, we could confirm the previous hypothesis of independency 

of motor from sensory axons in terms of trajectory fidelity, possibly due to motor axon 

pre-specification with regard to peripheral targets prior to spinal cord exit. 

 

Molecular cues mediating trans-axonal interaction 

Having shown the mutual influence of sensory and motor axons on fasciculation, 

timing of ingrowth to the limb and formation of stereotyped nerve projection pattern 

during spinal sensorimotor circuit wiring, the question arises which cues are 

mediating this interaxonal communication. Recently, evidence accumulated that the 

same axon guidance molecules and their cognate receptors mediating axon-

environment attraction or repulsion are also involved in the direct communication 
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between axons. Trans-axonal interactions have been implicated in the assembly of 

visual and olfactory circuitries, segregation of axial projections into discrete motor 

and sensory pathways and in mediating fasciculation and target specificity of 

projections to the developing mouse limb (Sweeney et al., 2007; Gallarda et al., 

2008; Imai et al., 2009; Huettl et al., 2011; Wang et al., 2011). For example, the 

correct sorting of axial motor and sensory projections into target-specific nerve 

bundles depends on interaction of EphA3/A4 receptors on motor axons and 

corresponding ephrins on sensory fibers (Gallarda et al., 2008). In the olfactory 

system, pre-target axonal sorting of olfactory sensory neurons (OSN) is based on 

trans-axonal interactions of Npn-1 and Sema3A expressed on their surface. Thereby, 

pre-target sorting determines the targeting of OSN in the olfactory bulb and, hence, 

the topography of the glomerular map (Imai et al., 2009).  

During sensorimotor limb circuit wiring co-extending motor and adjacent 

sensory projections are in the spatial positions for homo- or heterotypic axon-axon 

interactions. Partial ablation of sensory neuron precursors triggered defasciculation in 

specific spinal nerves (Fig. 12,13). This observation is consistent with previous data 

on genetic ablation of  Npn-1 in sensory neurons (Ht-PA-Cre+;Npn-1cond-/- ). Absence 

of Npn-1 on outgrowing sensory projections results in their exuberant growth as well 

as defasciculation of both sensory and motor trajectories with sensory growing ahead 

of motor projections (Huettl et al., 2011). Thus, the phenotypes described after 

removal of motor or sensory neurons might derive from blocking trans-axonal 

interactions by removal or significant reduction of the corresponding interaction 

partner, e.g. the Npn-1 receptor. 

 

V.1.2 Axon-glia interaction 

Over the last 30 years, the role of CNS glia cells at choice points or as intermediate 

targets influencing axon guidance, axonal sorting and targeting was characterized. 

Additionally, these reciprocal axon-glia interactions also regulate migration and 

survival of glia cells (reviewed in Learte & Hidalgo, 2007). In contrast, PNS glia 

mostly travel along laid-out axonal tracts and thus play a minor role in guidance of 

peripheral axons (Giangrande, 1994; Gilmour et al., 2002; Aigouy et al., 2004). 

However in terms of sensory axons, axon-glia interaction in the PNS of Drosophila 

contribute to correct timing and target fidelity of peripheral sensory axons and 
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formation of olfactory glomeruli (Bailey et al., 1999; Sepp & Auld, 2003). Loss of PNS 

glia early in embryogenesis causes stalling and misrouting of sensory axons (Sepp et 

al., 2001). Thus, the remarkable pathfinding capabilities of sensory projections after 

massive ablation of motor neurons and their projections (Olig2-Cre+;DT-Afloxed) might 

be due to peripheral glia that guide these sensory axons.  

To address this issue further, the effect of peripheral glia ablation on sensory 

and motor trajectory formation should be assessed by analysing embryos lacking 

Schwann cells and glial precursors. The receptor tyrosine kinase erbB2 on Schwann 

cells is required for their neuregulin-mediated survival and migration (Dong et al., 

1995; Mahanthappa et al., 1996). Thus, the impact of peripheral glia on growing 

sensory and motor axons can be addressed in erbB2-/- mice lacking Schwann cells. 

So far phenotyping of erbB2-/- mutants described axonal defasciculation of the 

phrenic nerve at E12.5. However, fasciculation status and pathfinding of sensory or 

motor projections to the developing limbs were not analysed (Lin et al., 2000). 

Alternatively, peripheral glia can be targeted by crossing available P0-Cre lines to a 

conditional DT-A mouse line for selective expression of lethal DT-A in Schwann cells. 

Thereby, the P0 promoter directs Cre-mediated recombination particularly to 

peripheral Schwann cells leaving other NCC derived cell populations such as DRG 

neurons unaffected (Feltri et al., 1999; Giovannini et al., 2000). 

 

V.1.3 Maintenance of developmental defects if Npn-1 is removed from motor or 
sensory neurons  

The data presented for the mutual dependency of motor and sensory axons covered 

the embryonic stages E10.5 to E12.5. Notwithstanding, the question arises if the 

observed impairments such as axonal fasciculation and timing of growth are 

maintained or corrected for at later embryonic stages or after birth.  

 Neurons are generated in excess during early embryogenesis, however, by 

E15.5 massive neuronal cell death reduces neuronal numbers to physiological levels 

(Oppenheim, 1991; Oppenheim et al., 1991). For Sema3A mutants, it was previously 

reported that abnormal peripheral projection patterns were largely correct by E15.5 

and thus undetectable in the postnatal PNS (Behar et al., 1996; White & Behar, 

2000). In contrast, Haupt et al. recently showed that after embryonic loss of Sema3A-

Npn-1 signalling the defasciculation of limb motor and sensory projections is retained 
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beyond the wave of neuronal cell death and in terms of the sciatic nerve even in the 

postnatal animal (Haupt et al., 2010). 

Unfortunately, whole mount staining becomes technically less feasible with 

increasing embryonic age due to the reduced penetrance of the applied reagents and 

increasing background in the utilised Hb9::GFP line to visualise motor projections. 

Although successfull whole mount stainings of mouse limbs have been reported until 

stage E15.5 (Haupt et al., 2010), it was not possible to visualise motor or sensory 

projections in Ht-PA-Cre+ or Olig2-Cre+;DT-Afloxed mice at E15.5. This might be due to 

lethal DT-A expression that significantly diminishes the amount of sensory or motor 

projections for staining and concomitantly increases the number of dying axons and 

their cell debris which produce unspecific background signals (Fig. 11C,D). 

The dramatic reduction of spinal motor neurons present in Olig2-Cre+;         

DT-Afloxed mice at E11.5 by roughly 3 fold relative to controls suggests that these 

mice are not viable and, indeed, we never found this genotype at weaning age (P21). 

Therefore, we cannot specify if increased death either occurs during embryogenesis 

or early postnatally. In addition to sensory neurons, activation of DT-A expression in 

the pan-NCCs line Ht-PA-Cre+ also targets craniofacial structures, endocrine, 

enterice and cardiac derivatives as well as melanocytes. However, we would expect 

Ht-PA-Cre+;DT-Afloxed mutants to be viable as no vital organs are affected as a whole. 

Especially the cardiac derivatives are mainly restricted to the endoderm of the aortic 

sac and do not target the entire heart tissue (Pietri, 2003). In fact, recombined Ht-PA-

Cre+;DT-Afloxed mice are viable and do not exhibit an overt phenotype postnatally 

although they were born at fewer (1:13) than predicted Mendelian frequencies (1:4). 

Thus, the morphology of the neuromuscular system and the functionality of the wired 

limb circuitry could be characterized postnatally in Ht-PA-Cre+;DT-Afloxed mice. 

Stimulation of different nerves innervating the forelimb with simultaneous recordings 

in antagonistic flexor and extensor muscles would provide data on the integrity of 

sensorimotor limb innervation and antagonistic muscle recruitment pattern. Thereby, 

dorsal-ventral misprojections, denervation due to stalling of nerve branches or 

mismatches between sensory afferents and motor projections might be unravelled.  
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V.2 Characteristic forelimb deficits in postnatal Olig2-Cre+;Npn-1cond-/-

mice 

 
Selective ablation of the axon guidance receptor Npn-1 from motor neurons during 

embryogenesis revealed its crucial role in the proper fasciculation and distal 

advancement of axonal projections innervating the limb. Postnatally, these Olig2-

Cre+;Npn-1cond-/- mice are characterized by forepaw posture abnormalities, congenital 

muscle dystrophy and altered extensor nerve composition on the ultractructural level. 

Hitherto, mutants with similar postnatal arthrogryposis-like forelimb deficits have 

been associated with defects in radial sorting or progressive motor neuropathy. In the 

following the phenotypes of these available mouse models and Olig2-Cre+;          

Npn-1cond-/- mice are compared and underlying molecular causes for the congenital 

muscle dystrophy as well as a potential role for Npn-1 in mediating axon-glia 

communication are discussed. 

 

V.2.1 Claw paw-like forelimb phenotype observed in Olig2-Cre+;Npn-1cond-/- mice 

The abnormal forepaw posturing that was observed in Olig2-Cre+;Npn-1cond-/- mutants 

at P0 strongly resembles the early-onset and morphology of limb posture 

abnormalities in mice homozygous for the autosomal recessive mutation claw paw 

(Henry et al., 1991). Positional cloning identified an insertion in exon 4 of the Lgi4 

gene as the underlying molecular basis for the observed claw paw (clp) phenotype 

(Bermingham et al., 2006). Affected forelimbs are flexed towards the body at one or 

more joints: the wrist and/or digits. Even though there is no active extension 

movement in mutants, the abnormal posture is not fixed as the digits and paw can be 

extended passively. Similar to clp mutants, we observed considerable variety in the 

severity of the phenotype: whether one or both forelimbs were affected, and in the 

extent of involvement of digits and/or wrist. In more severly affected clp mice, one or 

both hind limbs exhibit a mild weakness in active dorsiflexion in contrast to Olig2-

Cre+;Npn-1cond-/- mutants with no overt hind limb phenotype. The described 

abnormalities in fore- but not hind limbs is congruent with embryonic data showing 

that the ingrowth of distal-most motor and sensory projections is significantly reduced 

in fore- but not in hind limbs of Olig2-Cre+;Npn-1cond-/- mutants relative to controls at 
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E12.5 (Fig. 3I in Huettl et al., 2011). Thus, distinct forelimb nerves of Olig2-Cre+;  

Npn-1cond-/- mutants possibly did not reach and innervate their peripheral target 

muscles in contrast to unaffected hind limbs displaying normal distal advancement of 

ingrowing axons. 

Behavioural testing of general health parameters and overground locomotion 

in clp mutants revealed significant deficits in grooming, vertical and horizontal 

locomotion - impairments we did not detect in Olig2-Cre+;Npn-1cond-/- mice (Henry et 

al., 1991). Olig2-Cre+;Npn-1cond-/- mutants possibly accustomed themselves to 

walking on their fists due to the permanent flexion in the forepaws. Alternatively, the 

underlying sensory projections for pain sensation in their forepaws may also be 

impaired. Noxious sensory functions in the hind limbs of Olig2-Cre+;Npn-1cond-/-

mutants were tested on the Hot Plate and did not reveal deficits. Notwithstanding, so 

far we have not addressed if affected forepaws are hyposensitive to touch or pain. 

This issue could be tested using Von Frey hairs to determine the threshold for 

sensation of pressure applied with fine needles of different sizes to the forepaws 

(Pearce, 2006).    

However, more complex motor skills such as balance and motor coordination 

are severly impaired without improvement of locomotor performance during postnatal 

development (Fig. 17,18). Thus, Olig2-Cre+;Npn-1cond-/- mice did not reveal deficits in 

stereotyped but in more complex locomotor tasks which seem incapable of 

compensatory, plastic adaptions to improve the locomotor performance postnatally.  

 

V.2.2 Putative role of Npn-1 in radial sorting 

The common underlying neurogenic cause for the congenital limb posture deficits in 

clp mutants was assigned to deficits in axonal sorting and myelination of the 

peripheral nervous system. Adult clp mice showed general hypomyelination and 

delayed onset of myelination with postnatal large diameter fibers stalled in the 

promyelin state (Henry et al., 1991; Koszowski et al., 1998; Darbas et al., 2004). 

Ultrastructural analysis of the N.radial innervating extensor muscles in affected 

paws of adult Olig2-Cre+;Npn-1cond-/- mutants did not identify deficits in myelination 

properties nor abnormal unmyelinated, large diameter axons (Fig. 20). As the 

ultrastructural analysis of forelimb nerves in Olig2-Cre+;Npn-1cond-/- mutants were 

conducted at adult stage only, we cannot exclude a delay in the onset of myelination 
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in neonatals that is later on corrected. In order to address this issue, the g-ratio and 

composition of forelimb nerves in young Olig2-Cre+;Npn-1cond-/- mutants prior to 4 

weeks of age should be analysed.  

Although the forepaw posture abnormalities in Olig2-Cre+;Npn-1cond-/- mutants 

highly resemble the phenotype described for clp mice, our ultrastructural data rather 

demonstrate a preference towards small diameter axons and suggests deficits in 

axonal sorting as seen by a roughly twofold increase of fibers incorporated per 

Remak bundle in the peripheral extensor nerves of affected paws (Fig. 21). During 

the process of radial sorting the axonal diameter determines the binary fate of the 

immature Schwann cell becoming an unmyelinating Schwann cell associated with 

several axon fibers in a Remak bundle or, alternatively, a pro-myelin and eventually 

myelinating Schwann cell associated with a single axon in a 1:1 ratio (Webster & 

Favilla, 1984; Jessen & Mirsky, 2005). Thereby, reciprocal axon-glia communication 

is crucial for this axonal sorting event prior to the onset of myelination. Available 

mouse mutants with particularly impaired radial sorting like claw paw, laminin, beta1-

integrin, DN-ErbB4 comprise defects in basal lamina components or expression of 

glial receptors ErbB4 or Lgi4 (Feltri et al., 2002; Chen et al., 2003; Darbas et al., 

2004; Pietri et al., 2004; Yu et al., 2005; Bermingham et al., 2006). Among them claw 

paw resembles the described functional phenotype in Olig2-Cre+;Npn-1cond-/- mutants 

best, as the laminin and beta1-integrin mutants showed a progressive and postnatal 

onset of peripheral motor neuropathy with symptoms such as muscle weakness, 

tremor or paralysis (Feltri et al., 2002; Pietri et al., 2004; Yu et al., 2005). 

Furthermore, in DN-ErbB4 mice solely sensory axons are affected resulting in their 

progressive degeneration and increasing insensitivity to noxious thermal stimuli 

(Chen et al., 2003). 

One cause for the increased number of fibers sorted into Remak bundles in 

Olig2-Cre+;Npn-1cond-/- mutants could be aberrant axon-glia communication between 

the Npn-1 receptor normally expressed on motor neurons and its cognate interactor 

on the Schwann cell. Under normal conditions, Remak bundles are devoid of motor 

axons. Increased number of fibers per Remak bundle, however, could be due to 

aberrant sorting of some motor axons into Remak bundles. To test this hypothesis, 

the extensor nerve N.radial of affected paws in Hb9::GFP+;Olig2-Cre+;Npn-1cond-/- 

mutants should be screened by immunohistochemistry for ectopic presence of 

Hb9::GFP labelled motor axons in unmyelinated Remak bundles instead of in single 
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myelinated large diameter axons. Preliminary data from the laboratory suggests that 

motor axons are not missorted into Remak bundles in Hb9::GFP+;Olig2-Cre+;      

Npn-1cond-/- mutants. 

Alternatively, the axonal clusters ensheathed by Schwann cells are not Remak 

structures but immature Schwann cells stalled in maturation. To assess the question 

if expression of Npn-1 on motor neurons influences Schwann cell maturation, 

Schwann cell-axon bundles should be stained for maturation markers to distinguish 

immature (Krox20, Oct6) from non-myelinating mature (GFAP; NGFRP75) Schwann 

cells (Jessen et al., 1990; Blanchard et al., 1996; Murphy et al., 1996). 

Putative Schwann cell-derived interactors for the Npn-1 receptor on motor 

neurons could be a Npn-1 receptor for homophilic interactions, L1, Lgi4 or yet 

unindentified ligands (Castellani, 2002; Jessen & Mirsky, 2005; Bannerman et al., 

2008). The Lgi4 protein is extracellularly expressed and its C-terminal ß-sheet 

structure shares striking similarities with integrins and semaphorins – both known 

ligands for Npn-1 receptors (Bermingham et al., 2006; Nishino et al., 2010). 

However, since peripheral nerves in Npn-1Sema- mice carrying three point mutations in 

the binding site for semaphorins are ultrastructurally unaffected, we rather propose a 

mechanism independent of binding to the Sema domain but instead to cell adhesion 

sites in the full length receptor (Shimizu et al., 2000; Vander Kooi et al., 2007). 

 

 

Figure 27: Schematic drawing of the full length Npn-1 receptor.  

Besides the 2 CUB domains for binding of class III semaphorins, the Npn-1 receptor harbours 2 

FV/VIII domains capable of binding cell adhesion molecules and VEGF. In Npn-1Sema- mice, the three 

point mutants inserted into the N-terminal located first CUB domain abolish binding of class III 

semaphorins. (Modified after Gu et al., 2002). 
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V.2.3 Congenital muscle atrophy and postnatal muscle degeneration in Olig2-
Cre+;Npn-1cond-/- mice 

Analysis of muscle volume in affected forelimbs of Olig2-Cre+;Npn-1cond-/- mice 

revealed congenital muscle atrophy of forelimb extensors with progressive 

degeneration in neonatals during postnatal development (Fig. 16). Prolonged muscle 

denervation in degenerative motor neuron diseases like amyotrophic lateral sclerosis 

(ALS) or a mouse model of progressive motor neuronopathy (pmn) are parallelled by 

rapid and fatal muscle atrophy (Schmalbruch et al., 1991; Boillee et al., 2006). The 

reduced volume of extensor relative to antagonistic flexor muscles in the distal 

forelimb of Olig2-Cre+;Npn-1cond-/- mutants might suggest a complete absence of 

innervation of extensor muscles, an ongoing denervation thereof or a reduction of 

neuromuscular transmission.  

Embryonic skeletal muscles control motor neuron survival and numbers by 

providing a limited amount of trophic support (Phelan & Hollyday, 1991). A reduced 

muscle volume during embryonic development leads to reduced levels of trophic 

support and may cause programmed cell death of an increased amount of motor 

neurons. Thus, reduced extensor muscle generation during embryogenesis may be 

the underlying cause for alterations in extensor nerve innervation and survival. This 

issue could be addressed further by analysing aspects of muscle morphogenesis 

such as measuring the expansion of the myotome and onset of muscle differentiation 

in Olig2-Cre+;Npn-1cond-/- mutants.  

Additionally, particularly dorsal extensor muscles but not ventral forelimb 

flexors might have reduced innervation of motor projections. Data at embryonic stage 

E12.5 showed that motor projections in Olig2-Cre+;Npn-1cond-/- mutants were less far 

advanced than in controls. Furthermore, backfills from dorsal muscles in the 

forelimbs of Olig2-Cre+;Npn-1cond-/- embryos did not label motor projections in the 

brachial spinal cord where forelimb motor pools are located (Figs. 3I,4F in Huettl et 

al., 2011). These findings suggest that particularly motor projections to dorsal 

forelimb muscles are stalled or delayed, causing their denervation or hypoinnervation 

and consequently result in muscle atrophy.  

Besides correct innervation by motor projections, active forepaw extension 

requires functional neurotransmission at motor end plates. Mutations in genes 

encoding components of the neuromuscular junctions (NMJ) result in congenital 

myasthenic disorders (CMD) with symptoms such as muscle weakness, dropping 
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forelimbs and in severe cases neonatal lethality due to respiratory failure (reviewed in 

Engel & Sine, 2005). As Olig2-Cre+;Npn-1cond-/- mutants also exhibit dropping in 

forepaws, we assessed the shape and spatial distribution of nicotinic acetylcholine 

receptors (AChR) at NMJs in 2 extensor muscles Carpi Radialis longus and brevis.  

Experiments were performed by Tobias Gaisbauer, a Bachelor student I supervised 

(Gaisbauer, 2009). By the end of synaptogenesis (P30), the shape of mature AChR 

clusters, their spatial dispersion and the neuromuscular innervation pattern in Olig2-

Cre+;Npn-1cond-/- mutants are comparable to control littermates. These data suggest 

that morphologically normal NMJs are formed and maintained if Npn-1 is removed 

from motor neurons. It is therefore unlikely that abnormal NMJs are the underlying 

cause for the observed reduced extensor muscle volume in affected forelimbs. 

However, despite the morphology of synapses is unaltered in Olig2-Cre+;Npn-1cond-/- 

mutants, their functional neurotransmission should be determined by assessing for 

example the onset and duration of postsynaptic potential (PSP) as readouts . 

Together, congenital muscle atrophy with progressive postnatal degeneration 

in forelimb extensors of Olig2-Cre+;Npn-1cond-/- mutants is likely due to embryonic 

hypoinnervation or denervation of the respective muscles. Although the morphology 

of NMJs and their distribution on forelimb extensor muscles is comparable among 

mutant and control animals, their functionality still needs to be assessed. 

 

V.2.4 Oligodendrocyte precursors appear normal in Olig2-Cre+;Npn-1cond-/-  
mutants 

The basic helix-loop-helix transcription factor Olig2 is crucial for the generation of 

motor neurons and roughly 85% of all spinal oligodendrocyte precursors (OPC) via 

progenitors evolving from the pMN domain (Zhou et al., 2001). Newly generated 

OPC migrate from their site of origin in the ventral spinal cord to their prospective 

targets, the future white matter, and mature into myelinating oligodendrocytes (Miller, 

2002; Richardson et al., 2006). Since expression of the Npn-1 receptor is reported in 

migrating OPC of the murine optic nerve and in mature oligodendrocytes (Ricard et 

al., 2000; Ricard et al., 2001; Spassky et al., 2002), its loss on the surface of OPC in  

Olig2-Cre+;Npn-1cond-/- mutants might impair essential functions of spinal cord 

oligodendrocytes or precursors. Thus, Anna Truckenbrodt, a bachelor student I 

supervised, addressed the migration and maturation of newly generated OPC and 



DISCUSSION 

  -101 -

the myelination capabilities of mature oligodendrocytes in the spinal cord. Preliminary 

results obtained by in situ stainings revealed no obvious differences in the generation 

and migration of spinal OPC at the time points E13.5 (after the switch from motor 

neuron to OPC generation in the pMN domain), E15.5 (when OPCs migrated dorsally 

and populated the entire spinal cord) or P0 (after differentiation into mature 

oligodendrocytes). Additionally, myelination properties of mature oligodendrocytes in 

the spinal cord of Olig2-Cre+;Npn-1cond-/- mutants were indistinguishable from controls 

at P0 and adult stage (Truckenbrodt, 2009). For a more precise statement, the 

obtained qualitative data need to be further evaluated quantitatively. However, 

generation and migration of OPC as well es myelination by oligodendrocytes in the 

spinal cord seems to be independent of intrinsic Npn-1 expression. 
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V.3 Adaptive structural plasticity parallels motor recovery after Sema3F-

Npn-2 induced embryonic circuit miswiring  

 

The function of the ligand-receptor pair Sema3F-Npn-2 in axon guidance during 

embryonic circuit wiring is well characterized in literature (Giger et al., 2000; Marin et 

al., 2001; Cloutier et al., 2002; Sahay et al., 2003; Huber et al., 2005). However, its 

role in shaping early postnatal neural networks or in adaptive plasticity in adult mice 

is less clear. So far, there is compelling evidence that class 3 and 4 semaphorins in 

combination with their cognate receptors mediate synaptogenesis, axonal pruning, 

dendritic spine maturation and synaptic transmission (reviewed in Pasterkamp & 

Giger, 2009). My thesis focuses on postnatal adaptive rearrangements in miswired 

circuits after the loss of Sema3F-Npn-2 signalling. The data suggest possible 

mechanisms for structural and functional neuroplasticity in these mutants. Instead of 

a lesion-based model for adaptive plasticity, we used genetically induced wiring 

deficits in Sema3F or Npn-2 mutants to unravel the response of the nervous system 

to embryonic neuronal miswiring. Hitherto, neuroplasticity was mainly studied after 

experimentally induced injury to the CNS. Due to their lesion-based nature, these 

injury models have numerous disadvantages such as standardization of lesion size 

and severity across laboratories. Additionally, pronounced side effects after 

experimentally induced CNS injury like inflammation, haemorrhage and scar 

formation confound obtained results and thus analysis of neuroplasticity. 

 

V.3.1 Embryonic circuit miswiring in Sema3F and Npn-2 mutants causes a 
distinct locomotor phenotype  

Behavioural phenotyping in Sema3F or Npn-2 mice demonstrated that absence of 

Sema3F-Npn-2 signalling during neuronal circuit formation leads to postnatal motor 

deficits - particularly in motor coordination. Poor motor performance is evidenced by 

the increased time it takes mutant mice to traverse a horizontal ladder and by the 

increased number of slips (Fig. 22). Interestingly, effects on speed have not been 

observed in Sema3F or Npn-2 mutants subjected to tests analysing gross 

locomotion, anxiety or explorative behaviour. The locomotion speed in Sema3F or 

Npn-2 mutants and anxiety-related parameters such as percentage of time spent in 
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the center of the open field do not differ significantly from wildtype controls (Table 1). 

Thus, the decreased crossing speed of mutants in tests assessing skilled locomotion 

might rather be due to motor slowness for voluntary movement initiation or execution 

(bradykinesia) and/or coordination deficits because of unsteady, wobbly stepping.  

Compared to the phenotype observed in Sema3F mutants, locomotor deficits 

in absence of the receptor Npn-2 are slightly more severe and longer-lasting as seen 

in rotarod, wire climbing and beam walking tests (Fig. 23). These data suggest 

additional binding partners for Npn-2. Previous studies reported that Sema3C, an 

additional ligand for Npn-2, is expressed in specific subgroups of motor neurons in 

the developing spinal cord and thus might contribute to neuronal circuit wiring during 

embryogenesis (Chen et al., 1997; Cohen et al., 2005).  

Interestingly, the mutant population segregated according to their motor 

performance into two groups of wildtype-like and poor performers by 4 weeks of age 

(Figs. 22B,23B). One explanation for this significant difference in motor skills might 

be the variable penetrance of the phenotype. Indeed, retrograde-tracing in embryos 

lacking Sema3F-Npn-2 signalling revealed variable penetrance of dorsal-ventral 

pathfinding defects among mutants (Huber, unpublished observations). Alternatively, 

the differential segregation observed in Sema3F and Npn-2 mutants might be a 

consequence of variable compensatory adaptions in neonatals before behavioural 

testing started at 4 weeks. Voluntary locomotion among individual newborns varies in 

terms of quality and quantitiy and thus might be the underlying cause for high or low 

postnatal recovery in wildtype-like or poorly performing mutants, respectively. 

Available information on neurobehavioural testing of mice prior to weaning mainly 

focus on the appearance and development of milestones e.g. reflexes and early 

locomotion like pivoting and crawling (Tremml et al., 1998; Branchi & Ricceri, 2002; 

Heyser, 2004). Furthermore, overground walking starts in infant rodents within a time 

range of 12 to 21 days postnatally (Heyser, 2004). Therefore, assessing motor 

coordination capabilities in mice prior to 4 weeks of age is technically hardly feasible 

and also not reliable due to the physiological range in the onset of walking.   

During postnatal development from 4 to 12 weeks Sema3F and Npn-2 

mutants significantly improved their motor skills (Figs. 22,23). Previous data 

evidenced the positive effect of training on motor capabilities in mice after spinal cord 

injury (reviewed in Edgerton et al., 2004). In order to rule out that the observed motor 

improvement in animals repetitively tested at 4, 8 and 12 weeks is solely induced by 
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repetitive testing, data of their locomotor performance was compared with the 

additional cohorts tested only at the single time points 8 or 12 weeks. No significant 

differences in motor skills among animals tested repetitively or at single time points 

(Table 1) suggest that the improvement, particularly in poor performers, is due to a 

native capacity for compensation in postnatal mutant mice.  

 

V.3.2 Adaptive structural plasticity in Sema3F mutant mice 

Previous studies in embryonic Sema3F and Npn-2 mutants at E13.5 reported 

dorsal-ventral pathfinding errors of medial LMC neurons innervating ventral instead 

of their assigned dorsal muscles (Huber et al., 2005). We found that forelimb motor 

pools compaction and localization in early postnatal (4 weeks) and adult (12 weeks) 

Sema3F mutants revealed increased dorsal-ventral spreading of medial LMC 

neurons exclusively in poor performers (Fig. 24). Correlation of the neuroanatomical 

data obtained from the distal forelimb to motor coordination skills revealed a tight and 

predictive coupling of these two parameters on a single animal level in Sema3F mice. 

Poorly performing Sema3F mutants exhibit increased spreading of ventrally 

projecting LMCm motor pools at 4 and 12 weeks which is not the case in wildtype-

like mutants. Instead, the values of motor performance in the grid walk test and the 

scatter index of ventral projections in wildtype and wildtype-like mutants lie within two 

standard deviations from the wildtype mean (Fig. 24I).  

A possible explanation for the observed correlation of neuroanatomy to skilled 

motor performance lies in the fact that spinal localization of motor pools determines 

their peripheral muscle innervation pattern (Landmesser, 1978a; b; Hollyday, 1980; 

Gutman et al., 1993). An intriguing study by Romanes provided a topographic map 

linking the dorsal-ventral position of spinal motor pools to the proximo-distal location 

of innervated muscles in the cat hind limb (Romanes, 1951). A very recent elegant 

study built on these classical data showed that the precise connection of Ia sensory 

afferents to self spinal motor neurons critically depends on the correct positioning of 

the target motor pool in the dorsoventral tier domain in the spinal cord. Motor 

neurons of FoxP1MN∆ mutants lost their pool identity and therefore settle randomly 

and in aberrant positions in the spinal cord. Consequently, the scrambled motor 

neurons are falsely innervated by nonself sensory afferents (Surmeli et al., 2011). 

Thus, increased dorsal-ventral spreading of LMCm motor neurons of Sema3F 
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mutants into ectopic areas in the spinal cord may entail aberrant innervation of limb 

target muscles and eventually hindered motor coordination. More dorsally positioned 

motor neurons of distal flexors from the lower forelimb are presumably mis-

innervated by Ia sensory afferents originally targeting motor pools from the more 

proximal located Triceps brachii extensor muscle. This issue can be addressed by 

making use of the fact that CTB is also transported in sensory axons and labels 

sensory boutons (Surmeli et al., 2011). Injection of differentially labeled CTBs into 

distal forelimb flexors and the proximal Triceps brachii muscles can visualise nonself 

sensory input originally assigned for Triceps brachii motor neurons on dorsally 

mispositioned flexor motor neurons.  

How are motor neurons compacted into muscle-specific pools? While a 

combinatorial transcription factor code has been identified for the specification, little 

is known about molecular cues involved in the compaction of motor pools (Jessell, 

2000). Type II cadherins as well as β- and γ-catenins demarcate distinct spinal motor 

pools and influence positioning in the developing chick and mouse spinal cord. In 

addition, loss of cadherin-catenin signalling reduces the packaging density of spinal 

motor pools in the medial or lateral LMC (Price et al., 2002; Patel et al., 2006; 

Demireva et al., 2011). Similarly, the combinatorial expression of axon guidance cues 

and their receptors, e.g. class 3 semaphorins, neuropilins and plexins, in spinal motor 

neurons may contribute to motor pool clustering and patterning of sensory-motor 

connections during embryonic development. Thereby, repulsive signalling triggers 

clustering of adjacent motor pools and prevents the intermixing of different motor 

neuron subpopulations (Cohen et al., 2005; Zlatic et al., 2009). Thus, under 

physiological conditions Sema3F expression might be involved in the tight 

compaction of homonymous motor nuclei into distinct pools and thereby prevent the 

LMCm motor pools from ectopic spreading. Consequently, loss of inhibitory Sema3F-

Npn-2 signalling in subsets of spinal motor neurons allows for increased spreading in 

Sema3F mutant poor performers.  

 

V.3.3 Role of supraspinal input in postnatal neural plasticity 

More detailed analyses of locomotion and the neural circuits involved distinguish 

stereotyped, overground locomotion from skilled locomotion. While the first is mainly 

driven by spinal circuitry, the latter implies additional input from higher ordered 
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circuits such as corticospinal (CST) and rubrospinal (RST) tract (Goulding, 2009). 

Deficits in the accuracy of ipsilateral forelimb-hind limb foot placement on the grid 

walk in Sema3F mutants (Fig. 22D) may be an indication for defects in corticospinal 

connections (Metz & Whishaw, 2002). To investigate this possibility in Sema3F 

mutants, I analysed anteriogradely traced descending CST projections on defined 

spinal motor pools, which were retrogradely labelled from dorsal or ventral forelimb 

muscles. There were no obvious differences in the organisation and localization of 

the CST within the spinal cord or its projections to retrogradely labelled distal forelimb 

motor neurons between mutant and wildtype Sema3F mice (data not shown).  

However, to determine the role of pyramidal and extrapyramidal tracts in 

postnatal neural plasticity after genetically-induced circuit miswiring, a more detailed 

analysis is required. This would involve using a neurotropic virus for retrograde trans-

synaptic tracing such as Bartha Pseudorabies virus or Rabiesvirus CSV-11 (reviewed 

in Ugolini, 2010). The virus propagates from its site of injection, the muscles, to the 

spinal motor neurons innervating these muscles and via synaptically coupled 

neurons to the cortical neurons in layer V in the CNS (Coulon et al., 1989; Babic et 

al., 1993; Ugolini, 1995; Bareyre et al., 2004; Rathelot & Strick, 2006). Thereby, the 

topographic representation of specific forelimb muscles in the motor cortex is 

visualised and can be compared among Sema3F or Npn-2 mutants and control mice. 

Additionally the projection pattern of extrapyramidal tracts, such as the reticulospinal 

or rubrospinal tracts that are involved in initiation of movement and fine motor control, 

respectively, could be analysed following anterograde tracing by using biotinylated 

dextran amine (BDA; Raineteau et al., 2001; Ballermann & Fouad, 2006). 

 

V.3.4 Functional wiring of peripheral circuits in adult Sema3F mutants  
corroborates embryonic pathfinding deficits 

The functional wiring of sensorimotor circuits innervating the forelimb of Sema3F 

mutants was assessed by EMG recordings in individual dorsal or ventral muscles. 

Owing to the close proximity of adjacent muscles, no EMGs from single muscles 

could be recorded in the distal forelimb, where the anatomical data was obtained 

from. Therefore, Biceps and Triceps brachii muscles in the proximal forelimb were 

chosen as ventral and dorsal antagonists, respectively. Our data suggest an aberrant 

muscle recruitment paradigm in all Sema3F mutants: stimulation of the normally 
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ventrally projecting musculocutaneous nerve elicits synchronous activity in Biceps 

brachii and antagonistic Triceps brachii muscles, which was never observed in 

wildtype littermates (Fig. 26C). The underlying cause for the synchronous activity in 

antagonistic forelimb muscles might be ectopic projections of medial LMC axons to 

dorsal limb muscles in addition to innervation of ventral muscles. Such pathfinding 

defects have been observed during embryonic circuit wiring in Sema3F mutants 

(Huber et al., 2005). Therefore, the data on functional motor innervation of the distal 

forelimb in all adult Sema3F mutants indicates that the genetically induced peripheral 

circuit miswiring in Sema3F mutant embryos persists postnatally and that false 

connections were not simply eliminated. 

 Our data obtained from behavioural phenotyping and neuroanatomical 

analyses showed that motor coordination and spinal organisation of motor pools of 

the distal forelimb correlate on a single animal level and differ in the two mutant 

groups wildtype-like and poor performers (Figs. 22,24). However, the 

electrophysiological data in these mutants do not correlate with behavioural or 

anatomical results. We found synchronous EMG recordings of antagonistic Biceps 

and Triceps brachii in all Sema3F mutants. Interestingly, the neuroanatomical 

characterization of the Biceps and Triceps motor pool representation in Sema3F 

mutants did not reveal an aberrant spreading (data not shown). This may arise from 

differences in the applied neuronal tracing methods: retrograde tracings of distal 

forelimb motor pools were performed by injecting virtually all muscles while in the 

proximal limb only individual motor pools of Biceps and Triceps brachii muscles were 

analysed. Since no postnatal molecular markers of individual motor pools are known, 

we cannot exclude that both Biceps and Triceps motor pools in Sema3F mutants 

increased spreading or changed location with respect to each other. Alternatively, the 

clustering of Biceps and Triceps brachii motor pool may not be dependent on 

repulsive Sema3F-Npn-2 signalling. To test this hypothesis, the expression of the 

Npn-2 receptor should be assigned to specific motor pools by combining 

immunohistochemistry for visualization of Npn-2 expression with retrograde tracing of 

the motor pools from distal forelimb muscles or proximal Biceps and Triceps brachii.  

 Housing Sema3F mutants in an enriched environment boosted improvement 

of motor function and resolved the anatomical mislocation of distinct forelimb motor 

pools (Fig. 25). However, increased motor stimulation in an enriched environment 

had no impact on the synchronous muscle recruitment paradigm of Biceps and 
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Triceps brachii muscles in Sema3F mutants (Fig. 26). One possible explanation for 

the synchronous activation of antagonistic, proximal forelimb muscles in all mutants 

independent of their housing conditions could be that the control of Biceps and 

Triceps brachii muscle activation might not be essential for proper motor coordination 

in Sema3F mutants. Biceps and Triceps brachii are two large muscles in the proximal 

forelimb that control flexion of elbow, supination of the forearm as well as extension 

of the forearm, respectively. Contrary, the distal forelimb harbours numerous small 

muscles each required for a distinct, fine controlled movement such as extensor 

minimi digiti for extension of the little digit in all joints. Hence, fine grasping of objects 

such as the rungs of the horizontal ladder might rather depend critically on the fine 

control of the interplay of various small muscles innervating the paw than on the 

action of large proximal forelimb muscles. 

Alternatively, modulatory input via extrapyramidal or pyramidal tracts from the 

CNS could shape the overall response despite persisting functional deficits in local 

peripheral sensorimotor circuits of the forelimb. Thus, the muscle activation deficit in 

Sema3F mutants characterized by EMGs persists in local spinal circuits independent 

of the housing conditions but higher-ordered modulatory input on these circuits 

ensures improvement of motor coordination capabilities. However, the tracts involved 

in modulation and the underlying mechanisms need to be determined.  

 

V.3.5 Excitability of peripheral limb circuits is unchanged in Sema3F mutants  

Besides structural changes on the anatomical level and functional alterations in the 

recruitment patterns of muscles in sensorimotor circuits, adaptive mechanisms may 

also occur on a synaptic level by modulating excitatory and inhibitory input for the 

fine tuning of neuronal circuits (Sanes & Yamagata, 2009). 

Injury-induced neuroplastic rearrangements have been shown to go along with 

synaptogenesis, synaptic enhancement to strengthen certain circuits and changes in 

the excitability of spared neuronal circuits (Keller et al., 1992; Kleim et al., 1996; 

Nakazawa et al., 2006). Sema3F acts as a negative regulator of excitatory synapse 

input in dentate gyrus neurons (Tran et al., 2009). Additionally, recent studies 

reported a shift of the well-adjusted balance of inhibitory to excitatory input on α- and 

γ- motor neurons to increased inhibitory conditions after spinal cord injury (Ichiyama 

et al., 2011).  
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To address the possibility of plasticity on the synaptic level, the density of 

excitatory glutamatergic synapses on lateral and medial LMC motor neurons which 

were identified by retrograde labelling from dorsal or ventral forelimb muscles, 

respectively, was assessed. Mean vGlut1+ excitatory input on labelled lateral or 

medial LMC motor neurons was not altered in 4 weeks old Sema3F mutants 

compared to control animals (Fig. 26D,E). Although the excitatory input is unchanged 

in 4 weeks old Sema3F mutants compared to wildtype, the inhibitory input may still 

be altered and thus lead to a general hypo- or hyperexcitability of specific peripheral 

limb circuitries innervating distal forelimb muscles. To rule out this possibility, mean 

vGAT inhibitory input on traced motor neuron pools of dorsal and ventral forelimb 

muscles needs to be assessed. 

Thus, alterations in excitatory synaptic input on sensorimotor networks 

innervating forelimb muscles are unlikely to contribute to the observed motor and 

functional deficits in Sema3F mutants. However, the role of synaptic inhibition in 

miswired peripheral sensorimotor circuitry in these mutants needs to be determined.  

 

V.3.6 Enriched environment housing promotes structural plasticity paralleled 
by improvement of motor coordination in Sema3F mutants  

Compelling evidence suggests that enhancing sensory, motor and cognitive 

stimulations in an enriched environment promote structural and functional changes in 

the nervous system including gliogenesis, neurogenesis, improved learning and 

positively influences the outcome of CNS damage or disorders such as stroke and 

Parkinson’s disease (reviewed in van Praag et al., 2000; Nithianantharajah & 

Hannan, 2006).  

Our data show that enriched housing conditions that stimulate motor 

behaviour and social interaction starting at birth significantly boosts locomotor skills 

in Sema3F mutants to wildtype level within the first 8 to 12 postnatal weeks (Fig. 25). 

These data fit with prior publications reporting beneficial effects of physical and social 

enrichment on motor functions in rodents suffering from a neurodevelopmental 

disorder, the Rett syndrome, or CNS injury (Johansson & Ohlsson, 1996; Jadavji et 

al., 2006; Kondo et al., 2008). Sema3F wildtypes, however, do not improve their 

motor skills significantly during postnatal development as seen in the grid walk, beam 

walk or wire climbing tests (Fig. 25). The latter observation might be due to a ceiling 
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effect in wildtypes as previously reported for rodent spinal cord injury models. 

Thereby, in-cage-activity already triggered spontaneous functional recovery to a level 

that cannot be improved further by activity based training, e.g. on the treadmill, 

(Fouad et al., 2000; Heng & de Leon, 2009; Kuerzi et al., 2010). 

During “critical periods” in early postnatal life, established neuronal networks 

are particularly receptive to experience-dependent circuit refinement as previously 

shown for the sensory and motor system (reviewed in Hensch, 2004). Moreover, 

housing rodents in an enriched environment during these definded time windows has 

profound impact on critical period plasticity (reviewed in Sale et al., 2009). 

Experiencing enriched housing conditions from birth on promoted the physiological 

maturation of retinal and visual cortex circuitry - the latter even in the absence of 

visual experience in dark-reared animals (Bartoletti et al., 2004; Cancedda et al., 

2004; Landi et al., 2007). Even in adult rats with amblyopia due to monocular 

deprivation, enriched stimulation facilitates plastic changes that restore visual acuity 

and ocular dominance. Hereby one underlying mechanism to unmask neuroplasticity 

lies in the intracortical inhibition of GABAergic neurotransmission (Hensch et al., 

1998; Fagiolini & Hensch, 2000; Sale et al., 2007). 

At the neuroanatomical level, wildtype-like ventral forelimb pool distribution 

was observed in Sema3F mutants raised under enriched conditions already by 4 

weeks whereas functional improvement of transient motor coordination deficits to 

wildtype-levels occurred between 8 to 12 weeks (Fig. 25A). Therefore, early enriched 

environment housing may accelerate structural refinement and adaption of 

embryonically miswired sensorimotor circuitry in Sema3F mutants resulting in spinal 

motor pool distribution indistinguishable among mutants and controls. One possible 

explanation for the delay in functional compared to neuranatomical improvements 

might be presented by the fact that neonatal mice start to walk at around 2 to 3 

weeks of age and consequently are able to use the provided devices for motor 

stimulation like running wheel and mini step ladder for a short time prior to 

behavioural testing at 4 weeks (Heyser, 2004). However, from these data we cannot 

conclude if early stimulation of physical activity and social interaction from birth is 

required in Sema3F mutants to restore motor functions later on. To address the issue 

further, additional cohorts of Sema3F mice are housed under regular conditions 

during the first 4 postnatal weeks and subsequently subjected to an enriched 

environment housing period of 4 weeks. Behavioural phenotyping on a weekly basis 
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and structural analysis of the underlying neuroanatomy in peripheral sensorimotor 

circuitry at 8 and 12 weeks should give insights into the extent of beneficial impact of 

late versus early enriched environment housing and the exact time point of motor 

improvement to wildtype level. 

Besides the environmental influence on neuroplasticity, there are reports on 

pharmacological compounds likewise promoting plasticity by reducing or neutralizing 

extrinsic inhibitory factors, such as myelin-associated inhibitors (MAIs) or chondroitin 

sulfate proteoglycans (CSPGs), that inhibit functional reorganisation of spinal circuits 

(Busch & Silver, 2007; Giger et al., 2010). Degradation of perineuronal nets (PNNs) 

composed of CSPGs by Chondroitinase-ABC treatment restored plasticity in the 

adult visual cortex (Pizzorusso et al., 2002; Pizzorusso et al., 2006). Thus, it would 

be interesting to assess the effect of pharmacologically inhibiting these extrinsic 

factors by e.g. Chondroitinase-ABC alone and also in combination with physical and 

social stimulation in an enriched environment on structural and functional plasticity 

after developmental circuit miswiring in Sema3F mutants. 
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V.4 Neurodevelopmental circuit miswiring and postnatal consequences 

During embryonic establishment of the nervous system, axons navigate to their 

peripheral - often distant targets - via instructive guidance cues. In the context of this 

thesis, three different mouse lines harbouring mutations in axon guidance cues or 

receptors were analysed postnatally to determine potential consequences of neural 

circuit miswiring and compensatory strategies in these animals. Hitherto insights into 

molecular and functional mechanisms to adapt to neurodevelopmental circuit 

miswiring are scarce - in contrary to the knowledge on neuroplasticity at spinal and 

supraspinal levels in CNS injury models (Bareyre et al., 2004; Ballermann & Fouad, 

2006; Barriere et al., 2008; Courtine et al., 2008; Rosenzweig et al., 2010). However, 

experimental SCI models are associated with pronounced disadvantages such as 

low reproducibility of standardized lesions among different laboratories and unwanted 

side effects elicited in the tissue surrounding the lesion site. We circumvented these 

caveats by choosing genetically induced circuit miswiring to assess neuroplasticity. 

 The axon guidance cue-receptor pair Sema3F-Npn-2 instructs a specific 

dorsal-ventral innervation pattern onto motor axons. Sema3F-/- and Npn-2-/- embryos 

display specific pathfinding defects with medial LMC neurons misprojecting to dorsal 

in addition to their regular ventral limb targets (Huber et al., 2005). Postnatally, 

Sema3F mutants are viable and revealed deficits in motor coordination, localization 

of distal forelimb motor pools in the spinal cord as well as  in functional activation of  

antagonistic forelimb muscles. 

In Olig2-Cre+;Npn-1cond-/- mutants, the axon guidance receptor Npn-1 that is 

mainly involved in timing of axonal ingrowth and fasciculation status of peripheral 

motor and sensory projections, was specifically ablated in motor neurons. Mutant 

embryos displayed extensive defasciculation and reduced growth of motor 

projections into the limb (Huber et al., 2005; Huettl et al., 2011). Postnatally, these 

mutants suffered from permanent arthrogryposis-like forepaw impairments 

associated with a reduction in forelimb extensor muscles and further postnatal 

degeneration. Our data further suggest that the Npn-1 receptor is involved in 

Schwann cell-axon communication during radial sorting of axonal fibers. 

Interestingly, we found structural and functional compensation of behavioural 

deficits in Sema3F mutants while the forelimb impairments observed in Olig2-

Cre+;Npn-1cond-/- mice are of permanent nature. One explanation for the differences in 
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postnatal plastic capabilities may lie in the underlying disturbances during embryonic 

circuit formation – dorsal-ventral circuit miswiring (Sema3F and Npn-2 mutants) or 

defasciculation and reduced distal advancement of axonal projections to the limb 

(Olig2-Cre+;Npn-1cond-/- mutants). In Sema3F and Npn-2 embryos neuronal networks 

were established mainly correct with miswiring only in a subset of medial LMC motor 

neurons. In Olig2-Cre+;Npn-1cond-/- mutants extensor forelimb muscles are likely not 

innervated and thus not incorporated into forming sensorimotor circuits. Thus, our 

data suggest that miswired neuronal networks are susceptible to compensation at 

structural and functional level to refine pre-extisting networks but are unable to newly 

establish sensorimotor circuits postnatally after embryonic hypoinnervation or 

denervation of specific muscles.  

Although genetically induced circuit miswiring by mutations in axon guidance 

cues or corresponding receptors is the common basis in all three mouse lines 

analysed, the postnatal consequences differ significantly between structural and 

functional compensation in Sema3F or Npn-2 mutants and permanent impairments in 

Olig2-Cre+;Npn-1cond-/- mutants. Thus, I propose that Sema3F or Npn-2 mutant mice 

are useful models to assess the underlying mechanisms of postnatal adaptive 

plasticity under non-injury based conditions. Moreover, also extrinsic factors such as 

environmental influence, motor training and pharmacological compounds promoting 

neuroplasticity can be analysed. Olig2-Cre+;Npn-1cond-/- mutants did not reveal 

postnatal compensation but may serve as a model to analyse the consequences and 

mechanisms of congenital muscle atrophy in forelimb extensors followed by 

progressive degeneration postnatally. 
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VII APPENDIX 

VII.1 Abbreviations 

 
A Adenine (Purine base) 

Ampere 

aa Amino acid 

AChR Nicotinic acetylcholine receptor 

ALS Amyotrophic lateral sclerosis 

BB Biceps brachii 

BDA Biotinylated dextran amine 

BDNF Brain-derived neurotrophic factor 

BMC Bone mineral content 

BMP Bone morphogenetic protein 

BOS Base of support 

bp Base pairs 

°C 

C 

Celsius 

Cytosine (Pyrimidine base) 

c Concentration 

CAM Cell adhesion molecule 

cAMP Cyclic adenosine monophosphate 

cGMP Cyclic guanosine monophosphate 

clp Claw paw 

CNS Central nervous system 

CPG Central pattern generator 

CSPG Chondroitin sulphate proteoglycan 

CST Corticospinal tract 

CTB Cholera toxin B 

Cy2 Cyanine-2 (green) 

Cy3 Cyanine-3 (red) 

d Day(s) 

dest. Destilled 
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DMEM Dulbecco’s modified eagle medium 

DMSO Dimethylsulfoxide 

DNA Desoxyribonucleic acid 

dNTP Desoxy-nucleotide-tri-phosphate 

DRG Dorsal root ganglion 

DT-A Diphtheria toxin-A 

E Embryonic day 

ECM Extracellular matrix 

ECRB Extensor carpi radialis brevis 

ECRL Extensor carpi radialis longus 

EDTA Ethylenediaminetetraacetic acid 

EE Enriched environment 

eGFP Enhanced green fluorescent protein 

EMG Electromyogram 

EtBr Ethidium bromide 

EtOH Ethanol 

ETS E-twenty six transcription factors 

FCS Fetal calf serum 

FCU Flexor carpi ulnaris 

FGF Fibroblast growth factor 

g Gram 

G Guanine (Purine base) 

GABA Gamma-Aminobutyric acid 

GDNF Glial-cell-derived neurotrophic factor 

GFP Green fluorescent protein 

h Hour(s) 

Hb9 Homeobox gene Hb9 

HD Homeodomain 

HH Hamburger-Hamilton stage 

Ht-PA Human tissue plasminogen activator 

Isl1 LIM homeodomain protein Islet-1 

kb Kilobase pairs 

l Litre 

Lim1 LIM homeodomain protein Lim1 
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LMC Lateral motor column 

LMCl Lateral motor column lateral 

LMCm Lateral motor column medial 

M Molar (mol/l) 

m Mili 

MetOH Methanol 

MIA Multiple image alignment 

min Minute(s) 

mm Milimetre 

MMC Medial motor column 

MMCl Medial motor column lateral 

MMCm Medial motor column medial 

MN Motor neuron 

mRNA Messenger RNA 

n Nano 

Sample size 

N. Nerv 

NCC Neural crest cell 

NGF Nerve growth factor 

nm Nanometre 

NMJ Neuromuscular junction 

Npn Neuropilin 

NT-3 Neurotrophin-3 

OPC Oligodendrocyte precursor 

OSN Olfactory sensory neurons 

P Postnatal day 

PBS 

PCR 

Phosphate buffered saline 

Polymerase chain reaction 

PFA Paraformaldehyde 

pmn Progressive motor neuronopathy 

PNN Perineuronal net 

PNS Peripheral nervous system 

RA Retinoic acid 

RNA Ribonucleic acid 
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rpm Rounds per minute 

s Second(s) 

SCI Spinal cord injury 

SD Standard deviation 

SEM Standard error of the mean 

Sema Semaphorin 

Shh Sonic hedgehog 

SHIRPA SmithKline Beecham, Harwell, Imperial College, Royal London 

Hospital, phenotype assessment 

T Temperature 

 Thymine (Pyrimidine base) 

TAE Tris-acetat EDTA buffer 

TB Triceps brachii 

TE Tris/EDTA buffer 

TEM Transmission electron microscopy 

TF Transcription factor 

Tm Melting temperature 

TrK Tyrosine receptor kinase 

UTR Untranslated region 

UV Ultraviolet 

V Volt 

Wnts Wingless-and-Int 

wt Wildtype 

µ Micro 

  

 

 

 

 

 

 

 



APPENDIX 

  -145 -

VII.2 Index of figures 

Figure 1: Components of mono- and polysynaptic reflex circuits. 8

Figure 2: Supraspinal and local control of locomotion in vertebrates. 10
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