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SUMMARY 

 

In 1928, Ramon y Cajal stated in his •Degeneration and Regeneration of the Nervous SystemŽ that the 

central adult nervous system (CNS) was •fixed and immutableŽ and that neurons in the adult 

mammalian spinal cord were incapable of anything more than very limited or abortive growth. Due to 

this limited capability of axons to regenerate, injuries to the adult spinal cord are particularly traumatic 

and lead to permanent functional impairments. Two decades of research have shed new light on the 

mechanisms involved in degeneration and tissue destruction, and new biological concepts and 

mechanisms were found that can account for the failure of CNS neurons to successfully regenerate their 

axons after injury. Over the last few years promising experimental interventions to overcome this 

regenerative failure have been reported. Chapter 1 summarizes crucial characteristics of mammalian 

spinal cord development and injury, current observations concerning limited axonal regrowth as well as 

promising experimental therapeutic approaches to overcome neurite growth inhibitory conditions.  

Today Ramon y Cajal•s old dogma of a •fixed• neuronal set-up in the CNS is no longer tenable. 

Spontaneous, injury induced structural rearrangements of spared descending fibers and adaptations at 

the spinal level have been reported and contribute to spontaneous behavioral recovery observed after 

small lesions. Much recent work has focused on the identification and neutralization of factors in the 

adult CNS that restrict this spontaneous plasticity. Blocking Nogo-A, a myelin associated inhibitor of 

neurite growth, by monoclonal antibodies induces compensatory growth of descending motor tracts 

and almost full recovery of sensory as well as motor functions in animal models of spinal cord injury. 

Feasibility and effectiveness of anti-Nogo-A antibodies in human patients are currently investigated in a 

clinical trial. 

Rehabilitative treadmill training is the only widely established and routinely used therapy for human 

spinal cord injury but only a few laboratories use elaborate animal models to assess the effect of 

specific training paradigms or analyze the underlying mechanisms. In Chapter 2 we show that forced 

forelimb use (constraint induced movement therapy, CIMT) in adult rats after unilateral corticospinal 

tract injury led to behavioral recovery of the impaired forelimb on a skilled forelimb task, paralleled by 

increased growth and synapse formation of midline crossing fibers originating from the intact, 

contralateral CST. We used DNA microarrays to identify key molecules in the denervated spinal cord 

that might play an important role in activity dependent plasticity.  

Over the last 20 years of research it has become clear that no single therapeutic intervention will be 

sufficient to promote structural repair and functional recovery in the acutely and chronically injured 
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spinal cord. Spatially and temporally specific interventions are required in order to induce regeneration 

and guide regrowing fibers to appropriate targets. In Chapter 3 we combined anti-Nogo-A antibody 

treatment with forced limb use after unilateral corticospinal tract injury. Both treatments independently 

led to behavioral recovery of skilled forelimb function back to pre-injury levels but a synergistic effect of 

the combined treatment could not be observed. 

In Chapter 4 we combined anti-Nogo-A antibody treatment and extensive treadmill training after a 

severe but incomplete lesion at the thoracic level. Both treatments alone improved functional recovery 

due to different specific modifications in stepping behavior suggesting that the plastic mechanisms 

underlying functional recovery associated with each treatment alone were different. The synchronous 

combination of both treatments did not show a synergistic but rather a detrimental effect, whereas 

delaying the start of training resulted in improved locomotor behavior. 

A short summarizing discussion in Chapter 5 leads to a final conclusion and outlook. 
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ZUSAMMENFASSUNG 

 

1928 führten Ramon y Cajals berühmte Untersuchungen zur Feinstruktur des Nervensystem zu der 

allgemeinen Schlussfolgerung, daß das Zentralnervensystem adulter Säugetiere aus einem starren, 

unveränderlichen Netzwerk besteht und Nervenzellen zu nicht viel mehr als beschränktem, 

unvollkommenem Wachstum in der Lage sind. Auf Grund dieses limitierten Wachstumsspotentials führt 

eine Verletzung des Rückenmarks zu oftmals verheerenden und lebenslangen Beeinträchtigungen 

sowohl sensorischer als auch motorischen Funktionen. Zwei Jahrzehnte intensiver Forschung haben 

unser Verständnis von den Mechansismen, die der Zerstörung und anschliessenden Degeneration des 

Nervengewebes zu Grunde liegen weitgehend verbessert. Es gibt heute eine Reihe von Erklärungen für 

das reduzierte Wachstumspotential adulter Nervenzellen als auch einige vielversprechende 

therapeutische Ansätze um dieses Problem zu überwinden. Kapitel 1 gibt eine detaillierte Übersicht 

über Teile der Entwicklung des zentralen Nervensystems, die schwerwiegenden Folgen einer Verletzung, 

die neusten wissenschaftlichen Erkenntnisse, die das verminderte Wachstumspotential zum Teil 

erklären, sowie über einige therapeutische Ansätze der letzten Jahre.  

Heute, nur 50 Jahre nach Ramon y Cajals dogmatische Ansicht über die Unveränderlichkeit des adulten 

Zentralnervensystems, sind seine Aussagen schon lange nicht mehr wissenschaftlich vertretbar. Die 

Reorganisation verletzter und intakter absteigender Bahnen sowie intraspinaler Schaltkreise wurde 

mehrfach beobachtet und man nimmt an, daß diese zur spontanen, funktionellen Erholung beiträgt wie 

sie nach inkompletten Verletzungen des Rückenmarks immer wieder beobachtet werden kann.  

Die Wissenschaft konzentriert sich heute zu einem grossen Teil auf die Identifizierung und 

Neutralisierung derjenigen Faktoren, die die Plastizität im adulten Zentralnervensystem limitieren. Ein 

Beispiel dafür ist Nogo-A, ein Molekül, das man unter anderem in der isolierenden Myelinschicht findet 

und das das Auswachsen von Nervenfasern hemmt. In verschiedenen Tiermodellen konnte aufgezeigt 

werden, daß eine Neutralisierung von Nogo-A mit Hilfe spezifischer Antikörper das Wachstumspotenzial 

von verletzten Nervenfasern beträchtlich steigert und gleichzeitig zu einer substantiellen funktionalen 

Erholung führt. Die Anwendbarkeit und Wirkung dieser Antikörper zur Behandlung 

rückenmarksverletzter Patienten wird im Moment in einer internationalen klinischen Studie getestet. 

Bis heute ist das Laufbandtraining die einzige therapeutische Behandlung, die in der Klinik nach einer 

Verletzung des Rückenmarks routinemässig und erfolgreich eingesetzt wird. Die Effizienz dieser 

Behandlung und die Mechanismen, die ihrem Erfolg zu Grunde liegen, werden jedoch bis jetzt nur 

vereinzelt an adäquaten Tiermodellen untersucht. Kapitel 2 beschreibt den positiven Einfluss von 
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Œforced limb use•, einer Rehabilitationstherapie für Arm und Hand, auch bekannt unter dem Namen 

Œconstraint induced movement therapy (CIMS)• in adulten Ratten nach einer einseitigen Verletzung der 

Kortikospinalbahn auf Höhe der Medulla oblongata. Diese Intervention führte zu einer verbesserten 

Feinmotorik des beeinträchtigten Vorderbeins und parallel dazu zu einem verstärkten Auswachsen 

sowie Synapsenbildung des intakten, kontralateralen Kotikospinaltrakts im denervierten Rückenmark. 

DNA microarrays geben Aufschluss über die Rolle spezifischer Moleküle, die an diesen 

aktivitätsabhängen plastischen Prozessen beteiligt sind.  

Die letzten zwanzig Jahre haben allerdings deutlich gezeigt, daß eine einzelne Therapie nicht ausreichen 

wird um ein ausreichendes Mass an Regeneration und funktioneller Verbesserung nach akuter oder 

auch chronischer Querschnittslähmung zu erreichen. Es werden verschiedene, zeitlich und räumlich 

genau aufeinander abgestimmte Interventionen nötig sein um eine robuste neuronale Regeneration zu 

induzieren und ein Auswachsen der Nervenfasern zu den richtigen Zielgebiete zu ermöglichen.  

In Kapitel 3 kombinieren wir Œforced limb use• nach einseitiger Verletzung der Kortikospinalbahn mit 

anti-Nogo-A Antikörper Behandlung. Jede der beiden Behandlungen für sich führte zu signifikant 

verbesserter Funktionserholung des verletzten Vorderbeins. Die Untersuchung bezüglich eines 

synergistischen Effekts beider Behandlungen war deshalb schwierig.  

Wir kombinieren in Kapitel 4 die anti-Nogo-A Antikörper Behandlung nach einer grossen inkompletten 

Läsion auf thorakaler Ebene mit intensivem Laufbandtraining. Unsere Ergebnisse zeigen erneut, daß 

jede der beide Behandlungen für sich die funtionelle Erholung signifikant verbessert. Präzise 

kinematische Untersuchungen des Laufverhaltens sowie anatomische Untersuchungen zeigen jedoch 

auch, daß jede der Behandlungen zum Erlernen stark unterschiedlicher Bewegungsmuster führt und von 

unterschiedlichen plastischen Veränderungen im verletzten Rückenmark begleitet wird. Die 

Kombination von Antikörperbehandlung und Laufbandtraining belegt von Neuem, daß beide 

Behandlungen zusammen keinen positiven Effekt, sondern - im Gegenteil - nachteilige Auswirkung auf 

die funktionell Erholung haben. Wurde das Laufbandtraining jedoch zeitlich verschoben und erst nach 

der Beendung der Antikörperbehandlung begonnen, kam es zu einer funktionellen Verbesserung.  

Eine kurze, zusammenfassende Diskussion in Kapitel 5 führt zum Ausblick auf weitere Projekte.  
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ABSTRACT 

 

Central nervous system (CNS) injuries are particularly traumatic due to the limited capabilities of the 

mammalian CNS for repair. Nevertheless, functional recovery is observed in patients and experimental 

animals, but the degree of recovery is variable. We review the crucial characteristics of mammalian 

spinal cord function, tract development, injury and the current experimental therapeutic approaches for 

repair. Regenerative or compensatory growth of neurites and the formation of new, functional circuits 

require spontaneous and experimental reactivation of developmental mechanisms, suppression of the 

growth inhibitory properties of the adult CNS tissue, and specific targeted activation of new connections 

by rehabilitative training. 

 

INTRODUCTION 

 

Repair of large lesions of the spinal cord or brain requires growth of neurites, either as compensatory 

growth of spared fibers or as true regenerative growth of lesioned axons. Both types of neurite growth 

are abundant following injuries of the newborn CNS. This window of opportunity closes, however, as 

CNS development ends, within a few weeks postnatally in rodents, and a few months in humans (Chen 

et al. 2002). Simultaneously, the cellular composition of the CNS changes dramatically by the 

differentiation of oligodendrocytes and the myelination of axons (Kapfhammer and Schwab 1994). The 

recently discovered neurite growth inhibitory proteins in CNS myelin represent an important factor in 

the restriction of neurite growth and CNS repair in the adult spinal cord and brain (Fournier and 

Strittmatter 2001; Schwab 2004). These factors, in particular the best studied representative, Nogo-A, 

also suppress the endogenous growth potential of neurons (Schwab 2004): Growth capacity is lower in 

adult CNS neurons than during development, and overexpression of the typic growth-associated 

proteins can enhance the regeneration capacity of adult CNS neurons (Bomze et al. 2001; Schwab 

2004). Furthermore, in cases of lesions that cause scar formation, scars are an additional important 

barrier, in particular for regenerating axons (Carulli et al. 2005).  

Several experimental manipulations, in particular the inactivation of the myelin-associated neurite 

growth inhibitor Nogo-A, its receptor subunit NgR, or digestion of the proteoglycans associated with 

scars, can lead to long distance regeneration of transected axons and also to marked increases in 

compensatory fiber growth (Carulli et al. 2005; Fournier and Strittmatter 2001; Schwab 2004). These 

fibers growing in adult CNS tissue seem to be able to recognize functionally meaningful targets; 

behavioral studies have shown recovery of locomotor as well as skilled forelimb movements in rats and 
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mice in the absence of obvious malfunctions (Bradbury et al. 2002; Li et al. 2004; Li and Strittmatter 

2003; Merkler et al. 2001). Neither the sequence of events nor the molecular mechanisms leading to 

the formation of new, functionally meaningful connections and circuits are presently understood. Initial 

molecular screens have shown the enhanced expression of neurotrophic factors, axonal guidance 

molecules and extracellular matrix proteins in denervated spinal cord tissue, along with enhanced 

expression of growth-associated and cytoskeletal proteins in neurons (Bareyre et al. 2002; Bareyre and 

Schwab 2003). It is, therefore, conceivable that developmental guidance and targeting mechanisms are 

re-expressed in the adult brain and spinal cord during repair processes. Fine tuning of the new 

connections may occur by mechanisms normally operating mainly during development, in particular 

activity-dependent stabilization and pruning. These mechanisms, which probably form much of the 

basis of neurorehabilitative training in partially injured spinal cord lesioned patients or following brain 

injuries, may be operational during spontaneous recovery as observed in animals and humans with 

moderate spinal cord or brain injuries, as well as under experimental conditions which enhance neurite 

growth, e.g. by suppression of growth inhibitory mechanisms. In the following chapters we review the 

crucial characteristics of mammalian spinal cord function and injury, the current experimental 

therapeutic approaches, the development of spinal cord tracts and circuits, and the current observations 

concerning spinal cord functional repair and its underlying mechanisms. 

 

The spinal cord in health and disease  

 

The mammalian motor system and its basic functions  

 

The motor system plans, coordinates and executes movements, which are in turn controlled by sensory 

feedback. Various networks at different levels of the nervous system coordinate different motor patterns 

(Grillner 2003). In mammals, a high degree of motor complexity exists, including relatively automated 

behaviors like breathing, walking, running and swimming, as well as skilled movements e.g. of the 

forepaw or hand manipulating small objects. The mammalian motor system has its centers on three 

main levels, spinal cord, brainstem and forebrain, containing successively more complex hierarchically 

organized motor circuits (Bizzi et al. 2000). Basic motor patterns underlying rhythmic limb movements 

as observed during running or swimming are generated by neuronal networks located within the spinal 

cord. Once learned, these movements seem effortless. Sensory feedback loops from muscles, tendons 

and skin modulate spinal motor networks. Similar circuits within the spinal cord participate in more 

complex voluntary movements governed by higher brain centers.  
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The brainstem controls posture and locomotion. Voluntary movements are goal directed and often 

controlled by complex cognitive and motivational activities. In mammals, several interconnected cortical 

motor areas control the whole motor system and in particular the muscles of hand, fingers and face. 

They initiate and execute complex voluntary movements either via projections to the descending 

systems of the brainstem and the spinal cord, or through direct projections from the primary motor 

cortex to spinal and cranial motoneurons. In order to evoke this broad variety of locomotor acts and 

skills, the motor system requires input of descending fibers from cortical as well as subcortical motor 

areas, feedback via afferent pathways and the integration of all these inputs in different spinal and 

supraspinal circuitries with very precise connections. The formation of such a complex networks is in 

part genetically determined, but also formed under important activity dependent influence during 

development. Different motor programs are continuously adapted and new skills learned, trained and 

finally executed with ease throughout life.  

 

Spinal cord injury  

 

Injury of the spinal cord results from compression by bone fragments of burst fractures or by displaced 

luxated vertebral bodies or disks. It is followed by loss of sensation and voluntary movements below the 

level of lesion. Large injuries lead to permanent disabilities, smaller lesions can be followed by various 

degrees of functional recovery. Injuries are classified according to their segmental level and their 

appearance as complete (ASIA score A) or incomplete depending on the amount of spared sensory or 

motor function (ASIA B … D). High spinal lesions lead to tetraplegia or quadriplegia (paralysis of all four 

limbs) whereas lower lesions lead to paraplegia (paralysis of the lower part of the body). Importantly, 

also in ASIA A patients complete anatomical separation of the spinal cord is very rare. Instead, bridges 

of nerve tissue connecting regions above and below the lesion often persist mostly in the periphery of 

the spinal cord (Kakulas 1999).  

Human spinal cord injuries are very hard to assess as they are variable and influenced by many different 

factors. In the past, a variety of animal models of spinal cord injury have been developed in order to 

investigate the effects of a lesion on behavioral outcome and recovery, as well as to search for 

mechanisms that are involved in tissue damage, and potential treatments.  

Neurons in the adult mammalian CNS show a very limited ability for neuronal repair whereas embryonic 

or peripheral nervous system (PNS) neurons do exhibit substantial regeneration capabilities after injury. 

For a long time, therefore, attempts to repair the injured adult spinal cord were considered a lost battle. 

Nevertheless, two decades of research, followed by rapid expansion of the field over the last few years 
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have now shed some light on the mechanisms involved in degeneration and tissue destruction as well 

as on the intrinsic neuronal mechanisms and environmental influences that are involved in the failure of 

axonal regrowth after spinal cord injury (Ramer et al. 2005; Schwab 2002; Schwab and Bartholdi 

1996).  

 

Secondary damage  

 

In animal models and most probably also in human spinal cord injury the final tissue damage is much 

larger than that of the first mechanical insult. Additional damage accumulates within the first hours and 

by a variety of reactive processes, commonly described as secondary injury (Beattie 2004; Beattie et al. 

2002; Beattie et al. 2000). This second phase of tissue loss can be divided into an acute, subacute and 

late phase and includes vascular changes, excitotoxic events, inflammation and scarring (Dumont et al. 

2001; Schwab and Bartholdi 1996). Ischemia is a central element; the central part of the cord often 

undergoes hemorrhagic necrosis. Inflammatory cells invade the lesion site in large numbers but their 

roles … protection, damage or both, - are not well understood (Perry et al. 1993). Several weeks after 

the injury macrophages have cleared the tissue debris at the lesion site, resulting in fluid-filled cysts 

surrounded by scar tissue (Schwab 2002).  

 

Intrinsic growth response  

 

Even though crushed or transected nerve fibers within the spinal cord do not regenerate, the neurons 

exhibit an initial growth response reflected by an up-regulation of immediate early genes, among them 

L1, c-Jun and c-Fos (Chaisuksunt et al. 2000a; Chaisuksunt et al. 2000b; Jenkins et al. 1993), 

cytoskeletal proteins, and the 43-kDa growth associated protein (GAP-43) (Caroni 1997; Mason et al. 

2003; McKerracher et al. 1993; Tetzlaff et al. 1994; Wintzer et al. 2004). These genes are typically 

expressed in developing neurons (Hunt and Mantyh 2001; Skene 1989) but low in most adult CNS 

neurons except in regions known for their plastic potential (Benowitz and Perrone-Bizzozero 1991). Up-

regulation of gene expression is followed by a spontaneous growth response called regenerative 

sprouting (Ramon y Cajal 1928; Schwab 2002). In CNS neurons these reactions to injury are weaker 

and more transient, whereas peripheral neurons enter a subsequent phase of axonal elongation and 

regeneration, often up to their former target. Overexpression of GAP-43 and the related protein CAP-23 

enhances the growth potential of CNS neurons (Bomze et al. 2001).  
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The absence of sufficient axonal growth stimulating cues as well as a variety of potent neural growth 

inhibitory factors present in the surrounding of neurons and axons in the CNS is thought to play a key 

role in preventing axonal regrowth and functional circuit repair after spinal cord injury. During 

development of the nervous system a variety of different cell types secrete neurotrophic factors that 

enhance neurite growth and can guide axons to their target regions. These factors may be absent in the 

adult CNS or they may have different functions and regulations. The role and relevance of endogenous 

neurotrophic factors for neurite outgrowth after injury remains to be investigated (Lacroix and Tuszynski 

2000).  

 

Myelin associated inhibitors  

 

Oligodendrocytes and CNS myelin were the first identified source of inhibitory factors for axonal growth 

and regeneration in the adult CNS (Schwab and Caroni 1988). In the avian or mammalian spinal cord 

the switch from permissive to restrictive repair states coincides with the onset of CNS myelination 

(Schwab 2004). A major part of the myelin associated neurite growth inhibitory activity in rat spinal 

cord is due to a high molecular weight protein now called Nogo-A (former NI-250, IN-1 antigen) 

(Caroni and Schwab 1988a; b). The role of myelin and Nogo-A in suppressing axon growth after spinal 

cord injury was first demonstrated in 1990 by antibody-mediated neutralization experiments (Savio and 

Schwab 1989; Schnell and Schwab 1990).  

Nogo-A was purified to homogeneity from bovine spinal cord in 1998 (Spillmann et al. 1998) and its 

cDNA cloned in 2000 (Chen et al. 2000; GrandPre et al. 2000; Prinjha et al. 2000). Since then a 

number of other myelin-associated molecules have been isolated that can exert axon growth-inhibitory 

effects at least in vitro; their in vivo relevance for CNS regeneration and repair remains to be shown. 

These molecules include the myelin-associated glycoprotein (MAG) (McKerracher et al. 1994; 

Mukhopadhyay et al. 1994), the oligodendrocyte myelin glycoprotein OMgp (Kottis et al. 2002), 

semaphorin 4D (Schwab et al. 2005) and 5A (Goldberg et al. 2004), Ephrin B3 (Benson et al. 2005) 

and several proteoglycans (Niederost et al. 1999). Nogo-A, MAG and OMgp might use a common 

receptor subunit, the so-called Nogo receptor NgR (Domeniconi et al. 2002; Fournier et al. 2001; Hu 

and Strittmatter 2004; Liu et al. 2002; Wang et al. 2002b).  
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Scar formation  

 

CNS injury leads to a complicated cellular and tissue response involving glial cells including astrocytes, 

oligodendrocyte progenitor cells and microglia as well as inflammatory cells, meningeal cells and blood 

vessels. Rapid proliferation and hypertrophy of astrocytes around the spinal injury is a characteristic 

response in all mammals shortly after spinal cord injury. These reactive astrocytes form an astroglial scar 

that is an important part of the physical and chemical barrier to axonal regeneration (Davies et al. 

1997; Fawcett and Asher 1999).  

A number of experiments have shown that the neurite growth inhibitory properties of astrocytes depend 

on the expression of CSPGs (Asher et al. 2000; Dou and Levine 1997; Grierson et al. 1990; Meiners et 

al. 1995; Morgenstern et al. 2002; Rhodes and Fawcett 2004; Schmalfeldt et al. 2000) which are 

strongly upregulated following injury.  

 

Axon survival  

 

In most parts of the CNS (with exception of the retina) axotomized neurons shrink and undergo atrophy 

but they do not die. Corticospinal and rubrospinal neurons have been shown to survive axotomy in the 

spinal cord for long periods of time (Barron et al. 1988; Kalil and Schneider 1975; McBride et al. 1990). 

Application of neurotrophic factors could fully reverse the atrophy of 1-year axotomized rubrospinal 

(Kobayashi et al. 1997; Tobias et al. 2003) as well as of corticospinal neurons (Giehl and Tetzlaff 1996).  

 

Recent therapeutic approaches  

 

It is unlikely that any single therapeutic intervention will be sufficient to promote complete functional 

repair of a severely traumatized spinal cord. Injury and the subsequent reorganization of the nervous 

system are dynamic processes which will require spatially and temporally specific interventions in order 

to induce regeneration and guide regrowing fibers to appropriate targets. Recent therapeutic 

approaches mainly focus on four essential goals:  

 - Preventing secondary cell damage  

 - Bridging the lesion and minimizing scar formation  

 - Promoting regrowth of axons and enhancing plasticity  

 - Restoration of function, rehabilitation  
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Neuroprotection  

 

Many attempts were made to minimize secondary damage with neuroprotective agents but animal 

models often gave contradictory results and clinical trials in traumatic brain injury, spinal cord injury and 

stroke were largely unsuccessful (Ditunno et al. 2003; Povlishock and Katz 2005). Corticosteroids, 

which reduce swelling and inflammation, show a small beneficial effect when given within the first 

hours after injury in human patients (Bracken et al. 1998). A concept of •protective autoimmunityŽ 

(Schwartz 2004), and pharmacological blockade of the rho GTPase (Dubreuil et al. 2003) are very 

recent experimental approaches to neuroprotection in animals after spinal cord injury.  

 

Grafts and bridges  

 

One of the pathological outcomes of spinal cord injury is the formation of cavities of varying sizes in the 

spinal cord (Bunge 1993; Bunge et al. 1997). Cell types that could be useful in order to bridge scar and 

cavities include olfactory ensheating cells, Schwann cells, neural stem cells, as well as transplants from 

fetal spinal cord (Bregman et al. 1997; Bregman et al. 1995; Lakatos and Franklin 2002; Olson 1997; 

Pearse et al. 2004; Ribotta et al. 2000; Santos-Benito and Ramon-Cueto 2003). Fetal neural and 

genetically engineered cells as well as fibrin or hydrogel loaded with growth factors that could attract 

and support growing axons are promising alternatives that are studied by various groups. One problem 

is, however, that the regenerating fibers also have to leave the bridge and to find their targets in the 

inhibitory environment of the adult spinal cord (Fawcett and Asher 1999; Fitch and Silver 1997; Lemons 

et al. 1999).  

 

Enhancing the growth response  

 

The ability of neurotrophic molecules to enhance an intrinsic cell response of severed neurons after 

injury have made them important candidates for promoting morphological as well as behavioral 

recovery after spinal cord injury (Blesch and Tuszynski 2001; 2002; Liu and Zhang 2000; McTigue et al. 

1998; Schnell et al. 1994; Tuszynski et al. 1994; Weidner et al. 1999). Injections, pumps, grafts of 

genetically modified cells that can secrete these factors or viral delivery systems can be used to deliver 

neurotrophic factors to the lesion site (Lacroix and Tuszynski 2000). Application of neurotrophic factors 

has been shown to change the intrinsic growth ability of different neurons by upregulation of GAP-43 

(Ramer et al. 2002; Ramer et al. 2000), Rag and cAMP (Cai et al. 1999), followed by neurite elongation 
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as well as long distance regeneration of different motor tracts (Grill et al. 1997; Horner and Gage 2000; 

Lacroix and Tuszynski 2000; Liu et al. 1999; Schnell et al. 1994). Neurotrophic factors enhance growth 

through fetal spinal cord transplants, peripheral nerve grafts (Chuah and West 2002; Houle and 

Johnson 1989; Oudega and Hagg 1999) and Schwann cell channels (Xu et al. 1995a; Xu et al. 1995b). 

Behavioral recovery has been observed in different lesion models (Grill et al. 1997; Jakeman et al. 

1998; Liu et al. 1999). 

 

Inactivation of neurite growth inhibitory factors  

 

Deletion of oligodendrocytes and prevention of myelin formation allows regenerative growth of 

transected axons in the differentiated spinal cord at normally non-permissive stages (Savio and Schwab 

1990). The use of monoclonal antibodies (mAB IN-1) raised against Nogo-A in order to block its 

inhibitory activity allowed axonal growth on myelin substrates, spinal cord frozen sections and cultured 

oligodendrocytes in vitro (Caroni and Schwab 1988b; Chen et al. 2000; Savio and Schwab 1989). The 

application of IN-1 antibodies in vivo enhanced sprouting and long distance regeneration of lesioned 

corticospinal tract fibers (Schnell and Schwab 1990).  
 

Figure 1 
Neutralizing the myelin associated neurite growth inhibitory 

activity through intrathecal application of Nogo – A antibodies in 

vivo enhances sprouting and long distance regeneration of lesioned 

corticospinal tract fibers. Specific behavioral tests like the 

horizontal irregular ladder - test shows behavioral improvement and 

significant recovery of locomotion in these animals. 

Changes in outgrowth after antibody treatment could also be observed in the rat optic nerve or 

cholinergic forebrain fibers (Brosamle et al. 2000; Cadelli and Schwab 1991; Weibel et al. 1994). An 

intrathecal application of Nogo-A antibodies through osmotic minipumps also showed an increased 

regeneration of corticospinal neurons followed by behavioral improvement (Brosamle et al. 2000) #328) 

and significant recovery of locomotion (Fig. 1) (Merkler et al. 2001, Liebscher 2005). 

These functional improvements suggest that new fibers can establish meaningful functional 

connections. Very similar results i.e. enhanced sprouting and long distance regeneration of descending 

tracts including the CST and greatly improved behavioral recovery in adult rats with incomplete spinal 

cord lesions, were obtained by inactivation of Nogo-A by intrathecal infusion of a soluble NgR 

fragment, by blocking NgR with an antagonistically active Nogo fragment (NEP1-40), or by blocking the 
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downstream signaling pathway of the myelin associated inhibitory signals (Domeniconi et al. 2002; 

Fournier et al. 2003; Li et al. 2004; McKerracher and Winton 2002).  

Preventing the formation of a regeneration…inhibitory scar after spinal cord injury has not been 

successful yet. Nevertheless, there has been progress in the attempt to neutralize the inhibitory effects 

of chondroitin sulfate proteoglycan accumulation (McKeon et al. 1995) following injury through an 

enzymatic digestion by chondroitinase ABC. Infusion or injection of chondroitinase enhanced axonal 

regeneration after injury and neurite outgrowth (Bradbury et al. 2002; Moon et al. 2001; Zuo et al. 

1998). Growth of lesioned neurons was accompanied by an increase in GAP- 43 expression, the 

restoration of post-synaptic activity and functional recovery (Bradbury et al. 2002).  

For several of these experimental therapeutic approaches that are successful in enhancing fiber growth 

and functional recovery in animals, human trials are currently planed or in preparation. This is true for 

anti-Nogo-A antibodies, olfactory ensheating cells, reagents to minimize scar effects, and Rho-A 

blocking reagents. The coming few years will show if the step from bench to bedside can be successfully 

achieved in spinal cord injury and CNS trauma without the danger of serious side effects or 

complications.  

 

Rehabilitation  

 

Rehabilitative physio- and ergotherapy are the only widely established and routinely used therapies for 

human spinal cord injury. Still, there are only very few standardized methods to assess the functional 

recovery after training (Curt et al. 2004), and only few groups use elaborate animal models to assess 

the effect of rehabilitative training or analyze the underlying mechanisms.  

In spinal cord injured patients training provides repeated practice of e.g. stepping with assistance from 

therapists or driven gait orthoses on a treadmill with body weight support (Dietz et al. 1994; Dietz and 

Harkema 2004). The beneficial effect of locomotor training in incomplete spinal cord injured patients is 

well established (Barbeau and Rossignol 1994; Dietz et al. 1998). It can lead to significant functional 

improvements like the gradual increase in patients• ability to support their body weight as well as a 

decrease in spasticity. Furthermore, there often is a significant increase in electromyographic (EMG) 

activity in leg extensor muscles during training, an effect which is suggested to be connected with 

improvement in locomotor function (Dietz et al. 1994; Dietz et al. 1995). Behavioral recovery seems to 

depend on the size of injury and probably correlates with spontaneous injury induced structural 

rearrangements (plasticity).  
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A better understanding on how much potential for plastic changes persists within the adult spinal cord, 

the specific circuitries involved, as well as the underlying mechanisms that potentate changes under 

normal conditions will help to use some of these mechanisms to increase plasticity after spinal cord 

injury. Some of these mechanisms can be expected to be similar or identical to these that configurate 

and fine tune the neuronal network during development. We, therefore, first briefly review the essential 

steps of nervous system and in particular neuronal circuit formation, and then return to regeneration 

and plasticity in the adult CNS.  

 

Development of spinal tracts  

 

Over the preceding few decades a lot of knowledge has been gained on the molecular basis of classical 

developmental processes such as neural induction (Wilson and Edlund 2001) and specification 

(Bertrand et al. 2002). Proper wiring of neuronal circuits during development comprises different 

stages; it is highly dependant on axonal outgrowth, elongation and guidance (Chisholm and Tessier-

Lavigne 1999; Guan and Rao 2003; Tessier-Lavigne and Goodman 1996) as well as dendritic 

architecture and the establishment of precise synaptic connections (Cohen-Cory 2002). 

 

Neuronal outgrowth  

 

Directed axonal outgrowth and pathfinding requires a variety of extracellular factors acting on the 

axonal growth cones. There are cell adhesion molecules for proper fasciculation, especially of follower 

axons with the pioneer fiber of a given tract (Tessier-Lavigne and Goodman 1996), neurotrophic factors 

which can also serve as soluble chemoattractants or repulsors (Huber et al. 2003; Yamamoto et al. 

2002) and the attractive or repulsive guidance molecules netrins, semaphorins, ephrins and slits 

(Kennedy 2000; O'Leary and Wilkinson 1999; Raper 2000; Wong et al. 2002a). Signalling mechanisms 

of these guidance cues have been studied in different systems (Guan and Rao 2003) where they can 

either attract or repel neurons depending on the receptors used as well as the levels of intracellular 

cyclic nucleotides and calcium (Hong et al. 2000; Zheng 2000). The retinotectal projection provides an 

excellent system to study topographic specificity in different animal species (Bonhoeffer and Huf 1980; 

Ichijo 2004) but the cues that guide retinal axons to the appropriate region of the tectum exist in other 

region of the CNS as well (Constantine-Paton and Capranica 1976). In the spinal cord the very early 

commissural axons (Bovolenta and Dodd 1990; Tessier-Lavigne et al. 1988) as well as the late growing 

corticospinal tract have been extensively studied (Joosten and Bar 1999; Schreyer and Jones 1982; 
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Terashima 1995). The dorsally arising commissural axons are attracted to the ventral midline (floor 

plate) by netrin-1, change their responsiveness to several cues after midline crossing (Shirasaki and 

Murakami 2001), and are driven out of the floor plate by the slit-robo and Ephrin-Eph signals 

(Kaprielian et al. 2000; Long et al. 2004). Dorsal root afferents grow to and end in specific dorso-

ventral laminae of the spinal cord, guided by neurotrophic factors and semaphorins (Chen and Frank 

1999; Masuda and Shiga 2005). The physiologically very important stretch reflex (muscle spindle Ia 

fibers synapsing directly onto motoneurons) involves coexpression of specific transcription factors in 

sensory and the corresponding motor neurons (Chen et al. 2003).  

Descending tracts: In contrast to the brainstem motor systems, the corticospinal tract reaches the cord 

late, i.e. in the first postnatal week (Kudo et al. 1993; Martin et al. 1980) after navigating through the 

internal capsule, cerebral peduncule, pons and medulla oblongata (Joosten 1997; Terashima 1995). At 

first semaphorins regulate the extension of the cortical axons towards the underlying white matter 

(Bagnard et al. 1998; Polleux et al. 1998). Later, the CST axons are attracted laterally towards the 

internal capsule through the chemoattractant netrin-1 (Bagnard et al. 1998; Metin et al. 1997) as well 

as Slit2 (Bagri et al. 2002). Finally ingrowth into the spinal cord starts at postnatal day P0 and reaches 

sacral levels at P9 (Gribnau et al. 1986; Schreyer and Jones 1982). GAP-43 is strongly expressed during 

this period of caudal extension and the cell adhesion molecule L1 may be involved in fascicle formation 

of later arriving axons (Fujimori et al. 2000; Joosten et al. 1990). 

The growing corticospinal fibers are restricted to their territory by Nogo-A and the myelin inhibitors of 

the dorsal funiculus as shown by anti-Nogo-A antibody experiments (Schwab and Schnell, 1991). 

Several Wnt genes, expressed in a high-to-low gradient from cervical to thoracic spinal cord in the grey 

matter surrounding the dorsal funiculus regulate anterior-posterior pathfinding of CST axons. Ryk, the 

vertebrate homolog of the repulsive Wnt receptor Derailed is highly expressed on CST axons (Halford et 

al. 2000; Liebscher et al. 2005; Liu et al. 2005; Yoshikawa et al. 2003; Zuo et al. 1998). Polyclonal 

antibodies directed against the ectodomain of Ryk blocked the repulsive effect of Wnt1 and Wnt5a (Liu 

et al. 2005). Ephrins and Eph receptors have an important role in restricting corticospinal fibers to only 

one side of the spinal cord: Ephrin B3 or Eph A4 knockout mice show an abnormal bilateral 

corticospinal termination pattern (Butt and Kiehn 2003; Yokoyama et al. 2001).  

 

Branching and dendrite formation  

 

Proper wiring of neuronal circuits during development is highly dependent on the morphogenesis of 

dendritic trees which is regulated by innate genetic factors, external molecular guidance cues as well as 
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neuronal activity. The pattern as well as the number of branches determines the nature and the amount 

of innervation that a neuron receives (McAllister 2000). Dendritic growth is a very dynamic process of 

extension, branching and retraction that has been well studied in different systems, for example the 

optic tectum (Cline 2001).  

A variety of extracellular guidance cues which were also required during neuronal outgrowth and 

pathfinding can elicit changes within dendritic morphology. Semaphorin 3A (Sema 3A) affects dendritic 

growth mediated through Neuropilin-1 (Polleux et al. 2000) whereas Cpg15 enhances dendritic growth 

and plasticity in response to synaptic activity (Nedivi et al. 1998).  

Bone morphogenic proteins (BMP) have been shown to influence dendritic growth through an increase 

in the microtubule associated protein MAP2 (Guo et al. 2001), whereas the cell adhesion molecule L1 

regulates dendritic growth in the developing cortex (Demyanenko et al. 2004). Glial cells are known for 

the fact that they regulate dendritic growth as well as arborization (Deumens et al. 2004; Lein et al. 

2002) and lately, Notch signaling has been described as a potential molecular regulator for dendritic 

growth (Redmond et al. 2000). 

Neurotrophins (BDNF, NGF, NT-3, NT-4) contribute to dendritic development by increasing dendritic 

complexity and dynamics in a spatially restricted and specific manner (Horch and Katz 2002; Horch et 

al. 1999; McAllister et al. 1995; Niblock et al. 2000). Many neurotrophic factors have been shown to 

be released in an activity dependant manner and there is strong evidence that neurotrophins are 

involved in activity dependant development of dendritic circuits and their plastic changes (Dijkhuizen 

and Ghosh 2005; Gorski et al. 2003; Jin et al. 2003; Kohara et al. 2001).  

Neuronal activity is playing a key role for fine tuning of dendritic growth and branching (Libersat and 

Duch 2004; Spitzer 2002). Visual deprivation decreases length as well as number of dendrites and 

blockade of neurotransmission can dramatically affect dendritic and axonal arbor morphology (Hensch 

2004; Ruthazer and Cline 2004; Wiesel and Hubel 1963). In contrast to this, exposure to enriched 

environment can increase dendritic growth and branching (Juraska 1982; Stell and Riesen 1987). The 

effect of activity on dendritic branching dynamics depends on the developmental stage of the dendrite 

(Rajan and Cline 1998; Wong and Ghosh 2002; Wu et al. 1996). Activity changes intracellular calcium 

levels which have been shown to be important for spine development (Bonhoeffer and Yuste 2002) as 

well as the stabilization dendritic branches (Lohmann et al. 2002) through CaMKII dependant 

regulation of the cytoskeleton. Furthermore, CaMKIV has been implicated in mediating calcium induced 

transcriptional activation (Redmond et al. 2002). 
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Synaptogenesis  

 

The function of the nervous system critically relies on the establishment of precise synaptic connections 

(for review (Cohen-Cory 2002; Juttner and Rathjen 2005; Waites et al. 2005; Zweifel et al. 2005). 

Synapse assembly is considered to be a process of multiple steps and begins when an outgrowing axon 

approaches its target region and establishes contacts. If correct and functionally meaningful, these 

initial contacts are stabilized through pre- as well as postsynaptic differentiation. The process is very 

complex and requires coordinated anterograde as well as retrograde signals between the axon and the 

target cell. Various classes of cell adhesion molecules are involved in this process (Craig and Boudin 

2001).  

There is strong evidence that the same family of neurotrophic factors known for their importance during 

dendrite formation also play a key role in modulating synaptogenesis as they play a key role in many 

aspects of synapse development and function (Poo 2001) as well as in structural plasticity within the 

developing brain (Prakash et al. 1996; Schuman 1999). Especially BDNF seems to be of outstanding 

importance as it regulates synapse formation and stabilization (Poo 2001), increases synaptic efficacy 

(Boulanger and Poo 1999), modulates the functional maturation of diverse synapses (Seil and Drake-

Baumann 2000) and is involved in plastic events within neuronal circuitries (Xu et al. 2000).  

Numerous studies support the concept that synapse formation and stabilization is a highly activity 

dependant process and that activity dependant mechanisms control levels of neurotransmitters and 

their receptors (Craig and Boudin 2001).  

 

Elimination and refinement  

 

One strategy used by the developing mammalian nervous system to establish neuronal circuitries is the 

overproduction of neurons, axons, branches and dendrites. Dendritic growth is often slow at first but 

then dramatically increases with a transient overproduction of dendrites in order to achieve the mature 

dendritic arborization (Luo and O'Leary D 2005). Refinement occurs as specific branches and segments 

are selectively eliminated so that only the projections that arise from the right area connect to the 

appropriate targets. The elimination of excessive synaptic input is a critical step in synaptic circuit 

maturation. 

In the developing spinal cord outgrowing CST axon collaterals of the forelimb CST extend into deeper 

laminae within the grey matter than in the mature cord (Li and Martin 2000). In addition, whereas in 

adult animals corticospinal tract neurons terminate almost exclusively contralateral to their cortical side 
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of origin, many axon branches recross at the spinal level in development (Martin 2005). Furthermore, in 

newborn animals a much higher amount of CST axons do not cross at the pyramidal decussation but 

project ipsilaterally. Many of these fibers are retracted subsequently (Joosten et al. 1992).  

It has been suggested that the developmental overproduction of connections serves to ensure that each 

target structure eventually receives an adequate input. The subsequent elimination is required to match 

the innervating neurons to the capacity of their targets and to shape precise functional connections and 

circuits. The cellular and molecular processes and mechanisms underlying collateral elimination are still 

largely unclear (Luo and O'Leary D 2005), but in many systems neural activity plays a key role 

(Goodman and Shatz 1993; Hua and Smith 2004). Activity dependant developmental refinement of 

terminal arbors has been demonstrated in the kitten spinal cord for the CST (Martin 2005). These 

results strongly suggest an activity dependant competition between developing corticospinal terminals 

and other tract systems. When the CST was silenced during the critical period, e.g. by intracortical 

infusion of muscimol (a GABA agonist), changes in termination patterns could be observed (Martin et 

al. 1999): Initially axonal branches were not maintained, resulting in a decreased number of terminal 

branches and synaptic boutons. The intact, active CST innervated properly but also maintained its 

ipsilateral connections (Friel and Martin 2005). Similar changes in CST innervation pattern could be 

observed after an inhibition of forelimb function (Martin et al. 2004) or cortical stimulations (Salimi and 

Martin 2004). Moreover, an increased number of muscle afferent boutons were present in the cervical 

grey matter after early postnatal lesion of the contralateral motor cortex, suggesting competition of 

innervation between CST fibers and muscle afferents (Martin et al. 2005).  

 

Plasticity and the critical period  

 

There is a certain postnatal time window when CNS circuits are formed and fine tuned, the so called 

critical period (Hensch 2004). Within this time period neuronal networks are highly flexible and capable 

of plastic changes in response to the environment, but also to destructive influences through e.g. injury. 

If lesions occur within this critical period, the CNS can react through rapid neurite outgrowth and the 

establishment of new functional connections that can partially or fully compensate for the lost functions 

(Bachevalier and Mishkin 1994; Kolb and Whishaw 1989; Payne and Lomber 2001). This window of 

opportunity for repair closes at a certain time which is specific for the animal species as well as the CNS 

area. The ability for plastic changes decreases in favor of the formation of stable, reliable networks with 

precise circuitries and connections. In the adult CNS the capacity for adaptive changes in response to 

injury is therefore rather limited.  
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Enhancing the ability of the CNS to react to injury through plastic changes similar to these operating 

during CNS development could provide a powerful way to compensate the loss of tracts or areas and 

form new functional connections. In order to achieve this we need to learn more about the factors that 

are involved in terminating the critical period during CNS maturation. How can we modulate or repress  

these factors and thereby increase the potential of the CNS to revert to a plastic, developmental stage?  

 

Plasticity within the adult CNS  

 

Spontaneous plasticity within the adult CNS  

 

The view that the adult mammalian CNS is •hard wiredŽ and incapable of significant plasticity is no 

longer tenable. Throughout life the adult brain retains a limited capacity for functional and structural 

reorganization in response to activity, behavior and skill acquisition that has been underestimated. 

Spontaneous reorganizations can occur at different levels including cortex, thalamus, brainstem as well 

as spinal cord following peripheral injury such as amputation, spinal cord injury or brain injury such as 

stroke. Spontaneous, injury induced structural rearrangements may contribute in an important way to 

the spontaneous behavioral recovery that has been observed after smaller lesions in rodents (Bareyre et 

al. 2004; Goldberger 1977) as well as in human patients (Blesch and Tuszynski 2002; Edgerton et al. 

2004; Raineteau et al. 2002; Sanes and Donoghue 2000). 

The primary somatosensory cortex (S1) is characterized by a defined somatotopic organization which 

makes it easy to distinguish discrete topographical changes after peripheral or central trauma. In 

animals and humans, different techniques like positron emission tomography (PET), functional MRI as 

well as transcranial magnetic stimulations (TMS) have been employed in order to investigate cortical 

reorganization after peripheral or central lesions. These studies show that the lack of afferent input due 

to local anesthesia, peripheral nerve lesion or amputation triggers a system wide reorganization, and 

spatiotemporal cortical plasticity is paralleled by subcortical reorganization (Faggin et al. 1997). Cortical 

territories controlling intact body parts tend to enlarge and invade cortical regions that have lost their 

input (Brasil-Neto et al. 1992; Brasil-Neto et al. 1993; Sadato et al. 1995). Patients with facial palsy 

e.g. revealed an enlargement of the hand representation with medial extension into the former face 

area (Rijntjes et al. 1997). Furthermore, the threshold to elicit movements was reduced (Donoghue et 

al. 1990; Sanes et al. 1990). In rats changes began within hours (Donoghue et al. 1990; Sanes et al. 

1988) and could be reversed after an epidural nerve block (Metzler and Marks 1979) or nerve 

regeneration (Wall et al. 1983). 
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Monkeys with limb amputation show a distorted sensory cortical representation and enlarged and 

overlapping cortical receptive fields (Merzenich and Jenkins 1993; Merzenich et al. 1984; Pascual-Leone 

et al. 1996; Pons et al. 1991). Stimulation of the deafferented motor cortex evoked movements in 

shoulder, trunk as well as face whereas a deafferented hindlimb cortex evoked movements of hip, trunk 

and tail (Wu and Kaas 1999). Cortical reorganization might in part reflect sprouting and expansion of 

afferents from the remaining peripheral territories into deprived areas at spinal cord, brain stem, 

thalamic or cortical levels. Since the topographic representation of the body is greatly magnified in the 

cortex, small subcortical changes can result in a dramatic cortical map changes (Jones 2000). 

Reorganization of S1 after amputation have been demonstrated in cats, racoons, rodents and bats 

(Kaas 1991) as well as in humans (Elbert et al. 1994; Flor et al. 1995). The functional significance of 

such reorganization events is still unclear but an increase of cortical control of the remaining muscles 

and body parts may lead to compensatory movement strategies. 

Reorganization is also thought to be responsible for regaining function in stroke patients affected with 

milder strokes. In animals studies recovery following small cortical lesions were shown to be associated 

with adjacent cortical areas taking over the function of the damaged areas (Kolb 2003; Nudo 1999). 

After small infarcts of S1 in owl monkeys the skin formerly represented by the infarct zone became 

represented in the surrounding cortical regions (Jenkins and Merzenich 1987). Motor recovery can be 

mediated by the use of alternative cortical areas, in particular the premotor cortex in the damaged 

hemisphere, a field with access to spinal motoneurons (Dum and Strick 1991; Schmidlin et al. 2004). 

Spontaneous functional improvement after an ischemic infarct in the hand representation area of the 

primary motor cortex in adult monkeys has been associated with cortical reorganization: Intracortical 

microstimulation mapping after three months revealed an enlargement of the hand representation in 

the ventral premotor cortex remote from the lesion site (Nudo et al. 1996). This enlargement was 

proportional to the amount of hand representation destroyed. Several authors have raised the 

possibility that ipsilateral motor pathways might also play a role in functional recovery from stroke 

(Fisher 1992; Lee and van Donkelaar 1995; Lemon 1993). In general, recovery after small or medium 

sized lesions is probably due to parallel pathways ipsilateral to the lesion and to compensatory 

sprouting (Raineteau and Schwab 2001). When damage to a functional system is small, recovery within 

this system seems to be possible, whereas after complete destruction, substitution by functionally 

related system becomes the only alternative (Seitz and Freund 1997). 

The sensorimotor cortex projects to various subcortical targets (Antal 1984). Sensory as well as motor 

signals follow different parallel pathways which might substitute for each other. Partial lesions often 

impair but do not eliminate distinct functions. In adult animals, reorganization at the level of brainstem 
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motor nuclei has been especially well illustrated for the corticorubral pathway after unilateral or 

bilateral corticofugal tract lesion or cortical aspiration (Belhaj-Saif and Cheney 2000; Lawrence and 

Kuypers 1968; Raineteau and Schwab 2001).  

There are two main mechanisms in order to explain reorganization after peripheral as well as central 

injury. Changes that occur within minutes to hours following transient deafferentation in humans 

(Brasil-Neto et al. 1992; Brasil-Neto et al. 1993; Sadato et al. 1995) or nerve lesions in animals 

(Donoghue et al. 1990; Merzenich et al. 1983) are thought to be mediated through unmasking of 

previous present but functionally inactive connections. The unmasking of silent synapses can be 

achieved by increased excitatory transmitter release, increased density of postsynaptic receptors, 

changes in membrane conductance as well as a decrease in inhibitory input or removing inhibition from 

excitatory input (unmasking excitation) (Hendry and Jones 1986; Jacobs and Donoghue 1991; Welker et 

al. 1989). Long term changes, in addition to unmasking of latent synapses, were shown to be based on 

long term potentiation (LTP) and long term depression (LTD), synaptic changes which require NMDA 

receptor activation and an increase in intracellular calcium concentration as demonstrated in the motor 

cortex (Hess and Donoghue 1996a; b; 1994). Finally, axonal sprouting with alterations in synaptic 

shape, number, size and type (Florence et al. 1998; Kaas 1991) and growth of new horizontal 

connections (Das and Gilbert 1995) has been demonstrated in motor and sensory areas.  

In response to spinal cord injury, synaptic plasticity as well as anatomical reorganization can also occur 

at cortical and subcortical regions. In spinalized cats, the deafferented hindlimb region of S1 was 

incorporated into an expanded map of trunk and forelimb (McKinley et al. 1987). Four weeks after 

bilateral transsection of the CST in the lower thoracic spinal cord of adult rats, microstimulations within 

a cortical area that exclusively evoked hindlimb muscle responses in normal adult rats did lead to 

responses of forelimb, whisker, and trunk, thus demonstrating reorganization of the cortical motor 

representation (Fouad et al. 2001). TMS studies in human spinal cord injury patients revealed motor 

reorganization, as muscles immediately rostral to the lesion could be activated through bigger regions 

of the cortex. (Levy et al. 1990; Topka et al. 1991). On the other hand PET and fMRI studies showed 

that appropriate (e.g. foot, leg) motor areas can be activated by imagined movements, even in long-

term para- or tetraplegic patients (Corbetta et al. 2002; Curt et al. 2002).  

In contrast to reorganization within cortical or subcortical sensory and motor representation areas after 

spinal cord injury, our knowledge about plastic changes within the spinal cord is rather limited. A first 

insight into the astonishing plastic potential of spinal cord circuits was given by initial studies in 

spinalized cats: the isolated cord can learn through interactive training, when the body weight is 

partially supported and balance stabilized in order to produce or improve alternating stepping 



Circuit formation in the injured spinal cord 
 

24

movements (Barbeau and Rossignol 1994; 1987; Edgerton et al. 2004). The ability of animals to place 

paws correctly and initiate stepping gradually improved over the training period.  

In many animals and in humans partial injury of the spinal cord is followed by functional recovery which 

is often incomplete and correlates with the amount of spared descending fibers. In monkeys e.g. only 

25% of remaining white matter is sufficient for coordinated hindlimb locomotion whereas grasping 

movements do not recover (Eidelberg et al. 1981). Anatomical reorganization of spared descending 

fibers is very well documented in the developing CNS after sensorimotor cortex aspiration as well as 

unilateral CST lesion. Here the remaining CST fibers sprout heavily into the contralateral, denervated 

side followed by a high level of recovery of forelimb function (Aisaka et al. 1999; Kuang and Kalil 1990; 

Rouiller et al. 1991). In adults, the formation of midline crossing collaterals by spared descending fibers 

to the denervated side is either absent or very limited (Aoki et al. 1986; Goldstein et al. 1997; Woolf et 

al. 1992). Nevertheless, Bareyre and colleagues have shown recently that the spinal cord has the 

capacity to form new functional intraspinal circuits in response to injuries (Bareyre et al. 2004). 

Transected hindlimb CST axons sprouted into the cervical grey matter where they made contact to short 

and long propriospinal neurons. Synapses on the long propriospinal neurons that were spared by the 

lesion were stabilized; these neurons in turn increased their input on lumbar motor neurons, thus 

creating a new intraspinal circuit. Circuit formation correlated with the observed improvement of 

specific hindlimb functions.  

A better understanding of phenomena following spinal cord injury may be achieved using different 

imaging techniques such as functional magnetic resonance imaging (fMRI) or positron emission imaging 

(PET). In humans and animals the application of fMRI to the spinal cord remains a considerable 

challenge which is partly due to the inaccessibility of the spinal cord, its small physical dimensions, the 

distribution of white and grey matter and the surrounding CSF which all require high sensitivity and 

resolution (Stroman 2005). Despite of these problems a number of human and animal studies provide 

evidence that results obtained by spinal fMRI demonstrate areas of neuronal activity in the spinal cord 

and that this technique can be used as an adequate tool for clinical trials assessing spinal cord function 

as well as basic research (Bagley 2006; Majcher et al. 2006; Van Goethem et al. 2005).  

 

Regeneration, plasticity and neurite growth inhibitors  

 

The plasticity that exists in specific CNS areas in response to injury shows that adult axons and neurons 

retain a low growth potential in response to injury. Nevertheless, in comparison to the newborn CNS 

adult growth processes appear very limited especially in regard to fiber length. An intrinsic inability of 
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adult CNS neurons to maintain long distance growth is probably not the most important reason for this 

limitation as shown by the long distance axon growth into peripheral nerve grafts placed into the adult 

CNS (David and Aguayo 1981; Keirstead et al. 1989; Richardson et al. 1984). The obvious question 

was, therefore, that of the cellular mechanisms regulating or limiting structural plasticity in the adult 

brain and spinal cord.  

During development, oligodendrocytes appear late and myelin formation is one of the final major stages 

in the formation of the CNS architecture. First insights into the role of oligodendrocytes in restricting 

adult CNS neurite growth and plasticity came from observations on a pronounced negative correlation 

between the spatio-temporal levels of GAP-43 expression and myelination in the developing and adult 

CNS (Kapfhammer and Schwab 1994). Contact of growing neurites with myelin or oligodendrocytes 

induces long lasting growth cone collapse via defined intracellular pathways (Filbin 2003; Schwab et al. 

1993). This negative role of myelin on plasticity and growth has been shown in vitro (Schwab and 

Caroni 1988), followed by in vivo experiments that prevented oligodendrocytes development and 

myelin formation by repeated local X- irradiation, a procedure that enhanced lesion induced or 

spontaneous sprouting in parallel with persistent high levels of GAP-43 (Kapfhammer and Schwab 

1994; Schwegler et al. 1995; Vanek et al. 1998). Active inhibition of growth and plasticity by 

oligodendrocytes, therefore, appears to be a key element of the restricted repair capacity of the adult 

spinal cord and brain.  

 

Nogo-A and NgR  

 

Much recent work has focused on the identification and characterization of the factors in CNS myelin 

that restrict plasticity by inhibiting neurite outgrowth and inducing growth cone collapse. Using 

biochemical methods and bioassays, a high molecular weight component with strong neurite growth 

inhibitory activity was found as the first adult CNS derived growth inhibitor (NI-250 or IN-1 antigen, 

now called Nogo-A) (Caroni and Schwab 1988a; b; Chen et al. 2000; Spillmann et al. 1998).  

Molecular cloning of the Nogo gene (Chen et al. 2000; GrandPre et al. 2000; Prinjha et al. 2000) 

revealed that its longest splice form Nogo…A (1163 aa, 200kDa) has a large amino terminus followed 

by two transmembrane domains and a short C-terminal segment. In the adult CNS Nogo-A is 

synthesized predominantly by oligodendrocytes and localized in myelin within the innermost, adaxonal 

and in the outermost myelin membrane (Huber et al. 2002). The splice form Nogo-B (369 aa, 55kDa) is 

found in many tissues and cell types including adult neurons, whereas Nogo-C (190 aa, 25 kDa) is 
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expressed mainly in muscle (Huber et al. 2002). Functions of Nogo B and Nogo C are currently 

unknown.  

All three main products of the gene encoding Nogo share a sequence of 188 amino acids at their C-

terminus. This region of the protein shares homologies with three known genes, the reticulon proteins 

(RTN) (Oertle et al. 2003a). RTN proteins also show a variety of splice forms, but their functions are 

unknown. Analysis of active fragments of Nogo-A in neurite growth inhibition and growth cone 

collapse assays has demonstrated the existence of at least two active sites. One in the middle part of 

Nogo-A, and a second one in a loop of 66 amino acids between the two hydrophobic domains 

(Fournier et al. 2001; Oertle and Schwab 2003). Both sites are exposed on the surface of 

oligodendrocytes (Dodd et al. 2005; GrandPre et al. 2000). Two intracellular components of inhibitory 

Nogo signalling have been identified so far: calcium and the rho/rho kinase (ROCK) pathway (Bandtlow 

et al. 1993; Fournier et al. 2003; Niederost et al. 2002; Wong et al. 2002b). It is not well understood 

how these messengers are linked but inhibition of either component has been shown to prevent myelin 

or Nogo-A induced growth cone collapse as well as growth inhibition (Bandtlow et al. 1993; Fournier et 

al. 2003; Niederost et al. 2002). 

So far only one binding site receptor has been identified, the 443-residue glycosylphosphat- idylinositol-

linked leucine rich repeat glycoprotein NgR (Barton et al. 2003; Fournier et al. 2001; He et al. 2003). 

NgR interacts with the extracellular Nogo-66-domain (Fournier et al. 2001) and a short, biologically 

inactive Nogo-A specific site (Hu et al. 2005). This receptor transduces a growth inhibitory signal in 

neurons via a membrane complex involving p75 and/or Troy (Naito et al. 1993; Shao et al. 2005; Wang 

et al. 2002a; Wong et al. 2002b). LINGO1, another NgR interacting protein, was found recently as an 

essential member of a functional NgR receptor complex (Mi et al. 2004). A second, Nogo-A specific 

binding site/receptor has been demonstrated by fragment binding studies but awaits purification and 

molecular identification (Oertle et al. 2003b). As mentioned in Chapter 2, several other neurite growth 

inhibitory proteins have been found more recently in CNS myelin on the basis of in vitro assays. Their in 

vivo roles in preventing or restricting axonal plasticity and regeneration as well as functional repair after 

injury of the adult spinal cord or brain remain to be investigated.  

 

Inactivation of Nogo-A and NgR  

 

A neutralizing antibody against Nogo-A, the monoclonal antibody (mAb) IN-1, allowed a series of 

insights into the role of myelin associated neurite growth inhibitors in the injured and intact adult CNS 

(Schnell and Schwab 1990; Schwab 2004). IN-1 is an IgM that recognizes the region specific to Nogo-A 
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(Caroni and Schwab 1988a; Fiedler et al. 2002). Several crucial in vivo results have been reproduced 

with two new IgG anti-Nogo-A antibodies (Buffo et al. 2000; Wiessner et al. 2003); Liebscher et al 

2005). To investigate compensatory fiber growth and plastic events after spinal cord injury, the 

corticospinal tract was transected unilaterally at the level of the medulla oblongata (Thallmair et al. 

1998; Z'Graggen et al. 1998). In adult control animals sprouting was minimal at the transaction site as 

well as in the red nucleus or basilar pontine nuclei. In contrast to this, animals with grafts of IN-1 anti-

Nogo-A antibody secreting cells showed pronounced sprouting: Corticofugal fibers from the lesioned 

side crossed the midline of the brainstem and innervated the contralateral basilar pontine nuclei. These 

newly formed fibers sprouted across the pontine midline with topographically correct terminations and 

established synaptic contacts with the characteristics of normal corticopontine terminals (Blochlinger et 

al. 2001). Fibers also grew from the unlesioned CST across the spinal cord midline and branched into 

the denervated dorsal and ventral part of the spinal cord (Thallmair et al. 1998). This sprouting occurred 

at all levels of the spinal cord. Animals showed almost full recovery in sensory as well as motor tests 

including skilled forelimb reaching whereas control animals remained severely impaired (Fig. 2) (Emerick 

and Kartje 2004; Z'Graggen et al. 1998). 

 

Figure 2 

Compensatory fiber growth and plastic events after spinal cord injury 

were enhanced after Nogo – A antibody neutralization. Newly 

formed fibers established topographically correct terminations and 

synaptic contacts. Treated animals showed almost full recovery in 

sensory as well as motor tests including skilled forelimb reaching 

whereas control animals remained severely impaired.  

 

The complete bilateral interruption of corticospinal connections can be compensated by growth of 

corticorubral and rubrospinal pathways: in animals treated with mAb IN-1 new collaterals sprouted 

from the rubrospinal tract into the cervical spinal cord in a targeted manner (Raineteau et al. 2002). 

These sprouts grew into the ventral grey matter where they contacted motoneurons of forelimb muscles 

which are normally not directly innervated by rubrospinal axons (Raineteau et al. 2001). Cortical 

microstimulations induced fast muscle EMG responses like in healthy animals. These responses were 

abolished after an injection of the GABA receptor agonist muscimol into the red nucleus.  

Following focal cortical ischemic lesion in adult rats Nogo-A neutralization resulted in functional 

recovery of a forelimb reaching task, possibly through new cortico-efferent projections from layer V 

pyramidal neurons in the contralesional intact sensorimotor cortex to subcortical targets (Hu and 
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Strittmatter 2004; Papadopoulos et al. 2002; Wiessner et al. 2003). Cortical neurons also showed 

increased dendritic arborization and spine density in mAb IN1 treated animals (Papadopoulos et al. 

2005). Motor cortex stimulation of the intact side six weeks after injury showed a dramatic increase in 

movements of the impaired forelimb suggesting that the newly formed midline crossing fibers are 

functional (Emerick et al. 2003). Enhanced regeneration and neuroplasticity as well as functional 

recovery did also occur if antibody treatment or NgR blockade was delayed (Li and Strittmatter 2003; 

Seymour et al. 2005; Wiessner et al. 2003).  

Fibers that grow either spontaneously or through experimental manipulations in the adult spinal cord 

would have no function if they are not able to find their right targets. They can only lead to functional 

improvement once meaningful connections are established whereas the formation of random or even 

wrong synaptic connections would lead to malfunctions. Almost no information is currently available on 

these processes. It is conceivable that fiber tracts initially sprout profusely in a widespread projection 

pattern, followed by refinement and stabilization of the appropriate connections in an activity 

dependent manner. Expression of axonal guidance molecules and neurotrophic factors by the adult 

spinal cord in response to the selective loss of CST input has been shown, but the functional role of 

these molecules in an adult tissue environment remains to be analyzed in detail (Bareyre et al. 2002; 

Zhou et al. 2003; Zhou and Shine 2003). The clinical experience strongly suggests that functional 

recovery requires specific intense training. The challenge for rehabilitation is that any axonal 

regeneration and all these plastic events have to be beneficial rather than detrimental, and that 

maximal functional recovery is obtained for a given type of injury.  

 

Plasticity and Rehabilitation  

 

After a large spinal cord injury no or very little remaining tissue is left at the level of the lesion to 

conduct signals from the brain to neurons below the injury site, whereas local circuits above or below 

the lesion have lost their input but remain otherwise intact. Studies of locomotor recovery in animals 

with complete spinal cord transsection suggest that the adult mammalian spinal cord can acquire the 

ability to generate stepping after all descending input is eliminated and in the absence of axonal 

regeneration. Locomotor movements can be initiated by a variety of stimuli such as certain postures, 

peripheral nerve stimulation or exercise. Rehabilitative training has been shown to play a crucial role in 

teaching existing spinal pathways to generate locomotory patterns and respond appropriately to 

sensory feedback. Animal experiments gave rise to what are now routine rehabilitation measures in 

spinal injured patients. 
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Treadmill training in animal models  

 

First experiments were designed in order to assess the effect of treadmill training on the ability of the 

isolated spinal cord to generate stepping movements and standing after a complete spinal cord 

transaction at a low thoracic level (T12…T13) (Barbeau and Rossignol 1987; Edgerton et al. 2001; 

Edgerton et al. 2004; Rossignol et al. 1999). Locomotor recovery was compared between spinalized 

cats that received daily treadmill training and cats that were not trained following spinal cord 

transection. In the absence of training cats did execute successful steps with both hind limbs but they 

frequently stumbled. In trained cats the stepping pattern as reflected by EMG recordings was very 

similar to that of normal cats. They were capable of making more consistent and larger steps over a 

range of speeds while fully weight bearing (de Leon et al. 1998b; 1999a). Hindlimb standing after 

spinal cord transection improved with stand-training for 12 weeks; these cats stood with full weight 

bearing on their hind limbs five times longer than control animals.  

The observed plasticity and improvement of function was specific for the trained behavioral task; cats 

that were trained to step performed that motor task well whereas those trained for weight-bearing 

standing did not step well and vice versa (De Leon et al. 1998a; b; Hodgson et al. 1994; Lovely et al. 

1986). The newly learned spinal behavior is maintained through practice but deteriorates once exercise 

is stopped (De Leon et al. 1999a). Nevertheless, it can be re-established within one week of training. 

These results suggest that the isolated spinal cord can learn but it might forget these tasks without 

maintaining practice.  

Functional reorganization in the spinal cord as observed after destruction of descending supraspinal 

input might occur at different levels and by different mechanisms. Exercise can prevent atrophy of leg 

muscles and of spinal motoneurons and cause changes in their firing threshold and conduction velocity 

(Wolpaw 1997). Sensory feedback mechanisms stimulate intrinsic spinal circuitries and the afferent 

feedback is essential to adjust weight support and correct leg movement (Pearson 1995). Training has 

also been shown to modulate glycine and GABA mediated inhibition in the adult spinal cord of 

spinalized cats (de Leon et al. 1999b; Tillakaratne et al. 2000), suggesting that inhibition in the spinal 

cord was reduced via treadmill training (De Leon et al. 1999a).  

Another important molecular element may be the growth and neurotrophic factors; their expression can 

be stimulated through increased activity (Cotman and Berchtold 2002; Kempermann et al. 2000). Rats 

that were allowed to run voluntarily for up to seven days in a wheel show higher levels of BDNF as well 

as neurotrophin 3 (NT-3) in the spinal cord and muscle (Gomez-Pinilla et al. 2001). mRNA levels of 

BDNF receptor, synapsin I, GAP-43 and CREB were also increased in the lumbar spinal cord after 
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exercise. In turn, muscle paralysis by injection of botulinum-toxin A resulted in a decrease in BDNF and 

synapsin I in the spinal cord (Gomez-Pinilla et al. 2004).  

The often remarkable degree of locomotor recovery seen after incomplete spinal cord injury may be 

attributed in an important way to the formation of new compensatory connections and activity 

dependent reorganization of spared neuronal pathways (Bareyre et al. 2004; Basso et al. 2002). As 

little as 10% of descending spinal tracts are sufficient for some voluntary control of locomotion, and the 

number of fibers preserved in the ventral as well as lateral funiculus directly correlates with the 

functional outcome (Basso 2000; Schucht et al. 2002). Interestingly, when the spinal cord was 

completely cut after a certain time span these rats were still able to retain some of the recovered 

locomotion (Basso et al. 2002). As this is never seen after an acute complete transsection of the spinal 

cord the result points to long lasting reorganizations that took place in the lower spinal cord as a 

consequence of the first, partial lesion.  

 

Treadmill training after human spinal cord injury  

 

Treadmill training has been used with considerable success in spinal cord injured patients classified as 

functionally incomplete (ASIA B-D) and in stroke patients. It is now becoming routine in rehabilitation 

centers all over the world (Dietz and Harkema 2004; Edgerton et al. 2004; Wernig et al. 1995). The aim 

is to restore natural walking as much as possible which will also provide maximal sensory feedback 

important for modulation and adjustment of stepping (Maegele et al. 2002). Body weight is supported 

with a harness, the legs are moved by a physiotherapist or a robot.  

Treadmill training rather than conventional therapy resulted in remarkable improvements of locomotor 

capability depending, however, on the extent and location of the injury (Field-Fote 2001; Wernig et al. 

1998). Improvements made over several weeks were maintained for a long time period (Wernig et al. 

1995; Wernig et al. 1998). Nevertheless the situation was quite different in completely injured patients. 

These patients did show reactivation of the spinal locomotor pattern generator and also showed a 

decrease of spasticity (Dietz et al. 1994; Dietz et al. 1995). However they were not able to maintain 

stepping movements after the training sessions were stopped. Furthermore,  improvements seen on the 

treadmill could not be translated into independent overground walking (Wirz et al. 2001).  

Today, robotic devices are developed to study motor recovery with high consistency in training 

methodologies as well as for quantitative read-outs. They have been developed for mice, rats and 

humans (Colombo et al. 2000; de Leon et al. 2002a; de Leon et al. 2002b).  
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Training of forelimb function  

 

Research on spinal cord plasticity and neurorehabilitation has mostly focused on the recovery of 

hindlimb/leg function. Assessing the effect of therapeutic approaches and rehabilitative training on 

forelimb/hand function has proven to be more difficult as there functions are much more complex.  

First experiments on the effect of increased forelimb activity on behavioral recovery were based on the 

observation that monkeys with lesions of the pyramidal tract failed to use their affected limb and that 

the use of this limb could be improved if the unaffected limb was constrained (Taub et al. 2002; Taub et 

al. 1999). In later experiments somatic sensation was surgically abolished from a single forelimb. These 

animals did not use their limb under normal conditions; nevertheless, they could be forced to use this 

deafferented limb by restricting the movements of the intact limb (Knapp et al. 1963; Taub 1976). 

Several other studies have shown that reactivation and extensive training of forelimb function (Taub et 

al. 1994) can lead to improved motor performance after neurological damage and to almost complete 

reversal of motor disabilities (Chambers et al. 1972; Taub 1976).  

In order to overcome learned non-use, techniques used in monkey experiments were transferred to 

human patients, mostly stroke patients. These patients had to wear a sling on their non-affected side 

during 90% of their waking hours for 14 days (Taub et al. 1993) and received rehabilitative training of 

their affected arm. Control groups only performed passive movement exercises. After two weeks the 

treated group showed a significant increase in skill and quality of movements of the paretic arm and 

hand in comparison to the control group. These effects were probably dependent on the intensity of the 

training and not to the non-use of the impaired side (Winstein et al. 2003). Good success was also 

achieved through forelimb training with robots that do not require immobilization of the other arm 

(Fasoli et al. 2003; Ferraro et al. 2003; Lum et al. 2002a; Lum et al. 2002b; Riener et al. 2005). 

Training of the affected limb (Nudo and Milliken 1996) as well as constrain-use therapy resulted in 

cortical reorganization and in that the area surrounding the infarct region started to participate in 

specific movements (Liepert et al. 1998; Wittenberg et al. 2003).  

Rats with unilateral lesion of the forelimb area of the sensorimotor cortex develop sensorimotor deficits 

in the contralateral limb and a compensatory hyperreliance on the ipsilateral intact forelimb (Jones et al. 

1999; Jones and Schallert 1992; 1994; Schallert et al. 1997). Behavioral changes after forelimb 

sensorimotor cortex lesion in adult rats resulted in numerous time dependant structural changes in the 

motor cortex opposite the lesion such as growth of layer V pyramidal cell dendrites, increase in dendritic 

arborization, synaptogenesis and astrocytic reactivity (Jones 1999; Jones et al. 1999; Jones and 

Schallert 1992). These changes appeared to be use dependent: immobilization of the non-impaired 
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forelimb prevented dendritic growth and lead to severe behavioral deficits (Fig. 3) (Jones and Schallert 

1994).  

However, immediate intense training of the impaired forelimb shortly after the injury lead to an 

exaggeration of the initial cortical injury, a process that could be abolished by NMDA receptor blockade 

(Humm et al. 1999). 

 

Figure 3 

“Constraint-induced therapy” of the forelimb in the 

rat. Following unilateral corticospinal tract or 

motor cortex lesions (e.g. stroke in humans), the 

impaired limb shows greater recovery if the intact 

arm/limb is constrained by a bandage (patients) or a 

cast (rat).  

 

Nevertheless, complete disuse of the impaired forelimb during the first post operative week did lead to 

devastating effects on the functional outcome, without exaggerating anatomical damage (Bland et al. 

2001). This gave rise to the hypothesis that mild rehabilitative training early after injury could be 

beneficial, while either extreme overuse or complete disuse may disrupt reorganization and functional 

recovery (Leasure and Schallert 2004). The molecular mechanisms that underlay all these functional and 

anatomical reactions of the CNS to lesions and training remain a main research challenge for the 

coming years. 

 

CONCLUSION 

 

Is the repair of the injured spinal cord a recapitulation of development? Clearly, the long held view that 

successful regeneration of injured fibers simply requires reactivation of developmental programs 

appears too naïve, in particular due to the fact that the tissue composition of the adult CNS is radically 

different from that of the developing brain or spinal cord. This is true in particular for the presence of 

oligodendrocytes and myelin, structures which actively restrict nerve fiber growth and which appear late 

in development, simultaneously with the end of developmental fiber growth. In addition, astrocytes, 

which are important guidance structures in various parts of the developing CNS, have different 

properties and functions in the adult; their reaction to injury by the formation of a dense and growth-

inhibitory scar is an important restricting factor for axon regeneration following injury. Neurons, on the 
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other hand, are able to up regulate their growth machinery in response to lesions, although less well in 

the adult than during development. 

Several procedures which inactivate myelin-associated neurite growth inhibitors, in particular Nogo-A, 

or scar associated inhibitory proteoglycans induce regeneration of subpopulations of injured axons and 

enhance compensatory growth of spared fibers. Extensive behavioral studies of injury models in rats 

and mice (spinal cord injury, brain stem injury, stroke) have shown remarkable behavioral recovery in 

the absence of detectable malfunctions. These results strongly suggest that growing fibers have formed 

new, functionally meaningful and correct connections. This implies the existence of mechanisms of axon 

guidance in the adult injured CNS as well as mechanisms of target recognition and synapse formation.  

 

 
 

Figure 4 

Developmental circuit formation as well as successful regeneration of injured fibers in the adult CNS requires 

axonal guidance, target recognition as well as fine tuning and stabilization. To promote optimal functional repair 

after CNS injury specific interventions like neutralization of neurite growth inhibitory signals in CNS myelin and 

lesion scars, as well as the reactivation of growth programs similar to developmental mechanisms help to induce 

regeneration and guide regrowing fibers to their appropriate targets.  
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The fine tuning and stabilization of the new connections and circuits probably relies heavily on activity-

dependent mechanisms as shown by rehabilitative training in animal models and humans. Axonal 

guidance, target recognition as well as stabilization and differentiation of final axonal arbors may be 

highly similar to developmental mechanisms. Neurotrophic factors have been  shown to be expressed in 

response to denervation as well as training in the spinal cord, and they can influence regenerating and 

sprouting axons (Bareyre and Schwab 2003; Ying et al. 2005). Several developmental axonal guidance 

and ECM molecules were also seen to reappear in the adult CNS e.g. in areas that have lost a specific 

input (Bareyre et al. 2002; Bareyre and Schwab 2003; Ying et al. 2005).  

 

In summary, mechanisms that are specifically present in the adult CNS, in particular those related to 

neurite growth inhibitory signals in CNS myelin and lesion scars, as well as the reactivation of 

developmental mechanisms, especially with regard to axonal guidance, target selection, and activity-

dependent fine tuning and stabilization, collaborate during the process of regeneration, plasticity and 

functional repair in the injured adult spinal cord or brain. The essential goals for the coming few years 

will be to promote optimal functional repair of the severely traumatized spinal cord through spatially 

and temporally specific interventions in order to induce regeneration and guide regrowing fibers to 

appropriate targets without side effects or complications (Fig. 4). 
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AIM OF THE PRESENT WORK 

 

After spinal cord injury rehabilitative training plays a crucial role in teaching spared spinal pathways to 

restore locomotor patterns that can lead to behavioral recovery in animal models (Ackery et al. 2007; 

Edgerton et al. 2001; Edgerton et al. 2004; Rossignol et al. 1999) as well as human patients (Barbeau 

and Rossignol 1994; Dietz et al. 1998). Until now much of the research on neuro-rehabilitation after 

spinal cord injury has concentrated on the recovery of leg function whereas improving arm and hand 

function is of equal importance to the spinal cord community (Anderson 2004). 

The first aim of this study was the assessment of forelimb training (constraint induced movement 

therapy, CIMT) on behavioral recovery after a unilateral transection of the corticospinal tract at the 

brainstem level. Mechanisms of behavioral recovery induced by rehabilitation training are not well 

understood. In the lumbar spinal cord a number of intraspinal changes seem to account for training 

induced behavioral improvements (Cotman and Berchtold 2002; De Leon et al. 1999; Gomez-Pinilla et 

al. 2001; Tillakaratne et al. 2002; Wolpaw 1997). The often remarkable degree of locomotor recovery 

seen after an incomplete spinal cord injury is also attributed to sprouting of lesioned as well as spared 

descending fiber tracts leading to the formation of new compensatory connections (Bareyre et al. 2004) 

that can be further enhanced by a variety of interventions (Brus-Ramer et al. 2007; Thallmair et al. 

1998; Vanek et al. 1998; Zhou et al. 2003). Physical activity plays a major role in neuronal growth and 

refinement during development (Friel and Martin 2005; Martin 2005; Salimi and Martin 2004) but the 

effect of rehabilitative exercise on structural rearrangements in the injured spinal cord is not yet clear. A 

second aim of the present work was to investigate the effect of forced forelimb use after unilateral 

corticospinal tract injury on growth and synapse formation of the intact corticospinal tract as well as the 

investigation of the possible key factors responsible for activity induced structural changes. 

Optimal functional repair of the injured spinal cord will require spatially and temporally combined 

interventions to induce substantial regeneration and guide regrowing fibers to appropriate targets. An 

intrathecal infusion of monoclonal function blocking antibodies (11C7, 7B12, IN-1) directed against the 

myelin associated neurite growth inhibitor Nogo-A leads to long distance regeneration of descending 

axons (Brosamle et al. 2000; Liebscher et al. 2005; Schnell and Schwab 1990) and to an increase in 

compensatory fiber growth (Mullner et al. 2008; Schwab 2004) accompanied by behavioral 

improvements (Freund et al. 2006; Liebscher et al. 2005; Merkler et al. 2001; Z'Graggen et al. 1998) 

Locomotor training, in contrast, has been shown to lead to changes at the local level and to synaptic 

refinements during development (Craig and Boudin 2001) but also after injury (Ichiyama et al. 2008; 
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Petruska et al. 2007; Tillakaratne et al. 2002). When combining both treatments anti-Nogo-A antibody 

treatment might facilitate regeneration and sprouting of descending fiber tracts whereas exercise might 

optimize functional synapse formation and stabilization of new fibers leading to improved behavioral 

recovery. The third aim of my studies was therefore to investigate the interaction of anti-Nogo-A 

antibody treatment and locomotor training on motor performance after an incomplete spinal cord 

injury. 



Chapter 2 
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ABSTRACT 

 

Smaller spinal cord injuries often allow some degree of spontaneous behavioral improvements due to 

structural rearrangements within different descending fiber tracts or intraspinal circuits. In this study we 

investigate if rehabilitative training of the forelimb (forced limb use) influences behavioral recovery and 

plastic events after injury to a defined spinal tract, the corticospinal tract (CST). Female adult Lewis rats 

received a unilateral CST injury at the brainstem level. Use of the contralateral impaired forelimb was 

either restricted, by a cast, or forced, by casting the unimpaired forelimb immediately after injury for 

either one or three weeks. Forced use of the impaired forelimb was followed by full behavioral recovery 

on the irregular horizontal ladder whereas animals that could not use their affected side remained 

impaired. BDA labeling of the intact CST showed lesion induced growth across the midline where CST 

collaterals increased their innervation density and extended fibers towards the ventral and the dorsal 

horn in response to forced limb use. Gene chip analysis of the denervated ventral horn revealed 

changes in particular for growth factors, adhesion and guidance molecules as well as components of 

synapse formation suggesting an important role for these factors in activity dependent intraspinal 

reorganization after unilateral CST injury.  

 

INTRODUCTION 

 

Injury to the spinal cord leads to a disruption of ascending and descending fiber tracts followed by loss 

of sensation and voluntary movements below the level of the lesion. Whereas large injuries often lead 

to permanent disabilities, smaller lesions are followed by some degree of spontaneous functional 

recovery (Blight 1993; Burns et al. 1997; Little et al. 1999) which can be increased by rehabilitative 

therapies. The benefits of training on the recovery of sensory and locomotor function after spinal cord 

injury (SCI) have been demonstrated in animal models (Edgerton et al. 2004; Rossignol et al. 1999) and 

SCI patients (Barbeau and Rossignol 1994; Dietz et al. 1998) but the underlying mechanisms are still 

poorly understood. 

Regeneration and adaptive changes in response to injury are limited in the adult mammalian central 

nervous system (CNS) due to intrinsic neuronal mechanisms and environmental factors (Yiu and He 

2006, Schwab, 2002 #86). Nevertheless spontaneous reorganization has been reported on different 

levels and within different descending fiber tracts (Bareyre et al. 2004; Raineteau and Schwab 2001) 

and might contribute to spontaneous functional improvements (Dobkin 2000).  
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The corticospinal tract (CST) as one of the most important descending motor pathways for skilled 

movements in all mammalian species (Nudo and Masterton 1990, 1988) has been a frequent target to 

investigate injury induced plasticity within the adult CNS (Bareyre et al. 2004; Weidner et al. 2001). 

Within recent years there have been many attempts to increase the plastic potential of the injured CST. 

Neutralization of growth inhibitors such as Nogo-A or the Nogo-A receptor NgR (M. Thallmair et al., 

1998; M. E. Schwab, 2004; W. B. Cafferty and S. M. Strittmatter, 2006) as well as the expression of 

neurotrophic factors (Zhou et al. 2003; Zhou and Shine 2003) after unilateral CST injury were followed 

by increased growth of collaterals from the intact tract across the midline. Additionally stimulation of 

the intact CST promoted outgrowth of ventral fibers into the denervated grey matter (Brus-Ramer et al. 

2007). 

Research on plasticity and neurorehabilitation after SCI has mostly focused on the recovery of 

hindlimb/leg function. Assessing the effect of training on forelimb/hand function and the underlying 

structural and molecular mechanisms has proven to be much more difficult and complex. In one study 

Girgis and colleagues have shown that training of a reaching task was paralleled by increased sprouting 

of lesioned CST fibers above the injury followed by behavioral recovery of grasping (Girgis et al. 2007).  

In this study we investigate the effect of forced limb use after unilateral CST injury on behavioral 

recovery, compensatory growth, arborization and synapse formation of the uninjured CST. We also use 

a gene chip approach to define some of the key factors within the denervated spinal cord which could 

account for structural and cellular rearrangements in response to injury and forced limb use. 

 

METHODS 

 

Experimental Setup 

  

Adult female Lewis rats (180-200g) were obtained from a Specific Pathogen Free (SPF) breeding colony 

(R. Janvier, Le Genest-St-Isle, France) and kept as groups of four animals in standardized cages (type 4 

Macrolon) at a 12:12 hour light:dark cycle on a standard regimen with food and water ad libitum. 

Following BDA tracer injections into the contra-lesional forelimb motor cortex (described below) rats 

were divided into the following experimental groups: unlesioned animals (Intact), animals receiving a 

sham operation (Sham) and animals with unilateral CST injury (Pyx) at the brainstem level. Sham 

operated as well as injured animals were further subdivided: One group of animals returned to their 

home cage where they were able to freely move without any restrictions (free-use). In all other animals 
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a Plaster of Paris cast immobilized either the limb ipsilateral or contralateral to the lesion, forcing the 

animals to completely rely on their impaired (Forced use) or their unimpaired (Forced non-use) forelimb 

for either one or three weeks (Fig. 1). Additional groups of animals were operated, casted and used for 

Gene Chip analysis. All experiments were performed according to the guidelines of the Veterinary Office 

of the Canton of Zurich, Switzerland. 

 

 

 

Figure 1: Pyramidotomy, cast and experimental setup. The sequence of experimental steps is shown in the 
central panel. (A), Animals received a unilateral lesion of the corticospinal tract (CST) at the level of the medulla 
oblongata. Arrowhead, top panel: ventral aspect of brain with lesion. (B), The neuronal tracer BDA was injected 
into the opposite sensorimotor cortex. (C), Midline crossing fibers of the intact CST were counted 1 and 3 weeks 
after injury at the cervical level. (D), A Plaster of Paris cast immobilized the limb ipsilateral or contralateral to 
the lesion forcing the animal to either (E), completely rely on the impaired or (F), unimpaired forelimb for either 
1 or 3 weeks. Lower panel: Rat with restricted limb; Scale bar: 5mm. 
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BDA Tracing 

 

All surgical procedures were performed under aseptic conditions. One week prior to injury animals were 

deeply anesthetized with a subcutaneous injection of Hypnorm (0.3 mg/kg body weight; VetaPharma 

LtD, Leeds, England) and Dormicum (0.6mg/kg body weight; Roche Pharmaceuticals, Basel, 

Switzerland). For anterograde tracing of the unlesioned CST the caudal forelimb area of the contra-

lesional sensorimotor cortex was exposed (Neafsey et al. 1986). A 10% solution of biotinylated dextran 

amine (BDA 10.000 MW, Molecular Probes) in 0.01M phosphate buffered saline (0.1PB) was pressure 

injected stereotactically into the right motor cortex (coordinates: 1.5 mm anterior to Bregma, 2 mm 

lateral to Bregma, 1.5 mm depth) using a 5µl Hamilton syringe driven by an electric pump with a flow 

rate of 5nl/sec. A total volume of 3µl was injected at 5 injection sites, separated by 500µm. The syringe 

remained in place for 3 min after completion of each injection.  

 

Surgery 

 

One week after BDA injection all animals were anesthetized as described above. Unilateral pyramidal 

tract lesions were made according to the method described earlier (M. Thallmair et al., 1998; W. J. 

Z'Graggen et al., 1998) (Fig. 1A). Using an anterior approach, the ventral midline was transected, 

trachea and esophagus carefully displaced to the left and the surface of the occipital bone exposed by a 

deep blunt dissection. A small hole was drilled into the bone which revealed the medullary pyramids. 

The dura was removed and a fine tungsten needle inserted into a depth of ~1mm below the ventral 

brainstem surface just lateral to the basilar artery. The needle was laterally displaced and gently lifted, 

transecting the left CST just rostral to its decussation. In sham operated animals the dura was removed 

but the CST left undamaged. Finally esophagus and trachea were replaced and the muscles and skin 

closed by suture. Completeness of the injury was confirmed by histology approach in all animals and in 

a sample of animals by anterograde tracing of both sides of the CST with BDA. Animals with incomplete 

lesions were excluded from further studies. 

 

Forelimb immobilization 

 

Immediately after pyramidotomy surgery while animals were still anesthetized one forelimb was 

restricted as previously described (Jones and Schallert 1994). Animals were randomly assigned to two 

different groups where either their impaired or their unimpaired limb was immobilized by a Plaster of 
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Paris cast which resembled a one-holed vest around their upper torso and one limb (Fig. 1C). Animals 

were forced to completely rely on either their impaired (Forced use) or their unimpaired forelimb (Forced 

non-use) for either one or three weeks starting immediately after injury. In order to facilitate grooming 

and body hygiene all rats were randomly assigned to groups of a minimum of four animals per cage. 

Correct position of the cast was checked on each animal twice per day. Occasionally animals were able 

to remove their cast but were recasted immediately under light isofluorane anesthesia. All casts were 

removed either one or three weeks after injury and animals were able to recover for 48 hours before 

their performance was tested on the horizontal ladder test.  

 

Horizontal ladder test 

 

Two weeks prior to baseline •recordingsŽ animals were accustomed to the testing apparatus every 

other day until each animal voluntarily crossed the ladder in a slow consistent speed.  The ladder was 

1m long and elevated 1m over ground. To prevent habituation to a specific bar distance, bars were 

irregularly spaced (1 … 6 cm) and each animal had to cross the ladder in both directions. For behavioral 

testing 3 runs over a defined 60 cm stretch were filmed and evaluated using frame-by-frame video 

analysis (Virtualdub; www.virtualdub.org). In unconstrained animals (free-use) locomotor performance 

and spontaneous recovery of the impaired forelimb was evaluated immediately after injury and then 

once per week. These testing sessions were few and short to prevent further forelimb training effects. 

Casted animals were tested only once, 48 hours after cast removal.  

We judged forepaw placement as normal when all 4 digits were placed in front of the rung (Fig. 2A). 

After injury the following mistakes were observed and counted as errors: 1. Animals misplaced one or 

more digits on the backside of the rung; 2. Rats failed to place the palm of their paw directly onto the 

rung but used their wrist or forearm for support; 3. Animals misplaced their paw on the rung and 

slipped of the rung or completely missed single rungs (Fig. 2B-D). Success rate was expressed as % of 

correct steps out of all steps taken by the impaired limb.  

 

Immunohistochemistry and histological analysis 

 

Tissue preparation 

 

After the completion of behavioral testing all animals were deeply anesthetized with pentobarbital 

(450mg/kg body weight. i.p.; Abbott Laboratories, Cham, Switzerland), perfused transcardially with 
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100ml Ringer's solution (containing 100,000 IU/l heparin, Liquemin, Roche, Basel, Switzerland, and 

0.25% NaNO2) followed by 200ml of 4% phosphate-buffered paraformaldehyde (pH 7.4 containing 5% 

sucrose). Spinal cords and brains were dissected and postfixed in the same fixative over night at 4°C 

before they were cryoprotected in phosphate buffered 30% sucrose for additional 5 days.  

 

DAB staining (BDA) 

 

The caudal parts of the cervical enlargement (C6 - C8) and the brainstems were embedded in a 

gelatine-chicken albumin solution polymerized with 25% glutaraldehyd and cut in 50µm thick sections 

on a cutting vibratome as previously described (Z'Graggen et al. 1998). Sections were processed using 

the nickel enhanced DAB protocol according to the semi-free-floating technique of Herzog and 

Brösamle (1997). Briefly, sections were rinsed 3 x 30 min in TBS-TX (50 mM TRIS; 0.9% NaCl; 0.5% 

Triton X-100; pH 8.0) and incubated overnight with an avidin-biotin-peroxidase complex (Vectastain 

ABC Elite Kit, Vector Burlingame CA, USA, 1:100 in TBS-X) at 4°C. After 3 x 30 min washing in TBS-TX 

sections were rinsed with 50mM TRIS-HCl (pH 8.0) and preincubated with 0.4% ammonium nickel 

sulfate (Sigma, Buchs, Switzerland) followed by a second preincubation in ammonium nickel sulfate and 

0.015% diaminobenzidine (DAB; Sigma). The tissue was reacted in 0.4% ammonium nickel sulfate, 

0.015% DAB, and 0.004% H2O2 in 50mM TRIS buffer, pH 8.0. After 5 - 10 min the reaction was 

stopped with 50mM TRIS-HCl, sections were rinsed 3 x 10 min in 50mM TRIS-HCl, air-dried over night 

and coverslips were fixed with Eukitt (Kindler, Freiburg, Germany). 

 

Immunofluorescence staining (2G13, vGlut1, BDA) 

 

The rostral part of the cervical enlargements (C2 - C5) as well as one postnatal rat brain (P4) were 

embedded in Tissue tec OCT (Kindler) and frozen in isopentane (Sigma) at exactly - 40°C. 40µm thick 

sections were cut on a cryostat and transferred into ice-cold PBS. Sections were transferred into 

postfixation (4% paraformaldehyde, 0.1% glutaraldehyde, 0.1% saturated picric acid in PB buffer) for 

10 min, endogenous peroxidase activity was quenched with ethanol peroxide (50% ethanol plus 0.3% 

hydrogen peroxide in ddH20) followed by 50mM glycine (in PBS, 10min) to reduce auto-fluorescence. 

After microwave irradiation (600W, 30sec) in 0.1M Tris buffer, slides were blocked in TNB (0.1% 

Casein, 0,25% bovine serum albumin, 25% Top block, 0.15M NaCl, 0.05% Tween in 0.1M Tris buffer) 

for one hour.  
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Sections were incubated overnight at 4°C with primary antibodies against vGlut1 (1:1000, rabbit, 

Synaptic System, Goettingen, Germany) or 2G13 (1:40, mouse, Acris, Lucerne, Switzerland). After 

washing they were incubated with high affinity-purified goat anti-rabbit (1:200) and anti-mouse (1:100) 

secondary antibodies (Jackson Immunoresearch; West Grove, PA) coupled to CY2 or FITC respectively. 

After washing in PBS sections were blocked in TNB for 30 min and incubated with an avidin biotin-

peroxidase complex (ABC Kit, Burlingame).  

Conventional protocols for immunofluorescence failed to detect fine CST collaterals in the cervical grey 

matter. We therefore developed an improved protocol for the detection of CST collaterals using 

tyramide signal amplification first described 1992 by Adams (Adams 1992), further established by 

Mullner et al. (Mullner et al. 2008). Slides were transferred into a selfmade tyramide amplification 

buffer (0.02% H2O2, 1% biotinylated tyramide, 0.05% Tween in PBS) for 5 minutes. Another blocking 

step in TNB was followed by 30 min incubation with Cy3-conjugated Streptavidin (1:4000 for double 

labeling with vGlut1; 1:500 for double labeling with 2G13; Jackson ImmunoResearch). Finally sections 

were washed, mounted on glass slides, dried overnight and coverslips were added with Mowiol 

(Calbiochem, Darmstadt, Germany).  

Pictures of vGlut1 or 2G13 colocalization with BDA-positive fibers within the denervated ventral grey 

matter (Rexed•s lamina VII) were taken with a confocal microscope (Leica TCS SP2, Leica confocal 

software v2.61). 

 

Quantification of midline crossing CST fibers 

 

Growth and sprouting in response to injury was evaluated in 40 adjacent cross-sections at the caudal 

cervical enlargement (C6 - C8), where motoneuron-columns innervating muscles specifically required for 

skilled forelimb movements are located (McKenna, 2000). Midline crossing fibers were counted at a 

final magnification of 400x in the dorsal and ventral comissure at the central canal (level M, Fig. 3F), 

and branching of these fibers was evaluated at two defined regions within the grey matter (level D1 

and D2, Fig. 3F).  

Four vertical (M, D1, D2, L) and one horizontal line (H) were superimposed on each spinal cord section 

(Neurolucida 7.0, MicroBrightfield, USA) as reference points for crossing axons. The first vertical line M 

was drawn through the central canal, H was also drawn through the central canal, perpendicular to M. 

L was drawn parallel to M and crossed H at the lateral rim of the grey matter. D1 and D2 were drawn 

parallel to M at 1/3 and 2/3 of the distance between M and L (Fig. 3F). Collateral CST fibers in the grey 

matter have an irregular course, passing in and out of the plane of the section. In order to prevent 
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multiple counting of single collaterals only fibers that crossed M, D1 or D2 were counted on each 

section.  

To correct for variations in BDA uptake by CST neurons in the sensorimotor cortex we normalized the 

quantitative data by counting BDA-labeled axons in the main pyramidal tract in three rectangular areas 

(150µm2) per slide on four adjacent sections at the level of the brainstem (facial nerve); Results are 

expressed as mean number of fibers at the cervical level crossing M, D1 and D2 divided by the mean of 

counted fibers at the brainstem level for each animal. 

Camera lucida reconstructions of 3 representative consecutive cross-sections of the cervical spinal cord 

(C6) were performed for 3 groups (intact, lesioned_3weeks_forced non-use/forced use) to visualize the 

extent and specificity of CST fiber growth in response to injury and forced limb use.  

 

Quantification of BDA-positive synaptic boutons 

 

In each animal BDA-positive boutons along the length and at the tip of midline crossing fibers were 

counted at a defined area (400µm2) on six sections within the denervated grey matter (intermediate 

zone, Rexed•s lamina VII, C6) at a 400x magnification. The number of boutons was normalized for 

tracer efficacy as described above. 

 

Quantification of vGlut1 immunoreactivity 

 

Pictures of the contra-lesional (denervated) as well as the ipsi-lesional (intact) ventral grey matter 

(intermediate zone, Rexed•s lamina VII, C5) were taken at a 400x magnification with a confocal 

microscope on five sections per animal and vGlut1-positive varicosities were counted on each 

photograph within a randomly chosen area (400µm2). VGlut1 immunoreactivity was expressed as % of 

vGlut1-positive varicosities within the denervated side in comparison to the contralateral intact ventral 

grey matter.  

 

Gene Chip analysis 

 

For the Gene Chip analysis one group of rats received a unilateral pyramidotomy and the other group a 

sham surgery as described above. Both groups were further subdivided into animals that were forced to 

rely either on their ipsi-lesional, or their contra-lesional forelimb for one week as described above (total: 

4 groups, n = 4). One week after injury, rats were decapitated, the spinal cords dissected on a cold 
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plate and frozen in liquid nitrogen. Cervical enlargements were mounted on a cutting microtome, 

covered with dry ice and cut into sections of 250µm. In each section the ventral horn of the denervated 

side was extracted by punch dissections with a blunt syringe (Diameter 1.2mm; Figure 9A, B). The 

tissue was immediately transferred into RNA-later (Roche Diagnostics, Mannheim, Germany) and 

subsequently used for total RNA extraction (RNeasy Lipid Tissue Kit, Qiagen). Total RNA was quantified 

by NanoDrop (ND-100, NanoDrop Technologies, Welmington, DE, USA) and quality was assessed using 

a bioanalyzer (2100 Bioanalyzer, Agilent Technologies, Santa Clara, CA, USA). For probe preparation 

procedures described in the Affymetrix GeneChip Expression Analysis Manual (Affymetrix Inc., Santa 

Clara, CA) were followed. Biotinylated cRNA was hybridized onto Affymetrix Genome arrays (Rat 

Expression Array 230 2.0, Affymetrix Inc.) which represent > 45,000 probe sets in the Affymetrix 

fluidics station 450 and chips were scanned with the Affymetrix Scanner 3000. Each chip was used for 

hybridization with cRNA isolated from one spinal cord sample from a single animal. Thus, there was a 

total number of 16 samples. Results were subsequently analyzed using the Affymetrix Microarray Suite 

5, followed by the Genespring 7.2 (Silicon Genetics, Redwood City, CA). We applied a present call filter 

(at least in three out of four animals), fold change thresholds (1.2/0.8) and ANOVA, with p   0.05). 

Further information about the regulated genes was obtained from pubmed (http://PubMed.com). 

 

Statistical analysis 

 

All data were analyzed using parametric analysis of variance (ANOVA) of the appropriate design, 

followed by restricted analyses or Bonferroni post-hoc pair-wise comparisons whenever a main effect or 

interaction attained statistical significance. All statistical analyses were conducted using the statistical 

software SPSS (release 14.0; Chicago, IL). Data are presented as means ± SEM, single data points 

represent single animals, asterisks indicate significances: *p �” 0.05, **p �” 0.01, ***p �” 0.001.  

 

RESULTS  

 

Spontaneous functional recovery after unilateral CST injury  

 

Adult female Lewis rats were trained to cross a horizontal ladder with irregular spacing two weeks prior 

to injury until they were able to perform this task without difficulties. Uninjured animals crossed the 

ladder at a slow but consistent speed and grasped each rung precisely with all four digits placed in front 

of the metal bar (Fig. 2A) and had very few misplacements. Errors were always due to incorrect placing 
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of single digits but hardly ever to misplacements of the paw on rungs or steps between rungs. The 

success rate of uninjured animals was high at baseline levels (90.1% ± 1.9, n=7). After unilateral CST 

injury the contra-lesional forepaw was severely impaired (Fig.2E). The following mistakes could be 

observed: animals misplaced one or more digits behind the rung (Fig. 2B); rats failed to place the palm 

of their paw directly onto the rung but used their wrist or forearm for support (Fig. 2C); animals 

misplaced their paw and slipped off the rung or placed their paw between single rungs (Fig. 2D). 

 

 
 

Figure 2: Effect of CST lesion and spontaneous recovery of skilled forelimb function on the irregular horizontal 
ladder. A, Uninjured animals grasp each rung precisely with all four digits placed in front of the metal bar. After 
unilateral CST injury the following mistakes were be observed: B, Animals misplaced one or more digits on the 
backside of the rung; C, failed to place the palm of their paw directly onto the rung; D, slipped of the rung or 
placed their paw between single rungs. E, Success rate of each animal was expressed as % of correct steps out of 
all steps taken by the impaired forelimb. Pyramidotomy led to a significantly lower success rate of the impaired 
forelimb on the horizontal ladder (ANOVA, F = 113.16, p �” 0.001; n = 7). Some spontaneous improvement 
occurred in all animals within the next three weeks, but success rate remained low (Bonferroni, post-hoc, p �” 
0.01). Data are presented as means ± SEM, single data points (black circles) represent single animals; **p �” 
0.01; ***p �” 0.001; Scale bar: 1cm. 
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To prevent additional training on the horizontal ladder animals were tested rarely, immediately after 

injury and then once per week. Pyramidotomy led to significantly more errors of the impaired forelimb 

on the horizontal ladder test (ANOVA, F = 113.67, p �” 0.001). Spontaneous behavioral improvement 

was minimal within the next three weeks and the success rate remained low (mean success rate: 57.4% 

± 7.6, Bonferroni post-hoc, p �” 0.01, Fig. 2E). 

 

Spontaneous growth and arborization of the intact CST across the midline into the contralateral 

denervated grey matter 

 

CST fibers originate in layer V of the primary motor cortex and project to all spinal cord levels through a 

crossed dorsal component that contains 95% of all descending axons (Brown 1971; Schreyer and Jones 

1982) and an ipsilateral ventral component containing less than 5% of all CST axons (Brosamle and 

Schwab 2000; Joosten et al. 1992; Vahlsing and Feringa 1980). Unilateral lesion of the pyramidal tract 

at the level of the medulla oblongata just rostral to its decussation interrupts both, the contralateral as 

well as the ipsilateral projections to the spinal cord. Lesion completeness was carefully assessed by 

histological analysis in all animals and in a sample of animals by tracing both sides of the CST (Fig. 3A-

C). Animals with incomplete lesions were excluded.  

In order to answer the question whether spontaneous recovery on the horizontal ladder test was 

paralleled by compensatory growth of intact CST fibers, the anterograde tracer BDA was injected into 

the caudal forelimb area of the contra-lesional sensorimotor cortex. The number of midline crossing 

fibers from the labeled intact CST to the denervated side as well as branching of collaterals was 

evaluated in three experimental groups: Unlesioned animals (Intact, n=7), lesioned animals one week 

after injury (Pyx_1week, n=5) and lesioned animals, three weeks after injury (Pyx_3weeks, n=7).  

Growth and sprouting in response to injury was evaluated at the caudal cervical enlargement (C6 - C8) 

where motoneurons innervating forelimb and paw muscles are located (McKenna et al. 2000). Midline 

crossing fibers where counted in the dorsal and ventral commissure at the central canal (level M in Fig. 

3F), branching of these fibers was evaluated at two defined regions within the grey matter (level D1 

and D2, Fig. 3F). In intact animals only few CST fibers crossed the midline and projected into the 

contralateral grey matter (Fig. 3D, G). One week after injury there was no significant increase in labeled 

CST fibers at the midline or within the contralateral denervated grey matter, whereas after three weeks 

the number of CST collaterals projecting and branching within the denervated dorsal, intermediate and 

ventral horn was significantly increased in response to injury (ANOVA, Bonferroni post-hoc, M: p �” 

0.01; D1: p �” 0.001; D2: p �” 0.01; Fig. 3E, G). Representative pictures of BDA labeled CST fibers in the 
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contralateral grey matter are shown for intact (Fig. 3D) or injured animals three weeks after CST lesion 

(Fig. 3E).  

 

Figure 3: Lesion induced growth 
of the intact CST across the midline 
and into the denervated grey 
matter. A, Bilateral BDA pressure 
injections into the forelimb motor 
cortex label both CST tracts. B, 
Complete interruption of one CST 
at the level of the caudal medulla 
oblongata leads to C, interruption 
of BDA transport caudal to the 
injury. Representative pictures of 
BDA labeled CST fibers in the 
contralateral grey matter of intact 
(D) or injured (E) animals 3 weeks 
after injury. F, Fibers of the intact 
CST were quantified by counting 
all intersections with lines M, D1 
and D2. M was placed vertically 
through the midline. D1 and D2 
were drawn parallel to M at 1/3 and 
2/3 of the distance between the 
central canal and the lateral grey 
matter border. G, In intact rats 
(Intact, n = 7) only few CST axons 
crossed the midline and branching 
was minimal. One week after injury 
(Pyx_1week, n = 5) there was no 
change in the amount of labeled 
CST fibers. After three weeks 
(Pyx_3weeks, n = 7) the number of 
CST collaterals projecting over the 
midline and branching within the 
denervated grey matter 
significantly increased (ANOVA, 
Bonferroni post-hoc, M: p �” 0.01; 
D1: p �” 0.001; D2: p �” 0.01). Data 
are presented as means ± SEM; **p 
�” 0.01; ***p �” 0.001. Scale bar: 
200µm (A-C), 100µm (D-E). 
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Colocalizing the CST tracer BDA and growth cone marker 2G13.  

 

To investigate whether the increase of labeled CST fibers in the denervated grey matter was due to 

newly grown fibers we examined whether BDA-positive collaterals expressed the growth cone marker 

2G13. 2G13 antibodies have been shown to label axonal growth cones in the developing rat brain in 

vitro as well as in vivo (Stettler et al. 1999). In P4 rat brain we observed a high density of 2G13 

positive, large, growth cone-like structures (Fig. 4A).  

 

 

 
Figure 4: Growth of CST fibers within lamina VII of the denervated cervical spinal cord. A, 2G13 antibodies 
(green) specifically label axonal growth cones as demonstrated in the developing rat neocortex (postnatal day 4). 
Arrowheads: 2G13 positive growth cones. B, Constitutive expression of 2G13 was absent in the adult spinal cord 
(intermediate zone) C, Schematic spinal cord cross section with sampling area for figure D. D, Fibers of the 
intact CST (labeled with BDA, red) within the denervated grey matter. E, Terminal end of BDA labeled CST 
fiber. F, 2G13 positive growth cone in the denervated grey matter of fiber shown in D. G-H, Confocal analysis 
reveals colocalization of BDA (red) and 2G13 (green) at the terminal end of CST fibers 1 week and I , 3 weeks 
after injury demonstrating growth of CST fibers within the denervated grey matter. Scale bar: 10µm (A,B), 
50µm (D) or 2µm (E-I).  
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In contrast to this, we did not find a constitutive 2G13 expression in the intact adult rat spinal cord or 

on the intact, non lesioned side (Fig. 4B). Within the denervated contralateral grey matter of lesioned 

animals (Fig. 4C-D) 2G13 exclusively labeled short regions of the terminal part of BDA-positive CST 

collaterals (Fig. 4E-F). Confocal analysis in double labeled sections revealed a consistent colocalization 

of BDA and 2G13 one week (Fig. 4G-H) as well as three weeks after injury (Fig. 4I). 

 

Behavioral recovery after pyramidotomy and forced limb use 

 

To investigate if spontaneous behavioral recovery after unilateral CST injury could be enhanced by 

forced use of the impaired forelimb we used constraint-induced movement therapy (CIMT), a training 

paradigm previously described in animal models of stroke (Schallert et al. 1997) as well as stroke 

patients (Taub et al. 1999). Initially all rats were trained on the horizontal ladder until their success 

rates were > 90%. They then received a unilateral CST injury by section of one pyramid, as described 

above. Immediately after injury one-holed vests of plaster cast were formed around their upper torso 

which forced the animals to completely rely either on their impaired or their non-impaired forelimb. To 

investigate the influence of time on behavioral recovery, animals were subdivided into the following 

four groups: rats that could not use their impaired limb for either one (Pyx _1week_non-use, n=7) or 

three weeks (Pyx _3weeks_non-use n=8) and animals that were forced to rely on their impaired side 

for either one (Pyx_1week_ use, n=7) or three weeks, respectively (Pyx _3weeks_use, n=8). Finally the 

cast was carefully removed and all animals were allowed to recover for 48 hours before locomotor 

performance of their impaired limb was tested once on the horizontal ladder. Unilateral CST injury led 

to more errors on the horizontal ladder test (ANOVA, F = 134.21, p �” 0.001) with a significant 

difference between groups (F = 59.27, p �” 0.001) (Fig. 5A). One week after injury animals that were 

not able to use their impaired forelimb had a lower success rate (60.4% ± 5.5) in comparison to 

animals that were forced to rely on their impaired forelimb (80.2% ± 2.2; Bonferroni, post hoc, p �” 

0.01). This was even more prominent when rats had to wear their cast for a longer time period: 

Animals that were forced to completely rely on their impaired forelimb for three weeks regained their 

pre-lesion baseline performance level (success rate: 91.9% ± 3.3) whereas animals that could not use 

their impaired forelimb remained significantly impaired (success rate: 63.0% ± 3.7; Bonferroni, post-

hoc, p �” 0.001).  

To control for the effect of possible muscle atrophy and stiffness of the casted limb on locomotor 

performance two additional groups of animals received a sham operation followed by a cast for three 

weeks. The cast was removed and either the restricted limb (Sham_non-use, n=6) or the unrestricted 
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limb (Sham_use, n=9) was tested for errors on the horizontal ladder (Fig 5B). Our results show no 

differences in the success rate between the casted or the non-casted intact forelimb and no decrease of 

locomotor performance in response to sham surgery (ANOVA, p > 0.05; Fig. 5B).  

 
 

Figure 5: Effect of forced limb use on the recovery of skilled forelimb function and growth of the intact CST 
into the denervated grey matter. A, After lesion animals were forced to completely rely on their unimpaired or 
their impaired limb for either 1 or 3 weeks. 1 week after injury forced non-use (Pyx _1week_non-use, n=7) led 
to a significantly lower success rate on the horizontal ladder in comparison to animals that were forced to rely on 
their impaired limb (Pyx _1week_use, n=7; Bonferroni post hoc, p �” 0.01). After 3 weeks forced limb use led to 
full behavioral recovery back to pre-injury baseline levels (Pyx_3weeks _use, n=8); animals that could not use 
their impaired side stayed significantly impaired (Pyx__3weeks_non-use, n=8; p �” 0.001). B Forced non-use or 
forced use alone did not influence locomotor performance in sham operated animals (Sham_non-use, n=6; 
Sham_use, n=9). C, Growth and arborization of CST fibers was analyzed by counting all intersections with lines 
M, D1 and D2 in the denervated spinal cord; 1 week after injury there was no difference in the number of CST 
fibers in animals that did use their impaired limb and animals that could not use their impaired side. 3 weeks 
after injury denervation led to significant growth of CST fibers across the midline in both groups (M: p �” 0.01). 
Forced limb use further increased CST arborization (D1: p �” 0.01; D2 = p �” 0.05; ANOVA followed by 
Bonferroni post hoc). D, Forced non-use or forced use alone did not influence growth and arborization of CST 
fibers in the contralateral, manipulated grey matter (Sham_non.use, n=6; Sham_use, n=9, ANOVA, p �” 0.05). 
Data is presented as mean ± SEM; *p �” 0.05; **p �” 0.01; ***p �” 0.001. 



Constraint induced movement therapy (CIMS) 
 

54

Growth and arborization of CST fibers in response to forced limb use. 

 

To investigate whether forced limb use can influence fiber growth in the denervated spinal cord, the 

intact CST was traced in all animals and midline crossing fibers as well as arborization of fibers in the 

ventral grey matter was evaluated as described above (see Fig. 3F). We did not observe differences 

between spinal cords one week after injury (Fig 5C); also, fiber counts were very similar to those of 

lesioned but uncasted animals (compare Fig. 5C and 3G). After three weeks significantly more CST 

collaterals crossed the midline and arborized within the denervated grey matter in response to injury 

(ANOVA, p �” 0.001). Forced limb use led to an additional, significant increase of labeled fibers in the 

denervated grey matter compared to spinal cords of animals that could not use their impaired limb 

(Bonferroni, post-hoc, D1: p �” 0.01; D2: p �” 0.05) similar to the amount of growth and arborization 

previously observed in lesioned, unconstrained animals (compare Fig. 5C and 3G). Interestingly, three 

weeks of forced use alone did not increase the number of midline crossing fibers or axonal arbors in 

intact sham operated animals (Fig 5D, p > 0.05). 

To give an overall impression of the extent and specificity of CST fiber growth in intact and lesioned 

animals representative pictures and Camera Lucida reconstructions of three consecutive cross sections 

are shown in Figure 6. BDA injections into the sensorimotor cortex label projections to the dorsal as 

well as ventral horn of the spinal cord. In intact animals very few CST collaterals crossed the midline to 

innervate the contralateral grey matter (Fig. 6A-A••). Injury induced spontaneous growth of new fibers 

across the midline as well as arborization of these collaterals and/or preexisting fibers within the 

denervated grey matter. In addition, Camera Lucida reconstructions clearly demonstrate a contribution 

of ipsilateral ventral projections to the increased innervation in the denervated grey matter. CST axons 

not only increased their innervation area in response to injury by local arborization but they also 

extended arbors deeper into dorsal or ventral laminae as shown in animals that could not use their 

impaired side for three weeks (Fig. 6B-B••). Casted animals that were forced to completely rely on their 

impaired limb for three weeks showed similar growth across the midline but significantly more 

arborization within the intermediate zone as well as longer branches into the denervated dorsal and 

ventral horn (Fig. 6C-C••).  
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Figure 6: Representative pictures and Camera Lucida reconstructions of BDA labeled CST fibers growing 
towards the contralateral denervated grey matter. Camera Lucida reconstructions were made of three consecutive 
cross sections (50µm, cervical segment C6). BDA labeled fibers are depicted in black. A-A’’,  Intact rat: Few 
fibers of the intact CST cross the midline at the cervical level (M) to innervate the contralateral grey matter (D1). 
B-B’’ , Pyramidotomy, 3 weeks forced non-use: denervation leads to increased growth of fibers over the midline 
into the contralateral side as well as arborization within the denervated grey matter. C-C’’ , Pyramidotomy, 3 
weeks forced use: Lesion induced increase of midline crossing fibers is similar to animals that did not use their 
impaired limb (compare 6B and 6C). Forced limb use leads to a significant increase in arborization of fibers 
within the denervated grey matter. Growth and sprouting of ipsilateral ventral projections contribute to the 
increased fiber density. CST fibers also extended arbors deeper into dorsal or ventral laminae. Arrowheads: 
Midline crossing fiber, ipsilateral ventral projection. Scale bar: 100µm.  
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Midline crossing CST fibers form glutamatergic synapses 

 

CST collaterals within the denervated spinal cord (Fig. 7A) frequently showed bouton-like structures 

along their length (en passant) and at their tips (bouton terminal, Fig. 7C, G and K). We colocalized 

BDA with the vesicular glutamate transporter 1 (vGlut1), a marker enriched in corticospinal synapses 

(Persson et al. 2006; Varoqui et al. 2002). BDA efficiently filled collaterals of corticospinal axons up to 

their presumed terminal boutons (Fig. 7D, H and L).  

 

 

 
Figure 7: BDA-positive boutons colocalize with vGlut1, a presynaptic marker for excitatory synapses. C, G, K, 
Bouton-like structures were observed along the length and at the tip of BDA labeled CST collaterals (DAB 
staining). A, Three weeks after injury and forced limb-use CST fibers were labeled with a fluorescent marker for 
BDA. Fibers were found at high densities within the intermediate zones of the denervated spinal cord; Square: 
sampling area. D, H, L, Collaterals of corticospinal axons were efficiently filled with BDA up to their presumed 
terminal ends. B, Intact animals show vGlut1 immunoreactivity throughout the grey matter being strongest in 
superficial laminae and weaker in intermediate and ventral laminae. E, I, M, Medium-sized to large vGlut1-
positive varicosities were found within the denervated grey matter. F, J, N, Confocal microscopy revealed 
consistent colocalization of BDA and vGlut1. Scale bar: 200µm (A, B), 5µm (C, G, K) or 2µm (D-F, H-J, L-N). 
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VGlut1 immunoreactivity was found throughout the grey matter being strongest in superficial laminae 

and weaker in intermediate and ventral laminae (Fig. 7B). The distribution pattern was consistent with 

termination zones of primary afferents, CST, probably brainstem-spinal and other fiber systems (Persson 

et al. 2006). Medium to large sized vGlut1-positive varicosities were present at a moderate density 

throughout most of lamina VII (Fig. 7E, I and M). Confocal microscopy revealed that BDA-positive en 

passant and terminal varicosities were positive for vGlut1 immunoreactivity, suggesting they are 

presynaptic glutamatergic boutons (Fig. 7F, J and N). 

 

Synapse formation after forced limb use 

 

To answer the question if forced limb use has an influence on synapse formation bouton-like structures 

were counted in lamina VII of the denervated grey matter in five different groups: intact animals (Intact, 

n=7), injured animals without any constraints (Pyx_3weeks_free-use, n=7) as well as animals that 

could not use their impaired limb for either one (Pyx_1week_non-use, n=7) or three weeks 

(Pyx_3weeks_non-use, n=8) and animals forced to rely on their impaired side for one (Pyx_1week 

_use, n=7) or three weeks (Pyx_3weeks _use, n=8). In accordance with the low number of midline 

crossing CST fibers in intact rats we found only few BDA-positive synapses in the contralateral grey 

matter. One week after injury the number of varicosities per labeled fiber did not increase in animals 

that used their impaired limb or animals that could not use their impaired limb. After three weeks 

animals that were forced to rely on their impaired limb showed a significant increase in the number of 

boutons (ANOVA, followed by Bonferroni post-hoc, F = 8.826; p �” 0.001) (Fig. 8A-C). Interestingly, 

injured rats without constraints as well as animals with their impaired forelimb casted completely lacked 

this increase.  

The density of vGlut1-positive varicosities was determined in lamina VII of the intact and the 

denervated grey matter. As vGlut1 does not exclusively label CST terminations but also primary 

afferents and other descending fiber tracts our analysis reflects a general change of excitatory input at 

the intermediate zone. Uninjured animals showed an equal distribution of vGlut1 on both sides of the 

cervical spinal cord. One week after CST transection the density of vGlut1-positive varicosities on the 

denervated intermediate grey matter was reduced to ~ 40%. This reduction persisted up to three weeks 

after injury (ANOVA, F = 8.38, p �” 0.01). The density of vGlut1-positive structures appeared higher in 

animals that were forced to train their impaired side but this increase did not reach significance (p > 

0.05), probably because of the relatively small contribution of midline crossing CST fibers to excitatory 

input in the intermediate zone (Fig 8D - H). 
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Figure 8: Effect of lesion and forced limb use on the number of synaptic varicosities in the denervated grey 
matter. C, 1 week after injury the number of varicosities did not increase in animals that did not use their 
impaired limb (Pyx_1week_non-use, n=7) or animals that completely relied on their impaired limb (Pyx_1week 
_use, n=7) in comparison to intact rats (Intact, n=7). After 3 weeks forced limb use (Pyx_3weeks _use, n=8) led 
to a significant increase of boutons per fiber in comparison to intact, injured but freely moving, unrestricted 
animals (Pyx_3weeks_free-use) or animals that could not use their impaired limb (Pyx__3weeks_non-use, n=8) 
(ANOVA, Bonferroni post hoc, p �” 0.001). Representative pictures of BDA labeled CST fibers with synaptic 
boutons in the contralateral grey matter are shown for animals that were restricted from using their impaired limb 
(A) and animals forced to use their impaired limb (B) 3 weeks after injury. Insert A: Schematic drawings of 
spinal cord cross-section with sampling area. Arrowheads: Boutons along CST collaterals. D-H, VGlut1-positive 
varicosities were counted in the intact and the denervated grey matter (n = 4/group, Sampling area A, C6). 
Denervation led to a significant decrease of vGlut1-positive varicosities at intermediate zone in both groups 1 
week after injury (p �” 0.01). 3 weeks after injury this decrease was still persistent (p �” 0.01) and there was no 
difference between groups (ANOVA, p > 0.05). Representative pictures of vGlut1-positive varicosities in the 
contralateral grey matter are shown for intact (D) and lesioned animals one week (E, forced use) or three weeks 
after injury (F, forced non-use; G, forced use). Arrowheads: vGlut1-positive varicosities. Data is presented as 
mean ± SEM; **p �” 0.01; ***p �” 0.001. Scale bar: 20µm (A-B) or 10µm (D-G). 
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Gene expression differences in the denervated ventral horn of animals forced to use their 

impaired limb and animals that could not use their impaired limb  

 

To identify genes within the denervated cervical grey matter that might play a role in activity-dependent 

growth, arborization and synapse formation we used Gene Chip arrays on sham operated as well as 

lesioned animals either forced to rely on their impaired or unimpaired limb for one week. The ventral 

grey matter of the denervated side was dissected and used for analysis (Fig. 9A, B).  

Comparison of lesioned with sham operated animals showed injury-induced expression of specific sets 

of genes in the denervated grey matter. After injury 441 genes were differently regulated in animals 

that could not use their impaired limb and 872 genes were regulated in injured animals that relied on 

their impaired forelimb (fold change �• 1.2 or �” 0.8). Injury led to the upregulation of inflammation 

related molecules, ion channels and transporters as well as the regulation of growth factors, guidance 

molecules, extracellular matrix molecules, and molecules involved in synapse formation as shown in 

previous studies (Bareyre and Schwab 2003). A table of all regulated genes in response to injury is 

provided in the appendices I - IV.  

Microarrays of sham operated animals showed 311 differentially expressed transcripts (fold change �• 

1.2 or �” 0.8) within the used as compared to the non-used denervated side of which 223 were coding 

for known proteins. A large proportion (37.9%) of these differentially regulated genes were associated 

with cytoskeletal functions (4.9%), neurite growth (0.4%) and guidance (0.9%), cell adhesion and 

extracellular matrix (ECM; 7.1%), synaptic function (0.9%), signaling (13.4%) and transcription 

(10.3%; Fig. 9C, Table 1). Analysis of microarrays in lesioned animals revealed similar numbers; 337 

genes coding for 249 known proteins were differently regulated (fold change �•1.2 or �” 0.8) within the 

used in comparison to the non-used denervated grey matter (Fig. 9C, Table 2). Interestingly, the 

proportion of genes related to growth (2.8%), synapse formation (5.2%) and adhesion (8.0%) was 

much higher in lesioned than in sham operated animals after forced limb use (Fig. 9C).  
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Figure 9: Microdissection and Gene Chip analysis of the denervated ventral horn. A, Schematic drawing of a 
cross-section with the extracted area. B, Spinal cord cross section with extracted ventral horn (250µm, fresh 
tissue). C, Differentially regulated genes in response to forced limb use were sorted in 17 categories, and the 
number of regulated genes and percentages are shown for sham operated animals as well as lesioned animals in a 
table and a graphical representation. Note the high proportion of genes involved in growth, cytoskeletal 
reorganization, adhesion and synapse formation in response to forced limb use in the denervated grey matter. 
Scale bar: 100µm. 



Constraint induced movement therapy (CIMS) 
 

61

Table 1. List of genes regulated �• 1.2-or �” 0.8-fold in the ventral horn if the limb was used in comparison to 
the ventral horn if the limb was not used (sham operated animals) 
___________________________________________________________________________________________ 
Signalling 

5-hydroxytryptamine (serotonin) receptor 7    Htr7   1.49 
adenylate kinase 2       Ak2   1.23 
ADP-ribosylation factor-like 5      Arl5   1.36 
ATP/GTP binding protein 1 (predicted)     Agtpbp1_predicted 1.30 
Casein kinase II, alpha 1 polypeptide     Csnk2a1  1.26 
Cdc42-binding protein kinase beta      Cdc42bpb  0.64 
cyclin D3        Ccnd3   1.26 
ganglioside-induced differentiation-associated protein 1-like 1 (predicted) Gdap1l_predicted 0.72 
guanine monphosphate syn thetase (predicted)    Gmps_predicted 1.21 
Guanine nucleotide binding protein, beta 1    Gnb1   1.29 
ligatin, similar to        LOC498225  1.26 
peroxisome biogenesis factor 5 (predicted)     Pex5_predicted  0.77 
poliovirus receptor-related 3 (predicted)     Pvrl3_predicted  1.38 
protein kinase C binding protein 1 (pre dicted)    Prkcbp1_predicted 1.72 
Protein kinase C, beta 1       Prkcb1   0.62 
Protein kinase C, beta 1       Prkcb1   0.26 
protein kinase, AMP-activated, gamma 2 non-catalytic subunit  Prkag2   1.29 
Protein kinase, cAMP-dependent, regulatory, type 2, alpha   Prkar2a   1.27 
protein phosphatase 1, regulatory (inhibi tor) subunit 12A   Ppp1r12a  1.38 
putative zinc finger protein, sim ilar to      Dus3l   1.20 
pyruvate dehydrogenase kinase, isoenzyme 2    Pdk2   0.73 
RAB, member of RAS oncogene family-like 3 (predicted)   Rabl3_predicted  1.29 
rapostlin         Fnbp1   0.75 
Ras association (RalGDS/AF-6) domain family  4 (predicted)  Rassf4_predicted 1.31 
RAS guanyl releasing protein 1      Rasgrp1  1.24 
Ras-like without CAAX 1 (predicted)     Rit1_predicted  1.21 
Ras-related protein Rab-1B, similar to     RGD:1359415  0.70 
serine/arginine-rich protein specific kinase  2 (predicted)   Srpk2_predicted  1.29 
Sprouty protein with EVH-1 domain 1, related sequence (predicted)  Spred1   1.25 
transcription factor EB (predicted)      Tcfeb_predicted  0.68 

Transcription 
transducin-like enhancer of split 3, E(spl) homolog (Drosophila)   Tle3   0.78 
amino-terminal enhancer of split      Aes   0.79 
Conserved helix-loop-helix ubiquitous kinase (predicted)   Chuk_predicted  1.46 
euchromatic histone methyltransferase 1 (predicted)   Ehmt1_predicted 1.39 
exportin 4 (predicted)       Xpo4_predicted  1.24 
heat shock transcription factor 1      Hsf1   0.78 
histone 2, H2aa (predicted) ; similar to Hist2h2aa1 protein   Hist2h2aa_predicted 0.78 
histone deacetylase 1 (predicted)      Hdac1_predicted 1.26 
homeo box B8        Hoxb8   0.60 
Inhibitor of DNA binding 2, dominant negative helix-loop-helix protein  Id2   0.75 
LIM homeobox protein 5       Lhx5   0.55 
mouse zinc finger protein 14-like      LOC499124  1.30 
Nuclear receptor co-repressor 1      Ncor1   1.70 
nucleolar protein (NOL1/NOP2/sun) and PUA domains 1 (predicted)  Nopd1_predicted 1.30 
Putative homeodomain transcription factor 2 (predicted)   Phtf2_predicted  1.30 
retinoblastoma-like 2       Rbl2   1.23 
ribonucleic acid binding pr otein S1 (predicted)    Rnps1_predicted 1.36 
sulfotransferase family, cytosolic, 1C, member 2    Sult1c2   2.77 
Thyroid hormone receptor associated protein 1 (predicted)   Thrap1_predicted 1.46 
transcription factor RAM2, similar to      LOC619566  1.32 
upstream transcription factor 2      Usf2   0.72 
zinc finger proliferation 1 (predi cted)     Zipro1_predicted 1.30 
zinc finger protein 14 (KOX 6)      Znf14   1.46 

Protein synthesis 
Zinc finger, FYVE domain c ontaining 20 (predicted)   Zfyve20_predicted 1.22 
Amyloid beta (A4) precursor-like protein 2     Aplp2   1.21 
Coilin         Coil   1.61 
DEAD (Asp-Glu-Ala-Asp) box polypeptide 41 (predicted)   Ddx41_predicted 1.29 
DEAD/H (Asp-Glu-Ala-Asp/His) box poly peptide 26 (predicted)  Ddx26   1.48 

____________________________________________________________________________________________ 
(Table continues) 
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Table1 continued 
____________________________________________________________________________________________ 

glutamate-cysteine ligase, catalytic subunit    Gclc   1.33 
longevity assurance homolog 4 (S. cerevisiae) (predicted)   Lass4_predicted  0.63 
stearoyl-Coenzyme A desaturase 1      Scd1   0.75 
stearoyl-Coenzyme A desaturase 2      Scd2   0.60 

Channel 
putative chloride channel (similar to Mm Clcn4-2)    RGD:708381  1.24 
solute carrier family 3, member 1      Slc3a1   1.32 
solute carrier family 6 (neurotransmitter transporter, glycine), member 9  Slc6a9   0.72 

Cytosceleton 
ARP5 actin-related protein 5 homolog (yeast) (predicted)   Actr5_predicted  0.83 
calponin 3, acidic        Cnn3   0.78 
cytoplasmic linker associated protein 1 (predicted)   Clasp1_predicted 1.25 
enabled homolog (Drosophila) (predicted)     Enah_predicted  1.29 
filamin C, gamma (actin binding protein 280) (predicted)   Flnc_predicted  0.58 
multiple hat domains (predicted), similar to     RGD1311017_predicted 1.39 
myristoylated alanine rich protein kinase C substrate    Marcks   0.77 
Neurofilament triplet H protein (predicted), similar to    RGD1311283_predicted 1.31 
profilin 1         Pfn1   0.79 
Septin 6 (predicted)       Sept6_predicted  1.24 

Inflammation 
tropomodulin 4 (predicted)      Tmod4_predicted 1.29 
interleukin-1 receptor-associated kinase 1 bindin g protein 1 (predicted) Irak1bp1_predicted 1.27 
lymphocyte antigen 6 complex, locus H (predicted)    Ly6h_predicted  0.77 
lymphotoxin B receptor (predicted)      Ltbr_predicted  0.83 
RT1 class Ib, locus S3       RT1-S3   1.29 
toll-like receptor 4       Tlr4   1.93 

Metabolism 
tumor necrosis factor (ligand) superfamily, member 9    Tnfsf9   0.77 
Creatine kinase, mitochondrial 2,  sarcomeric    Ckmt2   1.33 
3-hydroxy-3-methylglutaryl-Coenzyme A reductase   Hmgcr   1.43 
lactate dehydrogenase D (predicted)     Ldhd_predicted  0.81 
mannosidase, alpha, class 2C, member 1     Man2c1   0.83 

Mitochondrial 
RIO kinase 1 (yeast) (predicted)      Riok1_predicted  1.42 
Aconitase 2, mitochondrial      Aco2   1.77 

Protease 
Mitochondrial ribosomal protein L51 (p redicted)    Mrpl51_predicted 1.32 
Echinoderm microtubule associated protein like 4 (predicted)  Eml4_predicted  1.39 
glutamyl aminopeptidase      Enpep   1.22 
hect (homologous to the E6-AP (UBE3A) carboxyl terminus) domain  
(predicted)        Herc1_predicted  1.36 
Proteasome (prosome, macropain) 26S subunit, non-ATPase, 4  Psmd4   2.07 
reversion-inducing-cysteine-rich protein with kaz al motifs (predicted) Reck_predicted  1.31 
Subtilisin - like endoprotease      Pace4   0.78 
Tripartite motif protein 25      Trim25   1.23 
Ubiquitin ligase protein DZIP3 (DAZ -interacting protein 3 homolog),  
similar to         LOC303963  1.30 
Ubiquitin protein ligase E3A (predicted)     Ube3a_predicted 1.38 
ubiquitin specific protease 29 (predicted)     Usp29_predicted  0.80 
ubiquitin specific protease 49 (predicted) ;    Usp49_predicted 1.22 
ubiquitin specific protease 8 (predicted)     Usp8_predicted  1.67 

Transport 
YME1-like 1 (S. cerevisiae)      Yme1l1   1.37 
aryl hydrocarbon receptor-interacting protein-like 1    Aipl1   0.17 
apolipoprotein C-I        Apoc1   0.54 
dynamin 1-like        Dnm1l   1.41 
Dynein, cytoplasmic, light intermediate chain 1    Dncli1   1.23 
Kinesin light chain 3       Klc3   0.80 

Apoptosis 
vesicle-associated calmodulin-binding protein    RGD:621488  0.74 
BH3 interacting domain death agonist     Bid   1.56 
neurogenic differentiation 1      Neurod1  1.54 

_____________________________________________________________________________________________ 
(Table continues) 
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Table1 continued 
____________________________________________________________________________________________ 

PERP, TP53 apoptosis effector (predicted)     Perp_predicted  0.73 
poly(rC) binding protein 4 (predicted)     Pcbp4_predicted  0.77 
regulator of Fas-induced apoptosis ; Fas apoptotic inhibitory molecule,  
similar to         LOC498224   0.74 

Heatshock protein 
DnaJ (Hsp40) homolog, subfamily B, member 6 (predicted)   Dnajb6   1.30 
DnaJ (Hsp40) homolog, subfamily C, member 2    Zrf2   1.87 
heat shock 70kD protein 5      Hspa5   1.23 

Guidance 
heat shock protein hsp70-related protein     RGD:1303296  1.20 
collapsin response mediator protein-2A, Similar to    Dpysl2   1.27 

Adhesion 
sema domain, transmembrane domain (TM), and cytoplasmic domain,  
(semaphorin) 6C        Sema6c   0.71 
Abelson murine leukemia viral (v-abl) oncogene homolog 1   Abl1   0.78 
chondroitin sulfate proteoglycan 5      Cspg5   0.71 
ephrin A1        Efna1   1.27 
extracellular matrix protein 2, female organ and adipocyte specific (predicted) Ecm2_predicted  1.67 
fibrillin 1         Fbn1   0.67 
fibromodulin        Fmod   1.49 
laminin, alpha 2 (predicted)      Lama2_predicted 1.25 
matrix metallopeptidase 2      Mmp2   1.49 
procollagen, type IX, alpha 2 (predicted)     Col9a2_predicted  0.77 
Protocadherin 16 dachsous-like (Drosophila) (predicted)   Dchs1_predicted  0.74 
secreted phosphoprotein 1      Spp1   1.26 
Similar to chondroitin beta1,4 N-acetylgalactosaminyltransferase  
(predicted)        RGD1307618_predicted 1.42 
similar to establishment of cohesion 1 homolog 2    LOC498536  1.71 
tenascin XA        Tnxa   0.82 
transmembrane 7 superfamily member 1 (predicted)    Tm7sf1_predicted 0.79 

Synapses 
synaptojanin 2 binding protein      Synj2bp   1.22 
synaptotagmin 2        Syt2   0.79 

Growth 
Myelin basic protein       Mbp   1.23 
 

 
Table 1: List of genes regulated in the ventral grey matter after forced limb use in comparison to forced non-use 
(sham operated animals) belonging to the categories: signaling, transcription, protein synthesis, channel, 
cytoskeleton, inflammation, metabolism, mitochondrial, protease, transport, apoptosis, stress, heatshock proteins, 
guidance, adhesion, synapses formation and growth which show fold changes �• 1.2 or �” 0.8 (upregulated genes 
in bold).  
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Table 2. List of genes regulated �• 1.2-or �” 0.8 fold in the denervated vent ral horn if the impaired limb was 
used in comparison to the denervated ventral horn if  the impaired limb was not used (lesioned animals) 
___________________________________________________________________________________________ 
Signalling 

A kinase (PRKA) anchor protein 5      Akap5   0.73 
adenylate kinase 7 (predicted)      Ak7_predicted  0.66 
ADP-ribosylation factor-like 12 (predicted)    Arl12_predicted  1.46 
ADP-ribosyltransferase 3 (predicted)     Art3_predicted  0.81 
amyotrophic lateral sclerosis 2 (juvenile) (predicted)    Als2_predicted  0.83 
ariadne homolog 2 (Drosophila) (predicted)    Arih2_predicted  1.36 
Calcium/calmodulin-depen dent protein kinase IV    Camk4   1.51 
Casitas B-lineage lymphoma b      Cblb   0.79 
CDC42 effector protein (Rho GTPase binding) 5 (predicted)   Cdc42ep5_predicted 0.80 
coagulation factor II (thrombin) receptor     F2r   0.81 
copine III (predicted)       Cpne3_predicted  0.69 
cyclin D2        Ccnd2   0.82 
death associated protein kinase 1 (predicted)     Dapk1_predicted  0.77 
ectonucleotide pyrophosphatase/phosphodiesterase 3    Enpp3   0.65 
exportin 4 (predicted)       Xpo4_predicted  0.75 
FLJ23471 protein (predicted) similar to     RGD1307875_predicted 0.70 
FK506 binding protein 5 (predicted)     Fkbp5_predicted 1.34 
fring         Rffl   0.83 
G protein-coupled receptor 21 (predicted)     Gpr21_predicted  0.79 
GTP binding protein (gene overexpressed in skel etal muscle) (predicted) Gem_predicted  1.22 
GTPase, IMAP family member 5      Gimap5   0.71 
Heme oxygenase 3 (HO-3) similar to     LOC365909  2.64 
inositol 1, 4, 5-triphosphate receptor 3     Itpr3   1.24 
Mastermind like 1 (Drosophila) (predicted)     Maml1_predicted  0.73 
Mitogen activated protein kinase 10     Mapk10   1.23 
MOB1, Mps One Binder kinase activator-like 2B (yeast) (predicted)  Mobkl2b_predicted 1.76 
Nuclear ubiquitous casein kinase and cyclin-dependent kinase substrate  Nucks   0.75 
phosphatase and tensin homolog      Pten   1.21 
prolactin receptor       Prlr   1.53 
proline-serine-threonine phosphatase-interacting protein 1 (predicted) Pstpip1_predicted 1.23 
protein kinase C binding protein 1 (predicted)     Prkcbp1_predicted 0.75 
protein phosphatase 1, regulatory (inhi bitor) subunit 3B   Ppp1r3b  1.47 
protein phosphatase 2, regulatory subunit B (B56), delta isoform (predicted) Ppp2r5d_predicted 0.81 
protein phosphatase 2C zeta      RGD:1359104  1.37 
Protein phosphatase 5, catalyti c subunit     Ppp5c   1.52 
Rab40b, member RAS oncogene family (predicted)    Rab40b_predicted 0.78 
RAB6A, member RAS oncogene family     Rab6   0.76 
RAP2B, member of RAS oncogene family     Rap2b   1.87 
RAS guanyl releasing protein 2 (calcium and DAG-regulated) (predicted) Rasgrp2_predicted 0.75 
Rho GTPase activating protein 20 ; hypothetical gene supported 
by NM_213629        Arhgap20 ; LOC497830 1.35 
secreted frizzled-related protein 2      Sfrp2   0.59 
Yamaguchi sarcoma viral (v-yes-1) oncogene homolog   Lyn   1.70 

Transcription 
adenosine A2B receptor       Adora2b   0.83 
activating transcription factor 7 interacting protein (predicted)  Atf7ip_predicted 1.50 
AP1 gamma subunit binding protein 1     Ap1gbp1  1.31 
B-cell CLL/lymphoma 11A (zinc finger protein) (predicted)   Bcl11a   0.63 
fragile X mental retardation gene 2, autosomal homolog (predicted)  Fxr2h_predicted  1.29 
Heterogeneous nuclear ribonucleoprotein methyltransferase- 
like 3 (S. cerevisiae)       Prmt3   1.87 
histone H4 variant H4-v.1 ; similar to germinal histone H4 gene  LOC500351  1.35 
meningioma expressed antigen 5 (hyaluronidase)    Mgea5   1.22 
myelin transcription factor 1-like      Myt1l   0.83 
nuclear transcription factor, X-box binding 1 (predicted)   Nfx1_predicted  0.82 
nuclear receptor subfamily 1, group D, member 1    Nr1d1   0.81 
Retinoblastoma-like 2       Rbl2   1.40 
RNA-binding region (RNP1, RRM) containing 2 (predicted)   Rnpc2_predicted  0.72 
scratch homolog 1, zinc finger protein (Drosophila) (predicted)  Scrt1_predicted  1.31 
SP110 nuclear body protein (predicted)     Sp110   0.72 

_____________________________________________________________________________________________ 
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Table2. continued 
___________________________________________________________________________________________ 

SOX2 protein similar to       LOC499593  0.78 
speedy homolog 1 (Drosophila)      Spdy1   0.60 
Sperm 1 POU-domain transcription factor (SPRM-1 ) (predicted)  RGD1305526_predicted 1.73 
SWI/SNF related, matrix associated, actin dependent regulator of  
chromatin, subfamily a, member 4      Smarca4  0.81 
transcription factor CP2 (predicted)     Tcfcp2_predicted 1.33 
transcription factor A, mitochondrial      Tfam   0.82 
tumor suppressor candidate 4 (predi cted)     Tu sc4_predicted 1.29 

Protein Synthesis 
Alpha-1,3-mannosyl-glycoprotein 2-beta-N-acetylglucosaminyltransferase Mgat1   0.75 
betaGlcNAc beta 1,3-galactosyltransferase, polypeptide 4   B3galt4   1.37 
Coilin         Coil   1.51 
Hairy/enhancer-of-split related with YRPW motif-like (predicted)  Heyl_predicted  1.24 
protease (prosome, macropain) 28 subunit, alpha    Psme1   0.83 
thyrotropin releasing hormone receptor     Trhr   1.29 
UDP-glucose ceramide glucosyltransferase    Ugcg   1.26 

Channel 
potassium channel subunit (Slack)     RGD:621106  1.51 
potassium channel, subfamily K, member 10    Kcnk10   1.32 
potassium voltage-gated channel, subfamily H (eag-related), member 1 Kcnh1   1.27 
Solute carrier family 25 (mitochondrial carrier, Aralar), member 12 (predicted) Slc25a12_predicted 0.70 
solute carrier family 41, member 2 (predicted)    Slc41a2_predicted 1.43 
solute carrier family 6 (neurotransmitter transporter, L-proline), member 7 Slc6a7   0.74 
solute carrier organic anion transporter family, member 1a4   Slco1a4   0.81 
Transient receptor potential cation channel, subfamily C, member 4 Trpc4   1.37 

Cytoskeleton 
actinin alpha 4        Actn4   0.78 
radixin         RGD:1359472  0.74 
rapostlin         Fnbp1   0.68 
RIKEN cDNA B130055L09 (predicted) Similar to    RGD1309236_predicted 0.77 
Tubulin alpha-8 chain (Alpha-tubulin 8) , similar to    LOC500377  1.36 
tubulin tyrosine ligase       Ttl   1.44 
vimentin         Vim   0.67 
WAS protein family, member 2 (predicted)     Wasf2   0.80 

Inflammation 
B-cell CLL/lymphoma 7C (predicted)     Bcl7c_predicted  1.29 
CD74 antigen (invariant polpypeptide of major histocompatibility  
class II antigen-ass.)       Cd74   0.61 
Chemokine (C-C motif) receptor 6 (predicted)    Ccr6   0.72 
chemokine (C-X-C motif) receptor 4      Cxcr4   0.64 
Chemokine-like factor super family 6 (predicted)    Cklfsf6   0.71 
GATA binding protein 2       Gata2   1.25 
interferon-induced protein with tetratricopeptide repeats 2 (predicted)  Ifit2_predicted  0.73 
interleukin 12a        Il12a   1.35 
leukocyte receptor cluster (LRC) member 8 (predicted)   Leng8_predicted 1.49 
scavenger receptor class B, member 1     Scarb1   0.83 
tumor necrosis factor (ligand) superfamily, member 13 (predicted)  Tnfsf13_predicted 0.76 

Metabolism 
3-hydroxy-3-methylglutaryl-Coenzyme A reductase   Hmgcr   1.20 
acetoacetyl-CoA synthetase      Aacs   1.32 
angiotensin II receptor-associated protein     RGD:1359346  0.80 
Beta galactoside alpha 2,6 sialyltransferase 2    St6gal2   0.73 
cytochrome P450, family 4, subfamily a, polypeptide 14   Cyp4a14  1.63 
hexokinase 2        Hk2   0.77 
microsomal glutathione S-transferase 2 (predicted)    Mgst2_predicted  1.37 
pyruvate dehydrogenase kinase, isoenzyme 3    Pdk3   1.33 
Retinoic acid receptor responder (tazarotene induced) 2 (predicted) Rarres2   1.37 

Mitochondrial 
Aconitase 2, mitochondrial       Aco2   0.52 
carbonic anhydrase VB, mitochondrial     Ca5b   1.2 
mitochondrial protein, 18 kDa      RGD:1359705  0.81 
Mitochondrial ribosomal protein L16      Mrpl16   0.67 

____________________________________________________________________________________________ 
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Table2. continued 
___________________________________________________________________________________________ 

mitochondrial ribosomal protein L40     Mrpl40   1.21 
Protease 

carboxypeptidase A2 (pancreatic) (predicted)     Cpa2_predicted  0.64 
Carboxypeptidase D       Cpd   0.64 
O-sialoglycoprotein endopeptidase (predicted)    Osgep_predicted  0.76 
proteasome (prosome, macropain) subunit, beta type 10 (predicted) Psmb10_predicted 1.33 
proteosome (prosome, macropain) subunit, beta type 9   Psmb9   0.73 

Transport 
ATP-binding cassette, sub-family C (CFTR/MRP), member 5  Abcc5   1.23 
zinc finger protein 292       Znf292   0.82 

Apoptosis/Stress 
LOC500348 similar to Apop tosis facilitator     Bcl-2-like protein 14 1.43 
tripartite motif protein 47 (predicted)     Trim47_predicted 1.32 

Heatshock protein 
heat shock protein 2       Hspa2   0.73 

Guidance 
Sema domain, transmembrane domain (TM), and cytoplasmic domain,  
(semaphorin) 6A (predicted)      Sema6a_predicted 0.74 
unc-5 homolog C (C. elegans)      Unc5c   0.70 

Adhesion 
5'-nucleotidase, cytosolic II-like 1 (predicted)     Col10a1   0.68 
cell adhesion molecule nectin-3 gamma, similar to    LOC363780  1.28 
fibulin 1 (predicted)       Fbln1_predicted  0.63 
glycoprotein (transmembrane) nmb      Gpnmb   0.77 
High mobility group protein 1 (HMG-1) (Amphoterin) similar to    Hmgb1   0.79 
LRRC36 homolog (human)      Lrrc36   1.89 
matrix metallopeptidase 3      Mmp3   1.32 
neurotrimin ; hypothetical gene supported by NM_017354   Hnt ; LOC360435  0.74 
procollagen, type XI, alpha 1      Col11a1   0.70 
Procollagen, type XXVII, alpha 1      Col27a1   0.79 
proteoglycan peptide core protein      RGD:619969  0.79 
protocadherin 7 isoform c precursor; brain-heart [Homo sapiens] Similar to protocatherin 7, similar to 0.83 
reelin         Reln   0.77 
sialic acid binding Ig-like lectin 10 (predicted)    Siglec10_predicted 2.82 
syndecan 2        Sdc2   0.81 
tissue inhibitor of metalloproteinase 2     Timp2   0.80 
transmembrane 4 superfamily member 1 (predicted)    Tm4sf1_predicted 0.70 
transmembrane 4 superfamily member 11     Tm4sf11   0.76 
transmembrane 4 superfamily member 7 (predicted)    Tm4sf7_predicted 0.75 
transmembrane protein vezatin      RGD:1359117  1.45 

Synapse formation/maintainance 
adrenergic receptor, alpha 2c      Adra2c   1.34 
Bardet-Biedl syndrome 4 (predicted)     Bbs4_predicted  0.82 
calsyntenin 2        Clstn2   1.23 
Catechol-O-methyltransferase      Comt   1.37 
Discs, large homolog 2 (Dros ophila)     Dlgh2   1.38 
Erythrocyte protein band 4.1-like 4b (predicted)    Epb4.1l4b_predicted 0.74 
homer homolog 3 (Drosophila)      Homer3   1.57 
latrophilin 2        Lphn2   0.81 
lin-7 homolog a (C. elegans)      Lin7a   0.79 
membrane bound C2 domain containing protein    Mbc2   1.50 
neuregulin 1        Nrg1   1.25 
piccolo (presynaptic cytomatrix protein)     Pclo   1.38 
Synapsin III        Syn3   0.82 

Growth 
brain derived neurotrophic factor      Bdnf   0.64 
glial cell line derived neurotrophic factor family receptor alpha 1  Gfra1   1.30 
hepatoma-derived growth factor, related protein 2    Hdgfrp2   0.76 
neurotrophic tyrosine kinase, recep tor, type 1    Ntrk1   1.30 
phosphatidylcholine transfer protein     Pctp   1.24 
Transforming growth factor, beta 2      Tgfb2   0.74 
transforming growth factor, beta induced     Tgfbi   0.79 

____________________________________________________________________________________________ 
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Table 2: List of genes regulated in the ventral grey matter after forced limb use in comparison to forced non-use 

(lesioned animals) belonging to the categories: signaling, transcription, protein synthesis, channel, cytoskeleton, 

inflammation, metabolism, mitochondrial, protease, transport, apoptosis, stress, heatshock proteins, guidance, 

adhesion, synapses formation and growth which show fold changes �• 1.2 or �” 0.8 (upregulated genes in bold).  

 

DISCUSSION 

 

The present study shows that growth and synapse formation of CST fibers from the intact side into the 

denervated spinal cord after unilateral CST injury is enhanced by forced use of the impaired forelimb. 

Forced limb use led to the upregulation of mRNAs involved in neuronal outgrowth, cytoskeletal 

rearrangements, adhesion and guidance as well as to synapse formation in the denervated cervical grey 

matter. Growth and arborization of CST, and probably other fibers, was accompanied by marked 

behavioral improvements which led to full restoration of precise forepaw movements in the horizontal 

ladder test, whereas animals that could not use their impaired limb remained permanently and severely 

impaired.  

 

Forced limb use leads to functional recovery 

 

Interruption of CST input to the cervical spinal cord resulted in a permanent impairment of skilled 

forelimb function as assessed by the irregular horizontal ladder or in grasping tasks in earlier studies (R. 

J. Schwartzman, 1978; I. Q. Whishaw et al., 1993; B. A. Norrie et al., 2005; D. M. Piecharka et al., 

2005) The same result was obtained in injured rats with immobilized impaired forelimbs. The cast 

allowed minor movements of the restricted forelimb which may have helped to prevent muscle atrophy 

as shown in sham operated animals and allowed some degree of spontaneous behavioral 

improvements. Nevertheless, an impaired, dysfunctional forelimb might be more susceptible to cast 

restriction than the intact forelimb of a sham operated animal, and poor recovery of forelimb function in 

animals that could not use their impaired forelimb for three weeks might be due to some degree of 

muscle atrophy. Interestingly, we did not observe a difference between control animals without a cast 

that were able to voluntarily use their impaired forelimb and animals that were actively prevented from 

using their limb. This might be explained by an increased reliance on the intact forelimb and paw, a 

phenomenon known as •learned disuseŽ in freely moving animals (Kartje-Tillotson and Castro, 1980; 

Jones and Schallert, 1992) and stroke patients (Jones and Schallert 1992; Kartje-Tillotson and Castro 

1980; Taub et al. 1999). In sharp contrast, full recovery of forelimb-function after pyramidotomy was 
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observed by three weeks of forced limb use. This is in line with previous studies where forced use of the 

impaired forelimb led to behavioral recovery in animal models of stroke (Bland et al. 2001; Nudo et al. 

1996) as well as in stroke patients (CIMT; (Taub et al. 1999). The cast forced animals to completely rely 

on their impaired side for everyday behavior thereby training a broad range of movements without 

forcing a certain amount of repetitive limb movements upon the animals and they were free to choose 

the amount and type of exercise as well as resting periods. Forced limb use might, therefore, lead to 

improvements in a variety of locomotor movements in contrast to other training paradigms where 

training of one specific task came at the cost of a non-trained task (De Leon et al. 1998; Girgis et al. 

2007). Forced use immediately after injury did not lead to locomotor deficits or increased tissue damage 

as seen after cortical lesion (Humm et al. 1998). In our model we injured descending fibers at the 

medullary level which left cell bodies undamaged and possibly less vulnerable to elevated glutamate 

levels in response to training (Humm et al. 1999; Kozlowski et al. 1996). To show behavioral recovery 

immediately after injury and training we tested our animals on the horizontal ladder. The horizontal 

ladder test requires precise movements of forelimb and digits and is a sensitive test to study forelimb 

recovery after CST injury (Bolton et al. 2006; Metz and Whishaw 2002; Norrie et al. 2005; Starkey et al. 

2005). Although the pellet reaching test allows a very detailed analysis of various movement 

components after pyramidotomy (Thallmair et al. 1998; Whishaw et al. 1993) it would have required 

some time for retraining (Z'Graggen et al. 1998).  

 

Forced limb use enhances CST plasticity 

 

Unilateral pyramidotomy induced growth of axons from the intact CST into the contralateral, 

denervated grey matter where fibers arborized and established glutamatergic synapses. We were able 

to demonstrate CST outgrowth by colocalization of midline crossing fibers with the growth cone marker 

2G13 as early as one week after injury. 2G13 exclusively labels growing axons (Stettler et al. 1999) and 

provides a valuable alternative to GAP-43 which also stains non-growing fibers (Curtis et al. 1993; 

Kapfhammer and Schwab 1994).  

Three weeks after injury and forced limb use the number of labeled axons within the denervated grey 

matter was significantly increased in comparison to animals that could not use their impaired limb. Even 

though fiber density was also high in non-constrained animals functional reinnervation was increased 

only in animals that had to rely on their impaired limb as shown by the significantly higher number of 

BDA labeled boutons as well as a slight but not significant increase in the total density of vGlut1-

positive structures indicating that physical activity might lead to significant changes especially at the 
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synaptic and connectivity level. One week after injury vGlut1 immunoreactivity was decreased by 60% 

within the denervated lamina VII of the spinal cord of all animals, reflecting the loss of excitatory CST 

input. 

The increased fiber density is probably reflecting local sprouting of new, as well as pre-existing fibers. 

Camera Lucida reconstructions also clearly demonstrated a contribution of ipsilateral ventral projections 

in accordance with previous studies (Brus-Ramer et al. 2007; Weidner et al. 2001). Sprouting of midline 

crossing as well as ipsilateral fibers occurs spontaneously in response to CST lesion; However it is 

enhanced by interventions that increase CNS fiber growth and plasticity (Thallmair et al. 1998; Vanek et 

al. 1998; Zhou et al. 2003). In injured animals CST fibers also grew towards deeper laminae of the 

ventral and the dorsal horn thereby resembling the pattern of normal CST innervation. A remarkable 

finding was the preference of midline crossing fibers for the ventral part of the grey matter, despite the 

fact that normally two thirds of CST fibers terminate in the dorsal horn. This ventral preference of 

growing CST fibers has been observed in previous studies (Brus-Ramer et al. 2007; Kuang and Kalil 

1990; Raineteau et al. 2002). It suggests a higher growth potential of motor CST fibers, and/or the 

presence of local signals which support target directed growth of axon collaterals towards ventral, 

motor circuits. Candidates for such signals were indeed found in our Affymetrix Chip analysis (see 

below). Even though we cannot completely exclude the possibility that the higher density of labeling in 

the denervated spinal cord is due to an increased BDA transport into preexisting small diameter 

collaterals, the total number of BDA labeled axons in the CST was equal in all treatment groups, and 

there is no evidence so far for changes in tracer transport in an intact tract in response to physical 

activity.  

 

CST and functional recovery.  

 

Improvements of forepaw placement on the horizontal ladder in response to forced limb use were seen 

as early as one week after injury whereas changes in axonal growth and branching were only detected 

at a later stage. This suggests that forced limb use has a beneficial influence on motor performance by 

involving a variety of intraspinal and supraspinal systems during early as well as later phases of 

recovery. Synaptic changes, unmasking of functionally inactive connections and the modulation of local 

inhibitory and excitatory interneurons have been linked to motor system adaptations in response to 

lesion and training (Hess and Donoghue 1994; Tillakaratne et al. 2000; Wolpaw 1997) and might 

contribute to behavioral improvements observed within the first week after injury. Structural 
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reorganization probably requires a certain amount of time after the onset of training to be detected as 

suggested in previous studies (Kleim, 2004). 

Due to its accessibility and defined morphology we demonstrate morphological changes in response to 

injury and forced limb use in the intact CST, but structural plasticity of other descending tracts may also 

contribute to the behavioral recovery. Rubro- and corticospinal tracts share common targets in the 

spinal cord and can compensate for each other to a certain extent after injury (Martin and Ghez 1988; 

Raineteau et al. 2002). The rubrospinal tract is able to sprout after CST lesion but only in the presence 

of anti-Nogo-A antibodies (Raineteau et al., 2002). The reticulospinal system is left intact in our lesion 

paradigm and might also contribute to the training effect. Nevertheless, control of precision 

movements, in particular of hand/forepaw, is a major function of the motor CST (Castro 1972; Kalil and 

Schneider 1975). Projections of the intact CST probably transmit information to the denervated spinal 

cord of a quality that is superior to the information supplied by other compensating systems and the 

contribution of uninjured CST fibers on behavioral improvements have been shown in previous studies 

(Kartje-Tillotson and Castro 1980). 

 

Intraspinal changes induced by CST denervation and forelimb training 

 

Complete transection of one CST and forced limb use in the rat led to increased growth/stabilization of 

midline crossing CST fibers, suggesting a mechanism of competition for synaptic space and trophic 

support as previously described after pyramidotomy and/or electrical stimulation of the intact CST (Brus-

Ramer, 2007; Martin, 2004). Interestingly, electrical stimulation leads to increased outgrowth of ventral 

CST fibers in intact animals whereas forced limb use alone was not sufficient to induce structural 

rearrangements.  

Pyramidotomy was shown to induce the expression of specific sets of genes in the denervated grey 

matter of the spinal cord. At two days after injury the activation of inflammation related molecules, 

immediately early genes, transcription factors, ion channels and transporters was observed (Bareyre and 

Schwab 2003). At 7 days upregulation of growth factors, guidance molecules, extracellular matrix 

molecules, angiogenic factors and molecules involved in synapse formation were seen (Bareyre et al. 

2002). These results are in line with our present observations.  

The effect of training on gene expression in the cervical spinal cord is still poorly understood. Forced 

limb reduces growth inhibitory factors and extracellular matrix molecules and regulated growth 

promoting factors and cytoskeletal dynamics. There was regulation of adhesion molecules, axonal 

guidance molecules and components of synapse formation. E.g. Glial cell line derived neurotrophic 
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factor receptor alpha 1 (Gfra1), Brain derived neurotrophic factor (Bdnf) as well as Neuregulin1 (Nlgn1) 

and Piccolo (Pcl) (Fischbach 2007; Garces et al. 2000; Phelps et al. 2002; Tao-Cheng 2006; Wu et al. 

2006). Due to the variability in lesion models, training paradigms, investigated time points or spinal 

levels there is no agreement about the importance or specificity of different factors. BDNF for example 

plays an important role in synapse formation and stabilization (Poo 2001) and physical exercise in intact 

and spinal cord injured animals increases mRNA levels of BDNF (Cotman and Berchtold 2002; Gomez-

Pinilla et al. 2002; Ying et al. 2005). Training after cervical lesion however did not increase BDNF levels 

(Girgis et al. 2007) and one week after lesion and forced limb use we even observed a decrease within 

the denervated grey matter.  

Our study clearly shows that rehabilitative forelimb training regulates compensatory plastic changes at 

the spinal level after injury followed by behavioral recovery. The analysis of the specificity and 

importance of individual molecules involved in activity depended reorganization will be an exciting task 

for future studies. 
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ABSTRACT 

 

Forced limb use after unilateral corticospinal tract (CST) injury led to behavioral improvements of the 

impaired contralateral forelimb in the irregular horizontal ladder test. This was paralleled by lesion 

induced growth of fibers from the intact CST over the midline, as well as increased arborization and 

synapse formation of collaterals in the denervated grey matter in response to forced limb use (Maier et 

al., in press). In this study we investigate if neutralization of the myelin associated inhibitor of neurite 

growth, Nogo-A, in combination with forced limb use after unilateral CST injury further increases 

plasticity in the adult spinal cord as well as behavioral recovery. Female adult Lewis rats received a 

unilateral CST injury at the brainstem level. Anti-Nogo-A antibodies (11C7) or mouse control IgG 

antibodies were delivered intrathecally for two weeks starting at the day of lesion. Each group was 

subdivided into animals that were forced to use their impaired limb for either one or three weeks by a 

cast applied to the intact limb and animals that could not use their impaired limb (restricted by a cast) 

for either one or three weeks. Forced limb use as well as anti-Nogo-A antibody treatment was followed 

by behavioral improvements in the irregular horizontal ladder test. Interestingly, we did not find a 

synergistic effect when combining both treatments.  

 

INTRODUCTION 

 

Spontaneous remodeling of intraspinal circuits has been observed after incomplete spinal cord injury 

(Bareyre et al. 2004; Brus-Ramer et al. 2007; Weidner et al. 2001) probably based on up-regulation of 

growth factors and guidance molecules immediately after the lesion (Bareyre et al. 2002). Axonal 

sprout formation within the first days after lesion is followed by extensive pruning and refinement of 

connections (Bareyre et al. 2004). Within a certain period after CNS trauma structural changes and 

modifications of motor system organization can be enhanced by behavioral demand (Girgis et al. 2007; 

Jones et al. 1999). Rehabilitation training after spinal cord injury has been shown to lead to behavioral 

improvements in hindlimb (Barbeau and Rossignol 1994; Dietz et al. 1998; Edgerton et al. 2004) as 

well as forelimb function (Girgis et al. 2007) followed by increased mRNA levels of neurotrophic factors, 

synaptic changes, unmasking of functionally inactive connections and the modulation of local inhibitory 

and excitatory interneurons (Gomez-Pinilla et al. 2002; Hess and Donoghue 1994; Tillakaratne et al. 

2000; Wolpaw 1997). The beneficial effects of training are use-dependent (Jones and Schallert 1994; 

Schallert et al. 1997) and rely on the onset of exercise (Humm et al. 1999) and the duration of training 

(Kleim et al. 2004). However, the extent of behavioral improvement is often modest due to limited 
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plasticity in the adult CNS and absence of substantial axonal outgrowth. Combinatorial approaches to 

further increase CNS plasticity, targeting several mechanisms that normally restrict axonal growth, 

might enhance remodeling and further increase behavioral outcome. In 1988 a myelin-associated 

protein, later called Nogo-A, which contributes to the inhibitory properties of myelin was discovered 

(Caroni and Schwab 1988; Schwab and Caroni 1988). Animals treated with the monoclonal antibodies 

IN-1, 11C7 or 7B12, raised against Nogo-A in order to neutralize its inhibitory effect, showed an 

increased regeneration as well as reorganization in the adult injured CNS (Liebscher et al. 2005; 

Raineteau et al. 1999; Schnell and Schwab 1990; Thallmair et al. 1998). Intact fibers were able to 

compensate for the loss of fiber tracts by innervating targets that had lost their input (Papadopoulos et 

al. 2002; Wenk et al. 1999). We hypothesize that anti-Nogo-A antibody treatment will increase the 

plastic potential by neutralizing the inhibitory environment whereas training will provide positive 

guidance cues and support the stabilization of new, functionally meaningful connections thereby 

leading to a synergistic effect of both treatments and further improving behavioral recovery.  

 

METHODS 

 

Experimental Setup  

 

112 adult female Lewis rats (180-200g) were obtained from a Specific Pathogen Free (SPF) breeding 

colony (R. Janvier, Le Genest-St-Isle, France) and kept in standardized cages (type 4 Macrolon) as 

groups of four animals at a 12:12 hour light:dark cycle on a standard regimen with food and water ad 

libitum. Following unilateral CST injury and BDA tracer injections into the contra-lesional motor cortex 

(described below) rats were randomly divided into two experimental groups: Anti-Nogo-A antibody 

(11C7) treatment and mouse control IgG (IgG) treatment. After pump implantation (described below) 

both groups were further subdivided: a Plaster of Paris cast immobilized either the limb ipsilateral or 

contralateral to the lesion, forcing the animals to completely rely on their impaired (forced use) or their 

unimpaired (forced non-use) forelimb for either one or three weeks.  

 

Surgical procedure 

 

All surgical procedures were performed as previously described in Chapter 2, under aseptic conditions. 

One week prior to injury animals were deeply anesthetized with a subcutaneous injection of Hypnorm 

(0.3 mg/kg body weight; VetaPharma LtD, Leeds, England) and Dormicum (0.6mg/kg body weight; 
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Roche Pharmaceuticals, Basel, Switzerland). Analgesics (Rimadyl; 5mg/kg, subcutaneous, Pfitzer AG, 

Zürich, Switzerland) were given postoperatively. All experiments were performed according to the 

guidelines of the Veterinary Office of the Canton of Zurich, Switzerland. Experimenters were blind with 

regard to treatment throughout the experiment.  

 

Lesion 

 

Unilateral pyramidal tract lesions were made according to the method described in Chapter 2. In short 

the occipital bone was exposed and a small hole drilled into the bone which revealed the medullary 

pyramids. The dura was removed and the CST transected just rostral to its decussation with a fine 

tungsten needle. Completeness of the injury was confirmed by a histology approach and animals with 

incomplete lesions were excluded from further studies. 

 

Pump implantation 

 

After the unilateral CST lesion was performed a small hole was drilled at vertebral level L2, a fine 

catheter (32 gauge; Recathco, Allison Park, PA, USA) inserted into the subdural space and carefully 

pushed up to ~ T9. Antibodies were continuously delivered into the cerebrospinal fluid (CSF) from an 

osmotic minipump for either one (10µl/h, 1.5µg IgG/µl, Alzet 2ML1 Charles River Laboratories, Les 

Oncins, France; cast for one week) or two weeks (5µl/h, 3.0 µg IgG/µl, Alzet 2ML2, cast for three 

weeks). 

 

BDA tracing 

 

A small hole was drilled into the skull overlying the sensorimotor cortex. The CST was traced unilaterally 

with 10% biotin dextran amine (BDA, 10,000 MW; Molecular Probes, Invitrogen, Carlsbad, CA, USA) in 

0.01M phosphate-buffered saline. We injected a total volume of 3.0 µl BDA freehand at 4 sites of the 

sensory-motor cortex using a 5 µl Hamilton syringe.  

 

Forelimb immobilization 

 

Immediately after BDA tracing while animals were still anesthetized one forelimb was restricted as 

already described in Chapter 2. Briefly, a Plaster of Paris cast immobilized either their impaired (forced 
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non-use) or the unimpaired (forced use) forelimb forcing animals to completely rely on one limb for 

either one or three weeks starting immediately after injury. Animals were checked at least twice per day 

and the cast was renewed under isofluorane anesthesia if required. 

 

Irregular horizontal ladder test 

 

Forelimb performance was evaluated as previously described in Chapter 2. Animals were accustomed to 

the testing apparatus for two weeks. Locomotor performance was evaluated before injury and once, 48 

hours after cast removal. Misplaced digits, wrist/forearm support or slips/misses were rated as errors 

and the success rate was expressed as % of correct steps out of all steps taken by the impaired 

forelimb.  

 

Immunohistochemistry and histological analysis 

 

Tissue preparation 

 

After completion of behavioral testing all animals were deeply anesthetized with pentobarbital (450 

mg/kg i.p., Abbott Laboratories, Cham, Switzerland), perfused transcardially with 100ml Ringer's 

solution (containing 100,000 IU/l heparin, Liquemin, Roche, Basel, Switzerland, and 0.25% NaNO2) 

followed by 200ml of 4% phosphate-buffered paraformaldehyde (pH 7.4 containing 5% sucrose). 

Spinal cords and brains were dissected and postfixed in the same fixative overnight at 4°C before they 

were cryoprotected in phosphate buffered 30% sucrose for additional 5 days.  

 

DAB staining (BDA) 

 

The caudal parts of the cervical enlargement (C6 - C8) and brainstems were embedded in a gelatine-

chicken albumin solution polymerized with 25% glutaraldehyde, cut in 50µm thick cross-sections on a 

vibratome and processed using the nickel-enhanced DAB protocol as previously described in Chapter 2. 

Sections were air-dried over night and coverslips were fixed with Eukitt (Kindler, Freiburg, Germany). 
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Quantification of midline crossing CST fibers 

 

Growth and sprouting in response to injury was evaluated in 40 adjacent cross-sections at the caudal 

cervical enlargement (C6 - C8) as already described in Chapter 2. Midline crossing fibers were counted 

at the central canal (line M), branching of these fibers was evaluated at two defined lateral distances in 

the grey matter (line D1 and D2). To correct for variations in BDA uptake we normalized the 

quantitative data by counting BDA-labeled axons in the main pyramidal tract on four adjacent sections 

at the level of the brainstem (level of facial nerve). Results are expressed as mean number of fibers at 

the cervical level crossing the lines M, D1 or D2 divided by the mean of labeled pyramidal tract fibers at 

the brainstem level for each animal. 

 

Statistical analysis 

 

All data were analyzed using parametric analysis of variance (ANOVA) of the appropriate design, 

followed by restricted analyses or Bonferroni post-hoc pair-wise comparisons whenever a main effect or 

interaction attained statistical significance. All statistical analyses were conducted using the statistical 

software SPSS (release 14.0; Chicago, IL, USA). Data are presented as means ± SEM, single data points 

represent single animals and asterisks indicate significances: *p �” 0.05, **p �” 0.01, ***p �” 0.001.  

 

RESULTS 

 

Behavioral recovery after anti-Nogo-A antibody treatment and forced limb use 

 

To investigate if behavioral recovery after unilateral CST injury could be enhanced by Nogo-A-antibody 

treatment or forced use of the impaired limb or whether the combination of both treatments shows a 

synergistic effect, rats were either treated with the anti-Nogo-A antibody 11C7 or a mouse control IgG 

and forced to either completely rely on their non-impaired (forced non-use of the impaired limb) or their 

impaired (forced-use of the impaired limb) limb for either one or three weeks. All rats were assigned to 

the following eight groups: Animals restricted from using their impaired limb for one week 

(IgG_1week_non-use, n = 8; 11C7_1week_non-use, n = 11) and animals forced to completely rely on 

their impaired limb for one week (IgG_1week_use, n = 8; 11C7_1week_use, n = 8) as well as rats 

restricted from using their impaired limb for three weeks (IgG_3weeks_non-use, n = 10; 
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11C7_3weeks_non-use, n = 8) and animals forced to completely rely on their impaired limb for three 

weeks (IgG_3weeks_use, n = 9; 11C7_3weeks_use, n = 9). 

Before surgery animals were accustomed to the horizontal ladder until their success rate was > 90%. 

They then underwent a unilateral CST injury by section of one pyramid, pump implantation and 

restriction of one limb as described in methods. After one or three weeks, respectively, the cast was 

removed and all animals were allowed to recover for 48 hours before locomotor performance of their 

impaired limb was tested once on the horizontal ladder. 

 

 

Figure 1: Effect of Nogo-A antibody treatment and forced limb use on the recovery of skilled forelimb function 
on the horizontal ladder. A, After lesion animals received either anti-Nogo-A antibodies (11C7) or a mouse IgG 
and were forced to completely rely on their non-impaired (IgG_1week_non-use, n = 8; 11C7_1week_non-use, n 
= 11) or their impaired (IgG_1week_use, n = 8; 11C7_1week_use, n = 8) forelimb for 1 week. Injury led to 
significantly worse performance of the impaired forelimb on the horizontal ladder (ANOVA, p �” 0.01). After 
one week neither antibody treatment nor forced limb use led to significant differences between all groups 
(Bonferroni post hoc, p > 0.05). B, After three weeks locomotor performance of the impaired forelimb in 
response to either forced limb use (IgG_3weeks_use, n = 9; p �” 0.01) anti-Nogo-A antibody treatment 
(11C7_3weeks_non-use; n = 8; p �” 0.05) as well as after the combinatory treatment (11C7_3weeks_use, n = 9; p 
�” 0.001) was significantly improved in comparison to IgG treated animals that could not use their impaired side 
(IgG_3weeks_non-use, n = 10). Data is presented as mean ± SEM; *p �” 0.05; **p �” 0.01; ***p �” 0.001. 
 

Unilateral CST injury led to more errors on the horizontal ladder (ANOVA, p �” 0.001) one week after 

injury (Fig. 1A). Animals that were not able to use their impaired forelimb seemed to have a slightly 

lower success rate (IgG: 48.5% ± 10.00; 11C7: 54.2% ± 10.02) in comparison to animals that were 

forced to rely on their impaired forelimb (IgG: 69.3% ± 9.5; 11C7: 70.1% ± 5.8) but this difference did 

not reach significance (Bonferroni, post hoc, p > 0.05). 

Three weeks after injury we found a significantly lower success rate in IgG-treated animals restricted 

from using their impaired limb (55.8% ± 4.4) in comparison to IgG treated animals forced to use their 

impaired limb (78.9 ± 2.8; Bonferroni post hoc, p �” 0.01). 11C7 treated animals that could not use 
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their impaired limb had a success rate of 74.0 ± 10.5; (Bonferroni post hoc, p �” 0.05) and animals with 

the combination treatment 11C7/forced limb use reached 87.1 ± 4.7; (Bonferroni post hoc, p �” 0.001; 

Fig. 1B). However, there was no significant difference in behavioral recovery between animals with 

either IgG treatment and forced limb use, 11C7 treatment and forced non use alone or animals that 

received the combinatory treatment (11C7 and forced limb use). 

 

Growth and arborization of CST fibers in response to anti-Nogo-A antibody treatment and forced 

limb use 

 

To investigate whether Nogo-A-antibody treatment or forced limb use increased the number of midline 

crossing fibers the intact CST was traced in all animals and midline crossing fibers were counted three 

weeks after injury in the dorsal and the ventral commissure at the central canal (distance M). Branching 

of these fibers was evaluated at two defined regions within the grey matter (distance D1 and D2).  

 

 

 

Figure 2 Effect of anti-Nogo-A antibody treatment and forced limb use on growth of the intact CST into the 
contralateral spinal half and arborization in the denervated grey matter. 
Growth and arborization of the intact CST was analyzed by counting all fibers at the central canal (M) as well as 
at two defined lateral distances (D1 and D2) in the denervated spinal cord. Anti-Nogo-A antibody treatment led 
to significant growth of midline crossing fibers in animals forced to use their impaired limb (Bonferroni post 
hoc, p �” 0.05). Arborization of these fibers in the denervated grey matter was similar in IgG and 11C7 treated 
animals and slightly increased after forced limb use (Bonferroni post hoc, p > 0.05). Data is presented as mean ± 
SEM; *p �” 0.05. 
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Three weeks after injury anti-Nogo-A antibody treatment increased the number of midline crossing 

fibers and this increase was significant in animals forced to use their impaired limb (ANOVA, Bonferroni 

post hoc, p �” 0.05) (Fig. 2). Even though the density of BDA-labeled fibers seemed to be slightly 

enhanced in response to forced limb use we did not observe a significant increase of arborization in the 

denervated grey matter in response to forced limb use, anti-Nogo-A antibody treatment or the 

combination of both treatments. (ANOVA, p > 0.05) (Fig.2) 

 

DISCUSSION 

 

In our study we could show that forced limb use as well as anti-Nogo-A antibody treatment after 

unilateral CST injury leads to behavioral recovery of the impaired forelimb on the irregular horizontal 

ladder. Our anatomical data indicate that different mechanisms of intraspinal plasticity might be 

responsible for behavioral improvements in response to different therapeutical interventions.  

 

Forced limb use as well as anti-Nogo-A antibody treatment leads to functional recovery 

 

We were able to reproduce the results shown in Chapter 2. Pyramidotomy led to a severe reduction of 

locomotor performance of the contralateral forelimb on the horizontal ladder which was persistent in 

IgG treated animals that could not use their impaired limb for at least three weeks. Animals that were 

forced to completely rely on their impaired side showed significant improvements on the horizontal 

ladder even though they did not recover back to baseline levels as these shown in Chapter 2, (Fig. 5A). 

The reason for this is probably due to the fact that in the present study all animals received a 

laminectomy at the thoracic level, pump implantation as well as BDA tracer injection into one 

sensorimotor cortex in addition to unilateral CST injury and limb restriction at the same day, whereas in 

the previous study animal were traced a week before CST injury and did not receive an additional 

laminectomy at the day of injury. Due to the severity of interventions in this study animals required 

more time for recovery from surgery and were less active during the first days after lesion. This reduced 

activity delayed the onset of rehabilitative forelimb use and shortened the duration of forelimb training 

which has been shown to influence behavioral outcome (Humm et al. 1998; Kleim et al. 2004).  

Furthermore, we show that anti-Nogo-A antibody treatment leads to significant improvements on a 

skilled forelimb motor task in accordance with previous studies (Thallmair et al. 1998; Z'Graggen et al. 

1998). Interestingly, the onset of behavioral recovery seemed slightly delayed in animals treated with 

the anti-Nogo-A antibodies (non-use) in comparison to animals forced to use their impaired limb (IgG 
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treated) suggesting that different mechanisms of intraspinal plasticity might be responsible for the 

behavioral improvements observed in those groups. Whereas anti-Nogo-A antibody treatment facilitates 

behavioral recovery through long distance regeneration (Brosamle and Schwab 2000; Liebscher et al. 

2005; Schnell and Schwab 1990) as well as compensatory growth of lesioned and intact fiber tracts 

(Bareyre et al. 2004; Raineteau et al. 2001; Thallmair et al. 1998), plasticity associated with locomotor 

training has been reported to involve local changes in spinal circuits independent of supraspinal control 

(Edgerton et al. 2004; Rossignol et al. 1999). Even though our results in Chapter 2 clearly show an 

influence of locomotor training on structural plasticity of descending fiber tracts, the early onset of 

behavioral improvements found in IgG treated animals in response to forced limb use possibly reflect a 

contribution of intraspinal modulations (Gomez-Pinilla et al. 2002; Hess and Donoghue 1994; Petruska 

et al. 2007; Tillakaratne et al. 2000; Wolpaw 1997; 2007) linked to motor system adaptations during 

an early phase of forced limb use. This possibility has already been discussed in great detail in 

Chapter2. 

Significant behavioral improvements in response to both treatments (IgG/ forced use and 11C7/forced 

non-use) indicates that both treatments show the same efficacy even though behavioral improvements 

are likely induced by different mechanisms of plasticity. 

We also observed significant behavioral recovery in animals receiving the combinatory treatment (11C7 

and forced limb use) in comparison to IgG treated animals that could not use their impaired limb but 

did not observe a synergistic effect.  

Pyramidotomy leads to marked behavioral impairments on skilled forelimb function as shown in a 

variety of different forelimb locomotor tasks in previous studies (Starkey et al. 2005; Thallmair et al. 

1998; Whishaw et al. 1993). In our study we used the irregular horizontal ladder test to compare our 

data to results obtained in Chapter 2. Due to the fact that either forced limb use or anti-Nogo-A 

antibody treatment alone already led to functional recovery back to baseline levels in this and the 

previous study it was not possible to detect a synergistic effect of both treatments. Future studies on a 

potentially synergistic effect of anti-Nogo-A antibody treatment and rehabilitative training will require 

different injury models and more sophisticated behavioral readouts.  

 

CST sprouting after forced limb use and Nogo-A antibody treatment  

 

Nogo-A neutralization led to an increase of midline crossing CST fibers independent of forelimb use in 

accordance with previous studies (Cafferty and Strittmatter 2006; Thallmair et al. 1998; Z'Graggen et 

al. 1998). In contrast arborization of midline crossing fibers in the denervated grey matter was not 
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enhanced by 11C7 antibody treatment. Developmentally, a common strategy utilized by the CNS to 

establish neuronal circuitries is the overproduction of neurons, axons, branches and dendrites, which 

are subsequently pruned by molecular and activity dependent mechanisms (Goodman and Shatz 1993; 

Hua and Smith 2004; Luo and O'Leary D 2005). Similar mechanisms may also occur in the injured adult 

rat spinal cord (Bareyre et al. 2004). Increasing the growth potential by anti-Nogo-A antibody treatment 

may have facilitated growth across midline followed by synaptic refinement and pruning of CST 

collaterals in the denervated grey matter leading to the reduced number of collaterals in the denervated 

grey matter. To answer the question if anti-Nogo-A antibody treatment might have led to a faster 

growth response it would be important to analyze the number of CST fibers in all animals one week 

after injury. Unfortunately for technical reasons, we did not detect sufficient BDA labeling in animals 

that were perfused one week after injury. It seems that robust BDA labeling of CST collaterals in the 

cervical spinal cord requires a survival time of 2 weeks.  

Even though there seemed to be a slight increase in the number of labeled CST collaterals in the 

denervated grey matter in response to forced limb use we did not observe a significant difference 

between the groups. It is important to note that in these experiments we did not perform stereotactical 

but freehand BDA injections into the sensorimotor cortex in order to label descending CST fibers. These 

injections label axons projecting from the forelimb motor cortex into the cervical spinal cord as well as 

axons projecting from the hindlimb motor cortex into the lumbar spinal cord to various degrees. We 

could not control for this variability by normalizing our values to the number of labeled fibers at the 

brainstem level, possibly leading to more variability in comparison to the experiments shown in Chapter 

2 (Fig. 5C). 

Our study shows beneficial effects of forced limb use as well as anti-Nogo-A antibody treatment after 

unilateral CST injury. Both interventions likely lead to locomotor recovery through different mechanisms 

of intraspinal fiber growth and plasticity. The combination of rehabilitative training and Nogo-A 

antibody treatment and a putative interaction of both treatments require further studies.  
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ABSTRACT 

 

After incomplete spinal cord injury, rats treated with monoclonal antibodies (11C7, 7B12, IN1) raised 

against Nogo-A, a myelin associated inhibitor of neurite growth, showed increased regeneration as well 

as neuronal reorganization accompanied by behavioral improvements. Independently, locomotor 

training in completely transected animals was shown to induce recovery of stepping associated with 

intraspinal reorganization. Here we investigated the interaction of anti-Nogo-A antibody treatment and 

locomotor training on motor performance after an incomplete spinal cord injury. Adult female Sprague-

Dawley rats received a T-shaped lesion at T8, eliminating the corticospinal tracts (CST) but sparing the 

ventro-lateral funiculi. Rats received either anti-Nogo-A antibodies (11C7) or mouse control IgG 

delivered intrathecally for two weeks starting at the time of lesion. One week after injury, each group 

was subdivided into a training or non-training group. Another group started locomotor training 4 weeks 

after lesion. Rats were trained 5 days per week for 8 weeks, both bipedally (20 min) and quadrupedally 

(20 min) on a motorized treadmill (13-21 cm/s). They were tested in a modified grid-walk motor task as 

well as during bipedal treadmill locomotion. Locomotor performance significantly improved in the non-

trained anti-Nogo-A antibody treated as well as in the trained IgG treated rats. Surprisingly, the 

synchronous combined treatment group did not show a synergistic effect but rats demonstrated poorer 

locomotor performance than after either treatment alone. The lack of synergistic effects could not be 

explained by an increase in pain perception or sprouting of CGRP positive fibers or by interference of 

locomotor training with anti-Nogo-A antibody induced regeneration or sprouting of descending fiber 

tracts. However, delaying the start of training resulted in improved locomotor behavior. Our data 

demonstrate clear differences in neural plasticity associated with different treatment strategies, which 

might be critical in treatment and care of humans with traumatic injuries to the central nervous system. 

 

INTRODUCTION 

 

Functional repair after spinal cord injury requires neurite outgrowth, either as true regenerative growth 

of lesioned axons or as compensatory growth of spared fibers. Recent studies have shown that an 

intrathecal infusion of monoclonal function blocking antibodies (11C7, 7B12, IN-1) directed against the 

myelin associated neurite growth inhibitor Nogo-A leads to long distance regeneration of descending 

axons, (Brosamle et al. 2000; Liebscher et al. 2005; Schnell and Schwab 1990) and to an increase in 

compensatory fiber growth (Mullner et al. 2008; Schwab 2004). Sprouting occurred at all levels of the 

spinal cord (Blochlinger et al. 2001; Raineteau et al. 2002; Thallmair et al. 1998) and was evident in 
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different animal models (Freund et al. 2006; Liebscher et al. 2005). It was accompanied by behavioral 

improvements in sensory and motor function as well as fine motor control in the absence of any obvious 

malfunctions (Freund et al. 2006; Liebscher et al. 2005; Merkler et al. 2001; Z'Graggen et al. 1998) 

suggesting, that new fibers can establish correct and functional, meaningful connections. 

The benefits of locomotor and exercise training on the recovery of function after a spinal cord injury 

have been demonstrated in animal models (Edgerton et al. 2004) as well as human patients (Barbeau 

and Rossignol 1994; Dietz et al. 1998). It is clear from those experiments that the spinal cord contains 

the necessary neuronal circuits to restore some locomotor ability even after a complete spinal cord 

transection (De Leon et al. 1998a; b; Ichiyama et al. 2005; Rossignol et al. 1999). Step training after 

spinal cord injury has been shown to increase mRNA levels of neurotrophic factors in the spinal cord 

(Gomez-Pinilla et al. 2002), change motoneuron and membrane electrophysiological properties 

(Petruska et al. 2007) and decrease inhibitory neurotransmitter immunoreactivity around motoneurons 

(Tillakaratne et al. 2000). These results combined suggest that after a complete transection, locomotor 

training induces significant plasticity in local spinal circuits responsible for the production of steps. 

Successful stepping is heavily dependent on lesion size and a variety of training paradigms like hind 

limb loading (Timoszyk et al. 2005), the amount and type of training (Cha et al. 2007; de Leon et al. 

1998b) and peripheral afferent feedback (Cai et al. 2006b; Dobkin 2000; Gerasimenko et al. 2007; 

Pearson et al. 1998). 

Within the past few years there has been growing awareness that optimal functional repair of the 

injured spinal cord will require spatially and temporally combined interventions in order to induce 

regeneration and guide regrowing fibers to appropriate targets. 

The purpose of this study was to combine anti-Nogo-A antibody treatment and locomotor training after 

an incomplete spinal cord injury. Given that both interventions independently have been repeatedly 

shown to have positive effects on the recovery of function we hypothesized that the combination of 

these treatments would result in an additive effect. Our results show a complex interaction of the two 

treatments with an important contribution of timing for the locomotor training.  

 

METHODS 

 

Experimental setup 

 

A total of 40 adult female Sprague-Dawley rats (200 - 250g body weight) received the T-lesion, 

antibody treatment and locomotor training interventions described below. The entire experiment was 
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repeated in a second set of 28 rats. There were no statistically significant differences in the outcome of 

lesions or behavior between the two experiments, therefore, rats from the first (n = 40) and second (n 

= 28) experiment were pooled for behavioral analysis. Histological and morphological analyses were 

only performed on the second set of rats (n = 28). In addition, two more groups (total n = 20) were 

added to the second experiment to test the effect of the time-point of initiation of each intervention on 

behavioral recovery. The total number of rats used in the experiment was 88 (n = 88). All procedures 

followed the National Institute of Health Guide for the Care and Use of Laboratory Animals and were 

approved by the Animal Use Committee at the University of California.  

 

Surgical procedure 

 

All surgical procedures were performed under aseptic conditions. Animals were deeply anesthetized 

with an i.p. injection of a mixture of ketamine (100mg/kg) and xylazine (10mg/kg) and maintained at a 

deep level of anesthesia with supplemental doses of ketamine as needed. Eye ointment was applied to 

protect the eyes from dehydration. A mid-dorsal incision was performed from approximately vertebral 

level C7 to L3, and the paravertebral muscles were reflected to expose the vertebral segment of 

interest. A laminectomy was performed at vertebral level T8 and the dura incised to expose the spinal 

cord. The T-shaped lesion has been described previously (Liebscher et al. 2005). In short, animals 

received a dorsal hemisection with small iridectomy scissors and a midline transection with a sharp 

pointed blade at vertebra level T8 eliminating the corticospinal tract but sparing the ventral lateral 

funiculi.  

 

Antibody treatment 

 

Rats were randomly divided into two experimental groups: lesion + anti-Nogo-A antibody (11C7) 

treatment and lesion + control mouse IgG treatment. The mouse monoclonal antibody 11C7 was raised 

against a peptide corresponding to the rat Nogo-A sequence amino acids 623 to 640 and has been 

described in detail (Oertle and Schwab 2003). Its Nogo-A function blocking capacity has been 

confirmed in vitro and in vivo (Liebscher et al. 2005; Mullner et al. 2008; Weinmann et al. 2006; 

Wiessner et al. 2003). After the spinal lesion was performed a small hole was drilled at vertebral level 

L2, a fine intrathecal catheter (32 gauge; Recathco, Allison Park, PA, USA) inserted into the subdural 

space and carefully pushed up to T10. The catheter was anchored by suture to the paravertebral 

muscles and maintained at the lesion site. Antibodies were continuously delivered into the CSF from an 
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osmotic minipump (5µl/h, 3.1µg IgG/µl, Alzet 2ML2; Charles River Laboratories, Les Oncins, France) for 

2 weeks. Pumps and intrathecal catheters were removed after 2 weeks under isoflurane anaesthesia. 

All experimenters were blind with regard to treatment throughout the experiment. 

 

Locomotor Training 

 

Due to the nature of the incomplete lesion, some variability in the behavioral outcome was observed. In 

order determine the severity of the lesion before start of training, rats were tested in the open field BBB 

test (Basso et al. 1995) one week after injury and the variability between animals was small. Based on 

the combined scores for both legs, rats were divided into four counterbalanced groups (BBB scores 7 

days after lesion were around 12 for all groups). Anti-Nogo-A and control IgG antibody treated groups 

of each severity level were not significantly different from each other.  

Locomotor training consisted of daily (5 days/week) sessions of 20 min bipedal treadmill training 

followed by 20 min quadrupedal treadmill training. Training started one week post-injury and was 

carried out for 8 weeks. In the second portion of this experiment, a delayed-start group was added, in 

which training started four weeks post-injury. All individuals involved in handling and training of the 

rats were blind to the antibody groups. 

For bipedal training, rats were placed in a servo-controlled body weight support (BWS) system 

(Timoszyk et al. 2005). A hollow cylinder made of heavy cloth was placed at the end of the BWS arm 

into which the rats freely placed their head and upper body, while their hindlimbs supported their 

weight on the moving treadmill belt. This procedure assured a bipedal stance, even though the rats 

were never stranded in a harness. Training started at 7cm/s and reached a maximum of 21cm/s for 20 

min. In general, trained rats were able to step at 21 cm/s for 20 min by the third week of training. A 

sweet cereal reward was given to each rat after each training session. Quadrupedal training 

immediately followed bipedal training and was performed on a dual lane treadmill, in which rats from 

both treatment groups were trained side-by-side. Similar to the bipedal protocol, training started at 

7cm/s and reached a maximum of 21cm/s for 20 min. In addition, the angle of inclination of the 

treadmill belt was systematically increased every week to reach a maximum of 10% grade. Trained rats 

ran at an incline of 10% at 21 cm/s for 20 min by the fifth week of training. A sweet cereal reward was 

also provided after the quadrupedal training. 
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Behavioral Testing 

 

Inclined Climbing 

 

One week before testing all rats were acclimatized to the apparatus and testing conditions. During the 

acclimatization period each rat was placed on the apparatus and encouraged to climb all platforms to 

the top of the apparatus. This procedure was repeated three times. The climbing apparatus is a new 

device engineered in the Edgerton laboratory. It consists of two rows of eight individual platforms 

staggered between left and right. The platforms are moveable and the distances between each platform 

can be manipulated between trials. The design allows intact rats to climb to the top of the apparatus by 

placing one paw on each individual platform at a time.  

During testing, rats were placed at the base of the apparatus and encouraged to climb to the top, in 

three consecutive trials. The distances between platforms were randomly changed from the 

acclimatizing period. Cameras were placed perpendicular to the plane of climbing on either side of the 

apparatus and video (60 frames/sec) images of each trial were captured. Errors were counted by two 

independent observers, who were blind to the conditions. An error was counted when a rat failed to 

place the plantar surface of the hind paw on successive platforms during the climb. The following 

behaviors were observed and counted as errors: a platform was skipped, plantar placement but the paw 

slips off the platform during push off, multiple attempts to plantar place on the same platform, another 

part of the body contacts the platform. 

 

Kinematic recording 

 

At the end of the training period, all rats were tested on their ability to walk bipedally. 3-D video 

recordings (100 Hz) were made using four cameras (Basler Vision Technologies, Ahrensburg, Germany) 

oriented at 45o and 135o with respect to the direction of the locomotion, i.e., the animal•s sagittal 

plane, on both sides. Reflective markers were attached bilaterally to the shaved skin overlying specific 

bony landmarks: the greater trochanter (GT), the knee joint (K), the malleolus (M), the 5th metatarsal 

(MT) and the outside tip (T) of the fifth digit (Fig. 1). The SIMI motion capture software (SIMI Reality 

Motion Systems, Unterschleissheim, Germany) was used to obtain 3-D coordinates of the markers. The 

body was modeled as an interconnected chain of rigid segments (Fig. 1), and the joint angles were 

generated accordingly. In particular the limb axis was the segment connecting the iliac crest to the 
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metatarsal joint (toe). Classic step kinematics parameters, joint amplitudes and limb-axis motion were 

analyzed from 10-15 consecutive steps (Courtine et al. 2008). 

 

Data processing 

 

Kinematics 

 

(x, y, z) coordinates of each marker were used to reconstruct the trajectory of the limb and to calculate 

joint angles at the hip, knee, ankle, and MT joints. The same convention as in non-human primates was 

used, i.e., flexion and MT plantar flexion were defined as a decrease in the measured angle (Courtine et 

al. 2005a). A series of parameters describing the gait timing, the characteristics of limb endpoint 

trajectory, and the spatial and temporal features of the kinematic patterns were measured for each 

animal as detailed below. 

 

Gait timing 

 

A gait cycle was defined as the time interval between two successive paw contacts of one limb. 

Successive paw contacts were visually defined by the investigators with an accuracy of ± 1 video frame. 

Ten successive, consistent hindlimb gait cycles were typically recorded from each animal. The onsets of 

the swing phases were set at the zero crossings of the rate of change of the elevation angle of the limb 

axis, i.e., at the onset of forward oscillation (Courtine et al. 2005a). Cycle duration, and stance and 

swing durations were determined from the kinematic recordings. Footfall patterns were used to 

compute the coupling between the hindlimbs. In particular the time at which the contralateral limb 

contacted the treadmill belt was expressed as a percent of the duration of the ipsilateral gait cycle. This 

parameter is typically 50% if both limbs move out of phase. Variability of cycle duration and interlimb 

coordination were represented through polar graphs (Fig. 2b) and measured as the coefficient of 

variation (CV) (Courtine et al. 2005b). 

 

Limb endpoint trajectory 

 

In order to give insights into the control of foot motion, we analyzed the trajectory of the MTP marker 

(MT), i.e., hindlimb endpoint, relative to a fixed extrinsic frame attached to the treadmill. Stride length, 

linear path of endpoint trajectory and step height were computed (Courtine et al. 2005b). Stance width 
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was measured for each gait cycle as the perpendicular distance (medio-lateral plane) between left and 

right MT markers at the time of paw contact. The T-lesion of the spinal cord induced a dragging of the 

hindpaws along the treadmill belt during stepping. The extent of the paw drag during each gait cycle 

was considered as the time during which the paw was in contact with the treadmill belt after swing 

onset.  

To show the dynamics of foot motion during swing, we also calculated the instantaneous pitch angle of 

the hindlimb endpoint velocity vector in the sagittal plane, i.e. the plane of walking trajectory. To assess 

the differences in the initial direction of hindlimb endpoint motion at swing onset, we computed the 

mean pitch angle of MT velocity vector during the first 10% of swing.  

We used principal component analysis (PCA) to quantify spatial consistency of hindlimb endpoint 

trajectory as previously described (Fong et al. 2005). Spatial coordinates of hindlimb endpoint trajectory 

were extracted from the selected sequence of stepping, and separated into their X, Y, Z components. 

For each gait cycle, each step component was resampled to 100 data points, thus removing the 

temporal information. The data were then arranged into three m x n matrices, with each column 

containing the data for a single step and each row containing the interpolated position values at each 

time step. Matlab script was written to identify the principal components of each dataset and to 

calculate the PCA score. The PCA score reported here is the mean percentage of the total variance that 

is captured by the first principal component for each component. Hence, the higher the PCA score, the 

more consistent the stepping. 

 

Coordination among joints 

 

We used cross-correlation functions to assess coordination among joints of a single hindlimb. Cross-

correlations among all unique pairs of degrees of freedom (DOFs), i.e. hip, knee, ankle, MTP, was 

calculated using the procedure detailed in (Kubasak et al. 2008). The inter-joint Rmax indicates the 

degree of correlation among a given pair of joints. 

 

Joint angle shape 

 

In order to compare the degree of similitude between joint angles produced by non-disabled vs. 

experimental animals, typical templates for joint angles were obtained from kinematic patterns of a 

cohort of 24 non-disabled rats that stepped under the same conditions of posture and speeds than the 

experimental animals. Kinematic templates were computed by averaging time-normalized mean 
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waveforms from each animal. Cross-correlation function subsequently was applied between non-

disabled kinematic templates and mean time-normalized waveforms measured in a given experimental 

animal. The procedure was repeated for each animal, joint angle, and side. The highest positive 

correlation determined the degree of similitude between the actual waveform and the kinematic 

template obtained from non-disabled animals.  

 

Variability of joint motion  

 

To assess variability of joint angles across consecutive gait cycles, we computed SD of time-normalized 

joint angles every 10% of the normalized time base. Variability of each joint angle was measured as the 

mean of SDs.  

 

Dynamic features of joint motion 

 

To evaluate joint motion frequency relative to non-disabled locomotion, the Frequency in Normal Range 

(FNR) was computed for each angle (Kubasak et al. 2008). The procedure consisted in identifying the 

frequency at peak power from Fast Fourier Transform of joint angles for each non-disabled animal 

(n=24), and then constructing a band-pass filter centered at the mean FPP with a width of two 

standard deviations. Subsequently, each joint angle from experimental animals was passed through the 

filter. The total signal energy within the frequencies typical of normal locomotion (FNR) was computed 

as the integral of the filtered FFT power spectrum over the entire range of frequencies. Mean joint angle 

speed was computed for each angle as the mean value of the angle joint velocity over the duration of 

the stepping period. 

 

Principal Component Analysis (PCA) 

 

Performance of gait implies the rhythmic repetition of stereotypical patterns of leg motion. A great deal 

of parameters needs to be used in order to characterize thoroughly a given gait pattern, which can 

significantly complicate the extraction of relevant differences between experimental groups of animals. 

Nevertheless, both neural and biomechanical couplings result in strong co-variation between 

parameters that describe gait. Reduction of such multidimensional data sets can be achieved via 

multivariate statistical analysis such as principal component analysis (PCA). PCA is mathematically 

defined as an orthogonal linear transformation that transforms the original data set to a new 
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coordinate system such that the variance is maximized on each new coordinate axis. Data were 

analyzed using the correlation method, which adjusts the mean of the data to zero and the SD to 1. 

This is a conservative method and is appropriate for variables that differ in their variance. A set of 54 

variables describing features of endpoint trajectory, temporal characteristics of gait, and spatio-

temporal kinematic patterns of joint motions were submitted to PCA. PC was extracted, and factor 

coordinate on each new PC axis computed (Courtine and Schieppati 2004). The degree of similarities 

and differences between the animals were evaluated as differences in the respective factor coordinate 

on each principal component axis.  

 

Upon termination of locomotor training and completion of behavioral testing, all rats were shipped to 

the University of Zurich for further behavioral tests as well as histological and morphological analysis. 

All experiments were performed according to the guidelines of the Veterinary Office of the Canton of 

Zurich, Switzerland. All experimenters were blind with regard to treatment throughout the experiment. 

 

Withdrawal reflex: Plantar heater 

 

Sensitivity of both hindpaws to thermal heat stimulation was evaluated by performing a standardized 

Plantar Heater Test (Hargreaves et al. 1988) with an infrared source (Ugo Basile; Biological Research 

Apparatus, Comerio, Italy) producing a calibrated heating beam (diameter 1mm). Each animal was 

placed in a small Plexiglas box (9x18x8cm) on a thin Plexiglas floor (2.5mm) and acclimatized to the 

testing conditions for 10 minutes followed by an initial trial. The reflex time for hindlimb withdrawal 

was then determined in four successive measurements for each hind paw. The average of all 

measurements was taken. Shortening of withdrawal latency indicated thermal hyperalgesia.  

 

Tracing 

 

Three weeks prior to perfusion animals were deeply anesthetized with a subcutaneous injection of 

Hypnorm (120µl/200g body weight; Janssen Pharmaceutics, Beerse, Belgium) and Dormicum (0.75mg 

in 150µl per 200g body weight; Roche Pharmaceuticals, Basel, Switzerland). A small hole was drilled 

into the scull 1mm lateral and 1mm posterior to bregma overlying the sensorimotor cortex. The CST 

was traced unilaterally with 10% biotin dextran amine (BDA, MW 10,000; Molecular Probes, 

Invitrogen, Carlsbad, CA) in 0.01M phosphate-buffered saline. We injected a total volume of 3.0 µl 
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BDA at 4 sites of the sensory-motor cortex using a 5 µl Hamilton syringe. Analgesics (Rimadyl; 5mg/kg, 

subcutaneous,Pfitzer AG, Zürich Switzerland) were given postoperatively. 

 

Immunhistochemistry and histological analysis 

 

Tissue preparation 

 

Three weeks after BDA injections animals were deeply anesthetized with pentobarbital (450 mg/kg i.p.; 

Abbott Laboratories, Cham, Switzerland), perfused transcardially with 100ml Ringer's solution 

containing 100,000 IU/l heparin (Liquemin, Roche, Basel, Switzerland) and 0.25% NaNO2 followed by 

300 ml of 4% phosphate-buffered paraformaldehyde, pH 7.4 containing 5% sucrose. Spinal cords and 

brains were dissected and postfixed in the same fixative over night at 4°C before they were 

cryoprotected in phosphate buffered 30% sucrose for an additional 5 days.  

 

Quantification of corticospinal tract fibers 

 

The thoracic spinal cord containing the lesion site as well as an area 1cm rostral and 2cm caudal of the 

lesion was embedded in Tissue tec OCT and frozen in isopentane at exactly -40°C. Parasagittal sections 

of 50µm were cut on a cryostat and processed using the nickel enhanced DAB protocol to show BDA 

tracing of corticospinal tract fibers as described previously (Herzog and Brosamle 1997). Two days later 

all sections were dehydrated with alcohol and coverslipped with Eukitt (Kindler, Freiburg, Germany). 

Lesion size and extent were reconstructed for each animal from the sagittal section series and the 

extent of the lesion was determined as percentage of spinal cord cross-section. Lesion size was 

reconstructed for each animal independently. Extent of the lesion was similar in all groups, according to 

their BBB score and did not exceed more than 40 … 50% percent of the cross sectional area.  

Labeled CST fibers were counted in brightfield microscopy at a magnification of 400x as previously 

described (Dimou et al. 2006; Liebscher et al. 2005). The number of CST fibers was evaluated in all 

sections lateral to the midline containing the traced corticospinal tract at four different regions (0.5mm, 

2mm, 5mm and 10mm caudal to the lesion). To compensate for tracing variability the number of 

labeled CST fibers was determined on four adjacent cross sections at the brainstem level as previously 

described (Chapter 2, Maier et al., 2008; in press). 
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Analysis of 5-HT and CGRP fibers 

 

The lumbar spinal cord was embedded in Tissue tec OCT and frozen at -40°C in isopentane. Serial cross 

sections (50µm) were obtained with a cryostat, collected as free-floating sections in 0.1M phosphate 

buffered saline and prepared for immunohistochemistry. Staining as well as quantification of 5-HT 

(1:8000, rabbit, Immunostar) and CGRP (1:2000; rabbit, Immunostar) positive fibers was performed on 

alternating sections from lumbar level L3. 

Staining for 5-HT was performed as previously described (Mullner et al. 2008); the same procedure was 

applied for the CGRP staining. Briefly, sections were stabilized by post-fixation (4% paraformaldehyde, 

0.1% glutaraldehyde, 0.1% saturated picric acid in PB buffer) for 20min, quenched with ethanol 

peroxide (50% ethanol plus 0.3% hydrogen peroxide in ddH2O) and transferred into 0.2% sodium 

borohydride. Prior to microwave irradiation (twice at 600W for 30 sec) slides were incubated in citrate 

buffer (M=0.1, pH = 4.5) over night at 4°C. The distribution of 5-HT and CGRP positive fibers was 

analyzed in sections processed for immunoperoxidase DAB staining. 

 

Quantification 

 

A rectangular shape of 600µm2 was superimposed on Rexed•s lamina VII on four alternate sections and 

on both, the left and right side of the spinal cord for each animal. 5-HT positive fibers were counted as 

previously described (Mullner et al. 2008). Fiber count was then divided by the surface area of the 

respective ventral horn to calculate the average relative fiber density (number of 5-HT positive fiber 

segments/mm2) for each segment.  

For quantification of 5-HT positive varicose appositions on lamina 9 motoneurons six motoneurons were 

randomly chosen on each side of the cord on four consecutive sections for each animal (24 

motoneurons per rat). 5-HT positive appositions were counted by criteria previously described (Fyffe 

1991; Mullner et al. 2008; Pilowsky et al. 1990; Voss et al. 1990).The number of appositions was 

related to the cell body perimeter which was measured with the AxioVision software, and expressed as 

number of 5-HT appositions per 100 µm of cell surface.  

Sprouting of CGRP positive fibers into the dorsal horn was evaluated in four adjacent sections. Images 

of the left and right dorsal horn were captured by a Zeiss AxioCam CCD camera and AxioVision 

software (Version 4.4, Zeiss, Jena, Germany). Images were analyzed using the image analyzing software 

ImageJ (freely available image processing program). An outline was drawn on each picture around 
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lamina I- IV and a second outline around the area occupied by CGRP positive fibers. CGRP sprouting 

was expressed in % area occupied by CGRP positive fibers within Rexeds lamina I … IV.  

 

Statistics 

 

All data were analyzed using parametric analysis of variance (ANOVA) of the appropriate design, 

followed by restricted analyses or Bonferroni post-hoc pair-wise comparisons whenever a main effect or 

interaction attained statistical significance. All statistical analyses were conducted using the statistical 

software SPSS (release 14.0; Chicago, IL). Data are presented as means ± SEM, asterisks indicate 

significances: *p �” 0.05, **p �” 0.01, ***p �” 0.001.  

 

RESULTS 

 

Locomotor impairments after incomplete spinal cord injury (Non-trained, IgG control treated 

animals)  

 

The T-shaped lesion fully transected both dorsal funiculi, i.e. the main CST and the ascending mechano 

- and proprioceptive fibers, as well as the dorso-lateral funiculi including the rubrospinal tract. It is 

important, however, to note that the lesion did not or partially affected the reticulospinal or 

vestibulospinal tract, classically associated with descending control of locomotion located in the 

ventrolateral funiculi (Orlovsky 1972). All rats were able to produce weight supported plantar stepping 

at least occasionally (BBB scores 7 days after lesion were around 12 for all groups), but the injury 

resulted in quantifiable and significant changes in step kinematics (illustrated in Fig. 1-3, IgG non-

trained). Most notably, the T-lesion resulted in inconsistent step cycles (Fig. 1b, c) with pronounced 

dragging of the paws (Fig. 1a, 2a, 3d) and a lack of left-right coordination (Fig. 2a,b). Disruption of all 

branches of the CST resulted in significant disturbance of all step kinematics parameters associated with 

spatio-temporal control, e.g., swing duration (Fig. 2a, c), step height (Fig. 1a, 2d), hindlimb joints shape 

(Fig. 1d, 2e), ankle joint shape (Fig. 2d, 2f) and movement consistency variables, e.g., cycle variability 

(Fig. 3a), joint angle variability (Fig. 3b), interlimb coordination variability (Fig. 3c) and foot velocity 

variability (Fig. 3G). 
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The effect of anti-Nogo-A antibody treatment (11C7 treated, non-trained animals) 

 

The effects of the function blocking anti-Nogo-A antibody 11C7 on bipedal stepping are illustrated in 

Figure 1-3 (11C7/non-trained). Without any locomotor training, 11C7 treated rats at 9 weeks after 

injury demonstrated consistent step cycles (Fig. 1b, c) with good coordination (Fig. 2a, b) and little 

dragging of the paws (Fig. 1a, 2b, 3f) when compared to control IgG non-trained rats.11C7 treated rats 

demonstrated significantly improved interlimb coordination (Fig. 2a, b) and they were the only group to 

significantly decrease the duration of paw dragging after a T-lesion (Fig. 3f, p �” 0.05). 

 

 
Figure 1: Kinematic analysis of hindlimb movements. a, Representative stick diagrams of hindlimb movements 
during the swing phase of gait are shown for non-injured as well as injured animals in four different treatment 
groups (IgG or 11C7/non trained, IgG or 11C7/trained). Segments run from iliac crest to proximal femur, knee, 
ankle, distal metatarsal phalange, and end of the toe. The time between individual sticks is 30 ms. b, successive 
trajectories of the hindlimb endpoint during the stance (black) and swing (grey) phase are shown for 10 
consecutive steps. The periods of paw dragging are highlighted (red). Length and angle of blue arrows indicate 
the amplitude and orientation of limb acceleration at each swing onset, respectively. c, spatial density of 
successive (n = 10 steps) trajectories of the hindlimb endpoint illustrates variability between step cycles d, mean 
(s.d.) waveforms of each joint angle for the hindlimb during treadmill locomotion before as well as 9 weeks after 
lesion are shown for each group (IgG or 11C7/non trained, IgG or 11C7/trained).  
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After 11C7 treatment animals also developed consistency in several step kinematics parameters. Step 

cycle variability (Fig. 3a), interlimb coordination variability (Fig. 3c) were significantly lower than all 

other groups (p �” 0.05) and were not significantly different from intact animals. This increased 

consistency effect was also demonstrated in ankle joint variability (Fig. 3b) and foot velocity variability 

where 11C7 treated rats had significantly lower variability than IgG treated animals, independent of 

training. Finally, the coordination of distal joints was significantly greater (Fig. 3d).  

 

 

 

Figure 2: Coordination of hindlimb movements. a, Footfall patterns are reconstructed at 7 cm/s and shown for 
each condition (No injury; IgG/11C7 non-trained; IgG/11C7 trained). Dark grey boxes with light grey endings 
represent the duration of stance and drag phases, empty spaces correspond to swing phases of gait, respectively. 
Each gait diagram represents 20 s of stepping. b, values of interlimb coordination and cycle duration are 
represented in polar coordinates. Alternate, out of phase coordination between the left and right hindlimbs 
corresponds to the 180deg value. Cycle duration is reported on the radius to document cycle variability. c, Mean 
values of gait characteristics and hindlimb kinematics: c, swing duration, d, step height e, similitude of hip joint 
and f., ankle shape are shown for intact (Baseline) as well as injured animals of all treatment groups (IgG or 
11C7/non trained, IgG or 11C7/trained). Data are presented as means ± SEM. * p �” 0.05; 
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Locomotor recovery after treadmill training (IgG treated, trained animals) 

 

T-lesioned, trained rats had a significantly lower step height (Fig. 1a-c, 2d, p �” 0.05) and greater swing 

duration (Fig. 2a, 2c, p �” 0.05) than lesioned, non-trained rats, independent of antibody treatment. 

Locomotor training also resulted in significant changes in joint shape for both hip (Fig. 2e; p  . 0.05) 

and ankle joint (Fig. 2f; p �” 0.05). Step cycle consistency (Fig. 1b, c), coordination (Fig. 2a, b) and foot 

velocity variability (Fig. 3e) was improved in all animals after locomotor training when compared to IgG 

treated/non-trained rats. There was, however, no significant improvement in paw dragging with 

locomotor training (Fig. 1a, 2a, 3f). 

 

 

 

Figure 3: Mean values of gait characteristics and hindlimb kinematics for: a, cycle variability, b, ankle joint 
variability c, interlimb coordination variability d, distal coordination, e, foot velocity variability and f, dragging 
are shown for intact (Baseline) as well as injured animals of all treatment groups (IgG or 11C7/non trained, IgG 
or 11C7/trained). Data are presented as means ± SEM. * p �” 0.05; 
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In our model of incomplete spinal cord lesion, daily locomotor training resulted in significant changes in 

intra-, and interlimb step kinematics. These differences to both, intact rats and/or lesioned/non-trained 

rats were also reflected by the PCA scores which provide an overall measure for a combination of 

detailed kinematics• parameters (see methods) (Fig. 4a). 
 

 
Figure 4: Analysis of detailed kinematics parameters. a, the degree of similarities and differences between 
groups is demonstrated by a multivariate statistical analysis (PCA score). Training (after IgG or 11C7 treatment) 
resulted in significant changes in intra-, and interlimb step kinematics in comparison to intact or non-trained 
(IgG or 11C7 treatment) animals. Delayed training significantly increased the PCA score in 11C7 treated 
animals (ANOVA, p �” 0.05). Locomotor performance on the inclined climbing apparatus. b, Training alone and 
anti-Nogo-A antibody treatment alone resulted in significantly better performance on the climbing apparatus in 
comparison to IgG treated non-trained animals (ANOVA, p �” 0.05). Simultaneous application of anti-Nogo-A 
antibodies and locomotor training led to poor performance with a high error rate, delaying the start of training 
significantly improved locomotor performance (p �” 0.05). Data are presented as means ± SEM. * p �” 0.05; 
 

Combining 11C7 administration and locomotor training (11C7 treated, trained animals) 

 

The simultaneous combination of locomotor training and 11C7 administration had surprisingly different 

effects on step kinematics (Fig. 1-3, 11C7/trained). Even though the effects of locomotor training were 

consistent in both IgG and 11C7 treated groups for some parameters, e.g. step height and swing 

duration (Fig. 2c, d), the combination group demonstrated inconsistent step cycles (Fig. 1d, 2a), 
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significant detriment in interlimb coordination (Fig. 2b) and pronounced dragging of the hind paw (Fig. 

1a, 2a, 3f). 11C7 administration in trained animals led to consistency in several step kinematic 

parameters e.g., foot velocity variability and ankle joint variability (Fig. 3e, f) similar to non-trained, 

11C7 treated animals. In none of the variables, however, did the combination ever demonstrate 

improved function above either independent treatment, in fact, for dragging and interlimb coordination 

it was not different from control IgG treated, non-trained rats. 

 

Performance on the modified inclined grid walk 

 

Similarly to locomotion, both training alone and anti-Nogo-A antibody treatment alone resulted in 

significantly better performance, with overall fewer errors than non-trained, control IgG antibody 

treated animals. Again, the simultaneous application of anti-Nogo-A antibodies and locomotor training 

resulted in poor performance with high error rate on the inclined grid (Fig. 4b). In fact, there was no 

statistically significant difference between the combination treatment group and the non-trained IgG 

control group.  

 

Antibody treatment followed by delayed locomotor training 

 

Delaying the start of training to 4 weeks after lesion, i.e. 2 weeks after the termination of the anti-

Nogo-A antibody treatment, resulted in significant behavioral improvement. Delayed 11C7 trained rats 

had a significantly greater combined PCA score than 11C7 trained rats that started training one week 

after lesion (Fig. 4a). Significant improvements were also seen on the inclined gridwalk (Fig.4b, p �” 

0.05). There was significant spontaneous recovery in the non-trained IgG group tested 12 weeks after 

lesion as compared to 9 weeks. Remarkably, however, the combined treatment group reached the 

lowest error rate from all groups and was indistinguishable from intact controls (Fig.4b).  

 

Heat induced paw withdrawal test 

 

To investigate a potential role of hyperalgesia on differences in behavioral recovery animals were tested 

in their ability to respond to a simple heat stimulus applied to the sole of the hindlimb (Plantar heater). 

Shortening of the withdrawal indicates thermal hyperalgesia which can be associated with aberrant 

growth of nociceptive afferent fibers (Christensen and Hulsebosch 1997a; Ondarza et al. 2003). 

Animals were tested after locomotor training had been completed (9 weeks after injury). Rats of all 
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groups responded to the heat stimulus by withdrawing their hindpaws with a latency of 7.5 ± 0.15 sec. 

No significant differences could be observed between the different groups (Fig. 5e; ANOVA, p > 0.05), 

and this response latency did not differ from the reflex latency of uninjured animals (Liebscher et al. 

2005). Thus, there was no indication of hyperalgesia in any of the groups that could explain differences 

in behavioral performance. 

 

 

 

Figure 5: Localization of small diameter calcitonin gene related peptide (CGRP-) positive pain fibers in the 
dorsal horn. Transverse sections of L3 spinal cord stained immunohistochemically for CGRP are shown for the 
four treatment groups. a, control IgG treated, non-trained; b, IgG treated, trained; c, 11C7 treated, non-trained, 
and d, 11C7, trained animals. All animals displayed dense CGRP immunoreactivity in laminae I and II and a 
near complete absence of CGRP-positive axons in the deeper laminae of the dorsal horn. f, Bar graph depicting 
the average percent area occupied by CGRP positive neurons within Rexeds laminae I – IV. There were no 
significant differences (ANOVA, p > 0.05) in the percent area occupied by CGRP-positive fibers between the 
treatment groups. e, Withdrawal reflex in response to a hot light spot directed to the plantar surface of the 
hindpaw. The reflex time is similar in all the groups (ANOVA, p > 0.05). Data are presented as means ± SEM; 
Scale bar: 100µm (a-d). 
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Afferent fiber growth (CGRP) 

 

Spinal cord injury has been shown to induce an increase in immunoreactivity (Christensen and 

Hulsebosch 1997b; Gwak et al. 2003) and sprouting (Ondarza et al. 2003) of small diameter primary 

afferent axons within the dorsal horn, i.e. fibers primarily serving pain sensation. This sprouting has 

been associated with pathological nociception (Christensen and Hulsebosch 1997a) and autonomic 

dysreflexia (Weaver et al. 2001). To study if aberrant sprouting of afferent fibers could play a role for 

the behavioral recovery observed, CGRP positive fibers were stained in the lumbar spinal cord. All 

animals displayed strong CGRP immunoreactivity and dense fibers were typically visible throughout 

laminae I and II. CGRP positive fibers were absent in deeper laminae of the dorsal horn in all the 

treatment groups (Fig. 5a … d), a situation identical to that of the intact spinal cord. The proportion of 

the area of layer I -. IV occupied by CGRP positive fibers was determined for each group. CGRP-positive 

axons occupied about 30% of the dorsal horn area and there were no significant differences between 

any of the groups (Fig. 5f; ANOVA, p > 0.05). Misdirected sprouting of nociceptive small diameter 

axons in the dorsal horn is therefore not a mechanism that could account for any of the behavioral 

effects observed. 

 

Regeneration and sprouting of descending corticospinal tract fibers 

 

Rats received a T-shaped lesion at T8, eliminating the CST as well as its minor dorso-lateral and ventro-

medial components. In response to this injury CST fiber retraction and the formation of retraction bulbs 

rostral to the lesion could be observed in all animals. In a few rats, very rare unlesioned fibers could be 

discriminated by their straight, regular appearance; these fibers were excluded from the analysis. In 

contrast to intact fibers, regenerating fibers were often fine and following an irregular course around 

the lesion and scar tissue. They often grew outside of the original main CST territory with a considerable 

number of sprouts especially caudal to the lesion. Regenerating fibers were quantified on sagittal 

sections on four levels: at 0.5, 2.0, 5.0 and 10.0 mm caudal to the lesion. In both control IgG treated 

groups without or with locomotor training, CST fibers in the caudal spinal cord were found only very 

rarely. The number of CST fibers was significantly higher in the two anti- Nogo-A antibody treatment 

groups (Fig. 6g; ANOVA, p �” 0.05) but training did not lead to an additional significant effect. Fine 

fibers with a thin axon caliber growing around the lesion, often on tissue bridges of the lateral ventral 

funiculi, were rare in the control IgG groups (Fig. 6a,b) but frequently observed in both, non-trained and 

trained anti-Nogo-A antibody treated groups (Fig. 6c,d). BDA labeled CST fibers were also found caudal 
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to the injury site in the anti-Nogo-A antibody treated but not in the control IgG treated groups (Fig. 6e, 

f). These results suggest that locomotor training alone could not increase sprouting and regeneration of 

descending CST fibers. Furthermore training did neither enhance nor interfere with the regenerative 

growth capacity of CST fibers after anti-Nogo-A antibody treatment. 

 

 

 

Figure 6: Regenerative sprouting and long distance regeneration of the transected corticospinal tract (CST). 
Transected CST axons do not sprout in a, control IgG treated, non-trained or b, IgG treated, trained animals. 
Rostral to the lesion sprouting fiber were found in c, 11C7 treated, non-trained as well as d, 11C7 treated, trained 
animals. e, fibers grow towards the caudal spinal cord (2mm) and f, arborize in response to Nogo-A antibody 
treatment (5mm, representative picture for Nogo-A antibody treated, trained animal). g, regeneration was 
increased in Nogo-A antibody treated animals independent of locomotor training. (ANOVA, Bonferroni post-
hoc, 11C7/trained p �” 0.01). Data are presented as means ± SEM; * = p �” 0.05; ** = p �” 0.01; Arrowheads: 
Regenerating CST fiber; Scale bar: 100µm (a-d), 50µm (e-f). 
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Sprouting of serotonergic fibers in Rexeds lamina VII  

 

Serotonergic raphe-spinal tracts descend in the medial parts of the lateral and ventral funiculi and are in 

large parts but not completely transected after a T-shaped lesion (Mullner et al. 2008). A strong 

regenerative effect of intrathecal application of blockers of Nogo-A after incomplete spinal cord injury 

on the serotonergic (5-HT) raphe spinal projections to the lumbar grey matter has been shown by 

several laboratories (Bregman et al. 1995; GrandPre et al. 2002; Mullner et al. 2008). In order to 

investigate a possible interference of locomotor training with regrowth of 5-HT fibers after anti-Nogo-A 

antibody treatment, the density of 5-HT fibers was quantified for the functionally important motor 

interneuron layer VII. Results are shown in figure 7a - e. 
 

 
 

Figure 7: Recovery of serotonergic innervation after anti-Nogo-A antibody treatment or/and training. Few 5HT-
positive fibers were found in Rexed’s layer VII of a, IgG treated, non-trained as well as b, IgG treated, trained 
animals but significantly more in c, 11C7 treated, non-trained and d, 11C7 treated, trained rats. e, bar graph 
depicting that Nogo-A antibody treatment significantly increased the density of 5HT positive neurons in the 
caudal spinal cord independent of locomotor training (ANOVA, Bonferroni post hoc, p �” 0.05).  
The number of 5-HT positive, bouton-like appositions on motoneurons (Rexed’s lamina IV) was very low in f, 
IgG treated, non-trained as well as g, IgG treated, trained animals but significantly increased in c, 11C7 treated, 
non-trained and h, 11C7 treated, trained animals (ANOVA, Bonferroni post hoc, p �” 0.05). i, The number of 
presumptive serotonergic synaptic terminals on motoneurons relative to motoneuron circumference are shown 
for four treatment groups. Data are presented as means ± SEM; * p �” 0.05; Scale bar: 50µm 
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Lesioned, IgG treated animals that did not receive any locomotor training had a 5-HT fiber density of 

24.3 ± 4.6 fibers per mm2 in lamina VII of the lumbar spinal cord (Fig. 7a). 5-HT fiber density increased 

to 54.4 ± 6.3 (p > 0.05) fibers per mm2 in the IgG treated animals that had received locomotor training 

after injury (Fig. 7). Anti-Nogo-A antibody treatment significantly increased 5-HT fiber density to 110.9 

± 14.4 fibers per mm2 in untrained (Fig. 7c) and to 107.1 ± 15.0 fibers per mm2 in trained animals (Fig. 

7d; ANOVA, Bonferroni, post-hoc, p �” 0.05). Thus for 5-HT fibers we observed a significant effect of 

anti-Nogo-A antibody treatment on 5-HT fiber density in lamina VII, but also a small growth enhancing 

effect of training alone. Training did not interfere with the sprouting response after 11C7 antibody 

treatment. 

 

Quantification of 5-HT positive varicosities on motoneuron cell bodies 

 

Bouton-like varicosities of 5-HT immunoreactive fibers were present throughout laminae VII and IX in all 

four groups. Serotonergic innervation of motoneurons was quantified as previously described (Mullner 

et al. 2008) based on the assumption that these close appositions correspond to serotonergic synapses 

on motoneurons (Alvarez et al. 1998). Control antibody treated animals showed only very few (19.46 

±1.47) in untrained (Fig. 7f), an increase to 30.32 ± 2.46 boutons per 1000 µm2 cell body surface in 

trained animals (Fig. 7g). In anti-Nogo-A antibody treated animals, an average of 44.13 ± 3.09 (Fig. 

7h) was observed in untrained and 43.18 ± 5.02 appositions per 1000 µm2 cell body surface in trained 

animals (Fig. 7i). Taken together, Nogo A antibody treatment but not training alone led to a significant 

increase in serotonergic innervation of motoneurons (Fig. 7j; ANOVA, Bonferroni post hoc, p �” 0.05). 

Training did also not interfere with the increased synaptic reinnervation of motoneurons in animals 

receiving locomotor training in combination with anti-Nogo-A antibody treatment.  

 

DISCUSSION 

 

After an incomplete spinal cord lesion, locomotor training and anti-Nogo-A antibody treatment 

independently resulted in a higher degree of functional recovery, however each treatment affected 

different parameters of stepping. To our surprise simultaneous administration of both, anti-Nogo-A 

antibody treatment and locomotor training did not result in additive, synergistic effects but instead was 

detrimental to functional recovery and some parameters were no different from non-trained control IgG 

treated animals. This could not be explained by an increase in pain perception or sprouting of CGRP 

positive primary afferent fibers or by the interference of locomotor training with anti-Nogo-A antibody 
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induced regeneration or sprouting of descending fiber tracts. However, when the treatments were 

administered in sequence, i.e. by delaying the start of training, the combination treatment resulted in 

significant behavioral improvements. 

 

Better but different 

 

Administration of the anti-Nogo-A antibody alone or locomotor training alone significantly improved 

functional recovery as evidenced by the inclined grid walking task, where both groups made 

significantly fewer errors than non-trained control IgG treated rats. Functional recovery, seen in bipedal 

treadmill locomotion, however, was clearly due to different specific modifications in stepping behavior 

as demonstrated by the detailed analysis of step kinematics (PCA score). The marked differences in CST 

and 5-HT fiber sprouting in the different treatment groups suggested that different mechanisms of 

plasticity could be involved.  

 

Behavioral recovery in response to anti-Nogo-A antibody treatment 

 

Rats treated with anti-Nogo-A antibody alone developed a step cycle with significantly greater step 

height, but shorter swing duration than those rats which received training alone. Also, one of the most 

striking differences between the two groups was the control of distal joints, with a significantly better 

distal joint coordination resulting in a decrease in paw dragging in the 11C7 treated rats, but not in the 

locomotor trained rats. In addition, anti-Nogo-A antibody treatment resulted in the development of 

parameters consistently associated with shape, timing and coordination of leg movements which closely 

resembled those of intact, non-treated rats. Anatomically we observed CST fiber regeneration in anti-

Nogo-A treated animals. CST fibers were able to circumvent the lesion and extended their axons into 

the denervated caudal area of the spinal cord as previously reported (Freund et al. 2006; Liebscher et 

al. 2005; Schnell and Schwab 1990). In parallel we found an increase in 5-HT positive fibers in these 

animals which resulted in the restoration of the original 5-HT fiber density and motoneuron innervation 

at the lumbar spinal cord (Mullner et al. 2008). Descending 5-HT projections play an important role in 

controlling motoneuron excitability, motor function and stepping ability (Jacobs et al. 2002; Schmidt 

and Jordan 2000) and have been shown, after neutralization of Nogo-A, to sprout caudal to the lesion 

(Bregman et al. 1995; GrandPre et al. 2002; Li and Strittmatter 2003) in a lamina specific and therefore 

functionally relevant pattern (Mullner et al. 2008). These results suggest that anti-Nogo-A antibody 

induced regeneration and sprouting of descending systems contributes to the observed recovery of 
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locomotor function including control of the distal segments as well as several important kinematic 

parameters of the stepping cycle. 

 

Locomotor performance after treadmill training 

 

Locomotor training resulted in significant modifications of specific kinematic parameters of stepping 

which were however different from those seen in intact or lesioned, anti-Nogo-A treated rats. Trained 

rats had a significantly lower step height, but longer swing duration, and significant alterations in hip 

and ankle joint movements. This movement strategy allowed the trained control IgG treated rats to 

adapt to the biomechanical constraints imposed by the lesion and to task-related constraints imposed 

by the treadmill. In other words, injured, trained rats did not step like intact rats because the injury and 

training changed critical biomechanical control variables. It is however important to note that intact rats 

were never trained on the bipedal treadmill and so it is not clear if bipedal treadmill training could also 

change step parameters in intact animals. Consistency of step cycle, foot coordination and foot velocity 

were all improved in animals after locomotor training when compared to non-trained, control IgG 

treated animals. We did not observe an increase in CST fiber regeneration and only a small, insignificant 

increase in 5-HT reinnervation at the lumbar level of the spinal cord in trained animals. This finding is in 

accordance with previous observations (Engesser-Cesar et al. 2007). The effects of locomotor training 

after a complete spinal transection involve local changes in spinal circuits independent of any 

supraspinal control (Edgerton et al. 2004). Locomotor trained, complete spinal mice, rats, cats and 

humans improve stepping capacity and this is correlated with decreased inhibition in the lumbar cord 

(de Leon et al. 1999; Tillakaratne et al. 2002), decreases in after-hyperpolarization, depth and 

concurrent increases in EPSPs of motoneurons (Petruska et al. 2007) as well as an increased expression 

of neurotrophic factors (Boyce et al. 2007; Gomez-Pinilla et al. 2002), suggesting that the repeated 

afferent activation of specific networks facilitates motoneuron activation in trained subjects. Such 

changes, which are all local, within the lumbar spinal networks because of regeneration were never 

induced in models of complete transection (Boyce et al. 2007), and may well also account for the 

functional improvements observed in the present study of incompletely injured animals. 

 

One plus one does not always equal two. Why not? 

 

To our surprise we did not find an additive effect of anti-Nogo-A antibody treatment and treadmill 

training when the two treatments were applied simultaneously: these animals showed poor 
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performance on the inclined stairs, and their step cycle was consistent with poor coordination and 

pronounced dragging of the hind paw. The locomotor performance of these animals was often inferior 

to that of control IgG treated animals.  

 

Pain perception remains normal in all treatment groups 

 

After injury plastic changes occur spontaneously at different levels of the spinal cord (Ballermann and 

Fouad 2006; Bareyre et al. 2004) and can be further modulated by training (Behrman and Harkema 

2000; De Leon et al. 1998a; Edgerton et al. 2004). Plastic changes have not only been correlated with 

recovery of function and locomotion, but also with neurogenic pain and autonomous dysreflexia, for 

example following changes in CGRP expression (Ackery et al. 2007; Christensen and Hulsebosch 

1997b). CGRP is a neuropeptide found in nociceptive unmyelinated (C) and thinly myelinated (A ) 

afferent fibers (Gibbins et al. 1985; Leem et al. 1993) projecting primarily to lamina I and II of the 

dorsal horn (Gibson et al. 1984; Hokfelt et al. 1992; McNeill et al. 1988; Oku et al. 1987). After spinal 

cord injury GGRP upregulation as well as sprouting of CGRP positive fibers has been reported 

(Christensen and Hulsebosch 1997b; Krenz and Weaver 1998; McNeill et al. 1990; McNeill et al. 1991; 

Ondarza et al. 2003). Although the mechanisms are not yet understood a possible interference of 

nociceptive stimulus with the positive effects of locomotor training or spinal learning have been 

reported (Cruz-Orengo et al. 2006; Ferguson et al. 2006; Petruska et al. 2007). Following neutralization 

of Nogo-A or the Nogo-A receptor NgR after spinal cord injury an increase in pain perception has never 

been reported (Freund et al. 2006; Liebscher et al. 2005; Thallmair et al. 1998) neither has aberrant 

sprouting of nociceptive fibers into deeper laminae of the dorsal horn (Cafferty and Strittmatter 2006). 

Nevertheless, interference with NgR or its signaling pathway did increase the growth potential of CGRP 

positive fibers after peripheral nerve injury (Hannila and Kawaja 2005; MacDermid et al. 2004). In 

contrast to Nogo-A suppression locomotor training did increase CGRP levels in the lumbar spinal cord 

(Gharakhanlou et al. 1999) and facilitated synaptic transmission of afferent fibers after injury (Cai et al. 

2006a; Cote and Gossard 2004; Petruska et al. 2007). We tested for changes in pain withdrawal reflex 

in response to noxious heat stimulus in the rats with anti-Nogo-A antibody treatment and locomotor 

training. Withdrawal responses were equal in all treatment groups and were not altered in comparison 

to uninjured rats (Liebscher et al. 2005). In animals that received the combined treatment CGRP fibers 

also did not show abnormal innervation patterns. Thus enhanced neurogenic pain or aberrant sprouting 

of CGRP could not explain the behavioral deficits we observed after the combined treatment. 
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The influence of descending control 

 

A key feature in our experiment is that a certain amount of descending control over spinal motoneurons 

was retained due to the partial preservation of mainly vestibule-spinal and reticulo-spinal fibers. Nogo-

neutralization significantly enhanced long distance regeneration of CST fibers, and restored 5-HT fiber 

density in the motor laminae VII and IX. These growth effects of Nogo-suppression were present in 

trained as well as non-trained animals. Interestingly, compared to full transection it was shown to be 

more difficult to elicit stepping in animals with incomplete injuries (Nessler et al. 2004). Stepping ability 

largely depended on the amount of remaining descending control (Reinkensmeyer et al. 2006) and the 

effect of treadmill training after an incomplete spinal cord injury is still under debate (Edgerton et al. 

2001; Fouad et al. 2000; Multon et al. 2003; Rossignol et al. 1999; Thota et al. 2001). It is possible 

therefore, that the higher amount of descending control in anti-Nogo-A antibody treated animals and 

simultaneously locomotor training interfered with the positive effects of training.  

 

Intraspinal competition 

 

The fact that the simultaneous combination of locomotor training and anti-Nogo-A antibody treatment 

was detrimental to behavioral recovery suggests that the mechanisms underlying each treatment are 

not only different but also competitive. Antibody treatment increased regrowth of descending fiber 

tracts e.g. CST or 5-HT fibers which could reform their •oldŽ spinal cord connections. Intraspinal circuits 

may then adapt to this reinnervation leading to the observed behavioral improvements. In contrast, in 

animals that received intense locomotor training afferent inputs might have •replacedŽ the lost 

descending pathways (Petruska et al. 2007), leading to spinal circuits that mostly rely on afferent 

inputs. Applying both treatments at the same time might lead to a competitive situation where 

descending as well as afferent fibers do not properly connect onto interneurons or motoneurons. 

Molecularly, the appropriate regulation of e.g. neurotrophic factor synthesis and responses as well as 

competition for such factors among growing fibers and synapses may play a role. Recently, a similar 

phenomenon has been reported in a traumatic brain injury model, in which rats treated with either 

exercise or amphetamine alone both showed increased levels of BDNF and synapsin I in the 

hippocampus, whereas the combined treatment abolished these molecular changes (Griesbach et al. 

2008). 
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Voluntary versus forced exercise 

 

It is important to note that our incomplete lesions allowed the rats to spontaneously recover a certain 

degree of hindlimb use. The non-trained rats developed some locomotor capacity probably by •self-

trainingŽ in their cages at their own pace and choice. This is in contrast to the locomotor trained rats 

that were forced to step both bipedally and quadrupedally daily, in addition to their regular cage 

activity. Given the fact that the anti-Nogo-A antibody treated groups developed a consistent walking 

pattern with little variability the combined treatment group might have been more effective at learning 

both different step patterns. Importantly, training of one particular task can decrease performance in 

another task (Bigbee et al. 2007; Girgis et al. 2007) suggesting that two different learning strategies - 

home cage versus treadmill training - might have interfered with recovery as observed in the bipedal 

trained, anti-Nogo-A antibody treated group.  

 

The importance of the right timing 

 

In contrast to the results obtained by the simultaneous combined treatment a marked behavioral 

improvement was observed when the anti-Nogo-A antibody treatment (2 weeks) was followed by 

locomotor training five weeks after injury. This way, fibers that grew in response to Nogo-A 

neutralization were later integrated into intraspinal circuits by the rehabilitative training. This result is 

also in agreement with a recent observation following traumatic brain injury (Griesbach et al. 2007). 

Due to the good walking capacity in our animals immediately after injury (7 days after lesion BBB scores 

were around 12 for all groups) in comparison to completely transected animals we chose very extensive 

locomotor training (20min bipedally and 20 min quadrupedally on an inclined plane at a high speed 

(13-21 cm/s). It might be beneficial to keep the total amount of motor activity at moderate levels in the 

early stages after anti-Nogo-A treatment. 

 

CONCLUSION 

 

Our data show that the behavioral effects and therefore the underlying plasticity mechanisms induced 

by locomotor training and anti-Nogo-A antibody are different and currently the interaction of both 

treatments is not well understood. The combination of promising therapeutic interventions should 

therefore be approached with great caution. A mechanistic understanding of each treatment as well as 
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their potential interactions will be crucial to design optimal treatment protocols and avoid interference 

and complex negative side effects. 
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CONCLUSION AND OUTLOOK 

 

Finally, researchers are beginning to appreciate that physical therapy not only improves the quality of 

life for people with spinal cord injuries but that it activates a variety of biological mechanisms in the 

injured nervous system that can contribute to e.g. formation of new circuits. The benefits of locomotor 

and exercise training on recovery of function after spinal cord injury were first demonstrated in animal 

models of complete spinal cord transection (Ackery et al. 2007; Edgerton et al. 2001; Rossignol et al. 

1999) clearly demonstrating, that the spinal cord contains the necessary neuronal circuits to restore 

locomotor ability even after all descending input has been eliminated. In order to develop improved 

rehabilitative interventions for clinical application, elaborate animal models of rehabilitation and 

complex systems for behavioral analysis have been developed (Ackery et al. 2007; Nessler et al. 2004; 

Nessler et al. 2005). To facilitate stepping ability and increase rehabilitation efficacy in completely 

transected animal the excitability of spinal neural networks can be modulated by pharmacological 

interventions (Fong et al. 2005; Gerasimenko et al. 2007) or epidural electrical stimulation (Ichiyama et 

al. 2005; Lavrov et al. 2008); such interventions might also induce stepping in human patients 

(Gerasimenko et al. 2008; Minassian et al. 2004). 

Today we know that training efficacy is heavily dependent on a variety of parameters such as hindlimb 

loading (Duysens et al. 2000; Timoszyk et al. 2005), the amount and type of training (Cai et al. 2006; 

Cha et al. 2007; De Leon et al. 1998) and peripheral afferent feedback (Dobkin et al. 1995; 

Gerasimenko et al. 2007; Pearson et al. 1998). It has also been shown that nociceptive input can 

reduce the efficacy of training (Ferguson et al. 2006; Petruska et al. 2007) and that learning one 

particular task might be at the cost of another (Bigbee et al. 2007; De Leon et al. 1998; Girgis et al. 

2007). In order to optimize locomotor training in human patients i.e. with robotic devices all these 

factors need to be taken into account (Kahn et al. 2006; Reinkensmeyer et al. 2006).  

Most research on locomotor training has been done in completely spinalized animals, but a complete 

transection in human patients is rather rare as tissue bridges connecting the rostral with the caudal 

section often persist. The importance of different descending fiber tracts as well as adjustments of 

intraspinal and afferent pathways is not well understood (Muir 1999; Webb and Muir 2004, 2003; 

Wolpaw 2007). It has proven to be much more difficult to elicit stepping in animals where a variable 

amount of descending control over spinal motoneurons is retained (Nessler et al. 2004) which could 

explain why the efficacy of treadmill training in animals with an incomplete spinal cord injury is still 

under debate (Fouad et al. 2000; Multon et al. 2003; Thota et al. 2001). Even more controversial are 
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the effects of alternative training paradigms like swimming (Hutchinson et al. 2004; Smith et al. 2006), 

wheel running (Engesser-Cesar et al. 2007) or enriched housing (Erschbamer et al. 2006; Fischbach 

2007; Koopmans et al. 2006; Lankhorst et al. 2001; Van Meeteren et al. 2003). 

In contrast to the amount of research on the effects of locomotor training on recovery of hindlimb 

stepping studies on the recovery of forelimb function are rare (Girgis et al. 2007). This is due to the 

complexity (Castiello 2005) and therefore challenging readout of forelimb movements in intact as well 

as injured animals (Ballermann and Fouad 2006; Starkey et al. 2005; Whishaw et al. 1998). Most of 

our current knowledge about the effect of forelimb training on behavioral recovery comes from the 

stroke field (Jones et al. 1999; Schallert et al. 1997; Taub et al. 1993) but interventions to improve 

forelimb function in quadriplegic patients are also urgently required (Anderson 2004). In our study in 

adult rats we showed that forced use of the impaired limb, a rehabilitative therapy also known as 

constraint induced movement therapy (CIMT) currently successfully applied in stroke patients, leads to 

significant behavioral improvements of the impaired forelimb after unilateral corticospinal tract injury.  

Future studies should address questions on how persistent these changes are in response to forced limb 

use as well as its efficacy in a chronic model of spinal cord injury. Does our particular rehabilitative 

intervention improve locomotor performance in only one or a variety of different motor tasks and are 

these improvements due to •trueŽ behavioral recovery or rather the development of compensatory 

movements of the impaired limb? In order to answer these questions a fast and precise readout system 

for forelimb movements in rats is required. As these readouts have been difficult, somewhat subjective 

and also very time consuming in the past (McKenna and Whishaw 1999) we have started a 

collaboration with the Institute of Neuroinformatics, University of Zurich, to develop an automated 

tracking system, similar to tracking systems for hindlimb function (Courtine et al. 2008). This will 

hopefully provide a promising tool to analyze characteristics of forelimb impairments, after specific 

lesions and different therapeutically interventions, in more detail. 

Neuroadaptive mechanisms that underlie the effect of exercise are not yet understood. Behavioral 

improvements in response to injury and rehabilitative training are followed by plastic changes at the 

cortex (Girgis et al. 2007) as well as at the spinal level. These changes are associated with synaptic 

changes, recruitment of functionally inactive connections, the modulation of local inhibitory and 

excitatory interneurons, and the release of neurotransmitters or growth factors (Gomez-Pinilla et al. 

2004; Hess and Donoghue 1994; Tillakaratne et al. 2002; Wolpaw 1997). Structural plasticity of the 

corticospinal tract has also been associated with behavioral improvements after an incomplete spinal 

cord injury. Changes occur spontaneously (Bareyre et al. 2002; Brus-Ramer et al. 2007; Weidner et al. 
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2001) and can be enhanced by a variety of interventions to increase plasticity (Brus-Ramer et al. 2007; 

Thallmair et al. 1998; Vanek et al. 1998; Zhou et al. 2003). The effects of rehabilitative training on 

structural changes of uninjured descending fiber tracts have not yet been investigated but cortical as 

well as physical activity plays a major role in growth and refinement of CST terminal arbors during 

development (Martin et al. 2004; Martin et al. 2005; Salimi and Martin 2004). 

Our studies on forced limb use after unilateral corticospinal tract injury demonstrate, for the first time 

the influence of physical activity on structural plasticity of the intact corticospinal tract after unilateral 

corticospinal tract injury in adult rats. Uninjured CST axons grow collaterals over the midline into the 

denervated grey matter where they increase their innervation pattern through arborization but also 

extension of collaterals deeper into the dorsal and ventral horn in response to physical demand. Activity 

also leads to an increase in synapse formation of these newly grown fibers due to the regulation of a 

variety of different factors within the denervated grey matter that have previously been described to 

play a role in growth and synapse formation (Fischbach 2007; Garces et al. 2000; Liu et al. 2005; 

Phelps et al. 2002; Sanes and Friauf 2000; Tao-Cheng 2006). 

A clear correlation between CST growth, arborization or synapse formation and behavioural recovery 

through i.e. cortical stimulation or retroviral virus injections (Bareyre et al. 2004; Brus-Ramer et al. 

2007) has not been clearly demonstrated and remains a challenging task for future studies. Changes at 

cortical, subcortical and spinal levels in response to forced limb use could be investigated by 

sophisticated technical approaches such as fMRI, calcium imaging or precise retrograde tracing, 

immunhistochemistry and/or electrical recordings of motoneurons properties after peripheral nerve 

stimulation. Another goal for the future is a detailed analysis of some key factors found in our 

microarrays. We are currently confirming some of the data by real time PCR for immunhistochemistry or 

further studies in knockout animals. 

Work from a number of laboratories has shown clearly that under certain circumstances mature CNS 

neurons are able to grow. Several experimental manipulations, i.e. inactivation of myelin or scar -

associated neurite growth inhibitors can lead to long distance regeneration or increases in 

compensatory fibre growth of transected axons (Fournier et al. 2003; Moon et al. 2001; Schwab 2004; 

Zuo et al. 1998) followed by behavioral improvements (Bradbury et al. 2002; Liebscher et al. 2005; 

Merkler et al. 2001). Transplantation experiments aiming to bridge the scar and cavities include 

olfactory ensheating cells, Schwann cells, neural stem cells, as well as transplants from fetal spinal cord 

and have shown promising results (Bregman et al. 1993; Lakatos and Franklin 2002; Olson 1997; 

Pearse et al. 2004; Ribotta et al. 2000; Santos-Benito and Ramon-Cueto 2003). Neurotrophic 
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molecules enhance the intrinsic cell response of severed neurons after injury promoting morphological 

(Blesch and Tuszynski 2001, 2002; McTigue et al. 1998; Schnell et al. 1994; Tuszynski et al. 1994; 

Weidner et al. 1999) as well as behavioral recovery (Grill et al. 1997; Jakeman et al. 1998; Liu et al. 

1999). 

Today it seems unlikely that any single intervention strategy will be sufficient to ensure regeneration of 

damaged pathways and recovery of function after injury to the spinal cord. A variety of "intervention-

strategies" applied in a specific time dependent manner may be required to restore supraspinal control 

leading to recovery of function. Different groups have started addressing this issue by using 

combinatory strategies to further promote regeneration and plasticity after spinal cord injury (Bregman 

et al. 2002; Bregman et al. 1997; Fouad et al. 2005; Grill et al. 1997; Jakeman et al. 1998; Liu et al. 

1999; Pearse et al. 2004; Vavrek et al. 2007). Due to the great potential of rehabilitative training it is 

also an appealing candidate for combinatory strategies (Carvalho et al. 2008) nevertheless the 

interaction of different treatments with rehabilitative training is unclear. 

In our studies we combined Nogo-A antibody treatment with two different rehabilitative training 

paradigms: forced limb use after unilateral corticospinal tract injury or treadmill training after an 

incomplete thoracic spinal cord lesion. Both interventions alone, either Nogo-A antibody treatment or 

rehabilitative training (forced limb use /treadmill training) increased the intraspinal plastic potential 

followed by behavioral improvements as shown in previous studies (Chapter 2, Edgerton et al. 2004; 

Schwab 2002). The combination of forced limb use did not show a synergistic effect due to the good 

recovery of forelimb function after each intervention alone. Precise kinematic and histological analysis 

after thoracic spinal cord injury and anti-Nogo-A antibody treatment in combination with treadmill 

training again demonstrated that both treatments alone led to behavioral recovery. Interestingly his was 

due to different walking strategies induced by different mechanisms of plasticity. Nogo-A antibody 

treatment led to long distance regeneration of CST fibers and sprouting of uninjured 5HT fibers in 

trained as well as non-trained rats as previously described (Liebscher et al. 2005; Mullner et al. 2008; 

Schnell and Schwab 1990) in contrast to untrained and trained, IgG control animals. Simultaneous 

application of both treatments did not lead to a synergistic but instead a detrimental effect with 

significantly worse outcome than shown for each intervention alone. Nevertheless, when the treatments 

were temporally separated, marked behavioral improvements could be observed. 

In future studies we would like to optimize the combination of both treatments in a time and dose 

dependent manner in order to elicit robust behavioral improvements after spinal cord injury. We would 

also like to further investigate the mechanisms by which each treatment alone leads to functional 
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improvements in order to explain the detrimental effect of the synchronous application. A possible 

approach would be c-fos staining of the lumbar spinal cord after intensive stepping to investigate 

different intraspinal circuits recruited in response to the different treatments. It would also be 

interesting to investigate changes in inhibitory as well excitatory input on lumbar motor- and 

interneurons by immunhistochemistry or tracing techniques i.e. labeling afferent input.  

Therapeutically, it is clear from our data that rehabilitative training elicits behavioral improvements by a 

variety of different mechanisms: plastic changes at the segmental intraspinal level but also structural 

rearrangements and synapse formation of intact descending fiber tracts. Combinatory interventions 

should be approached with caution when it comes to human treatment and further mechanistic details 

of all treatments must be clearly understood before human trials should commence.  
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Abbreviations 

 

5-HT   5-Hydroxytryptamine, Serotonin 

7B12   Monoclonal Nogo-A antibody 

11C7   Monoclonal Nogo-A antibody 

ABC   Avidin-biotin-complex 

ANOVA   Analysis of variance 

ASIA   American Spinal Injury Association  

ASIA A-D  Standard Neurological Classification of Spinal Cord Injury  

BDA   Biotinylated dextran amine 

BDNF    Brain derived neurotrophic factor  

BMP   Bone morphogenic protein 

C   Cervical level 

CAP-23   Growth associated protein CAP-23 

cDNA    Complementary deoxyribonucleic acid  

c-Fos   Early response transcription factor c-Fos 

CGRP   Calcitonin Gene-Related Peptide 

c-Jun   Early response transcription factor c-Jun 

CIMT    Constrained Induced Movement Therapy 

CNS   Central nervous system 

CSF   Cerebrospinal fluid 

CSPG   Chondroitin sulfate proteoglycan 

CST        Corticospinal tract  

CY2    Fluorescein carbocyanin 2 

ECM   Extracellular matrix  

EMG   Electromyography 

FITC   Fluorescein isothiocyanate 

fMRI    Functional magnetic resonance imaging  

GABA   Gamma-aminobutyric acid 

GAP-43  Growth associated protein GAP-43 

IN-1   Inhibitor neutralizing protein 1  

L1   Cell adhesion / neural recognition molecule L1 

L2   Lumbar level 2 
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LTD   Long term depression 

LTP    Long term potentiation 

mAb   Monoclonal antibody      

MAG    Myelin-associated glycoprotein 

MRI    Magnetic resonance imaging 

NEP1- 40  Antagonistically active Nogo fragment 

NGF   Nerve Growth Factor 

NgR   Nogo-A receptor 

NMDA   N-methyl D-aspartate  

NMDAR  N-methyl D-aspartate receptor 

NT    Neurotrophin 

OMgp    Oligodendrocyte myelin glycoprotein CSPG 

P   Postnatal day 

PBS   Phosphate buffered saline 

PET    Positron emission tomography 

PFA   Paraformaldehyde 

PNS   Peripheral nervous system 

Pyx   Pyramidotomy 

R   Regression coefficient 

RNA    Ribonucleic acid 

RTN   Reticulon protein 

RT-PCR   Real time polymerase chain reaction 

S1   Primary somatosensory cortex 

SC   Spinal cord 

SCI   Spinal cord injury 

SEM   Standard error of the mean 

Sham   Sham operation 

SPF   Specific Pathogen Free 

SPSS   Statistical Package for the Social Sciences  

TBST-X   Tris buffered saline solution with Triton X-100 

TMS    Transcranial magnetic stimulation 

TRIS-HCl  Tris buffered saline solution with hydrogen chloride 

vGlut1   Vesicular glutamate transporter 1 
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List of genes regulated �• 1.2-or �” 0.8-fold in the ventral grey matter after forced limb use in comparison to 

non-use (lesioned animals)      
       
Gene Symbol Fold Description   Genbank   RefSeq 

Aacs 1.32 acetoacetyl-CoA synthetase  NM_023104  NM_023104 

Abcc5 1.23 
ATP-binding cassette, sub-family C 
(CFTR/MRP), member 5  AW252983  NM_053924 

Aco2 0.52 Aconitase 2, mitochondrial  AI638990  NM_024398 

Actn1 0.83 actinin, alpha 1  NM_031005  NM_031005 

Actn4 0.78 actinin alpha 4  NM_031675  NM_031675 

Adora2b 0.83 adenosine A2B receptor  NM_017161  NM_017161 

Adra2c 1.34 adrenergic receptor, alpha 2c  M58316  NM_138506 

Ak7_predicted 0.66 adenylate kinase 7 (predicted)  AI059530  XM_234507 

Akap5 0.73 A kinase (PRKA) anchor protein 5  NM_133515  NM_133515 

Alkbh5_predicted 1.42 
Similar to hypothetical protein FLJ20308 
(predicted)  AI144919  XM_220525 

Als2_predicted 0.83 
amyotrophic lateral sclerosis 2 (juvenile) 
(predicted)  BI274184  XM_343574 

Ap1gbp1 1.31 AP1 gamma subunit binding protein 1  AF169549  XM_573165 

Arhgap20 ; LOC497830 1.35 
Rho GTPase activating protein 20 ; hypothetical 
gene supported by NM_213629  AI576265  

NM_213629 ; 
XM_579744 

Arih2_predicted 1.36 ariadne homolog 2 (Drosophila) (predicted)  AA964811  NM_001012275 

Arl12_predicted 1.46 ADP-ribosylation factor-like 12 (predicted)  AI030641  XM_220907 

Art3_predicted 0.81 ADP-ribosyltransferase 3 (predicted)  AI104393  NM_001012034 

Ash2l_predicted 1.30 
Ash2 (absent, small, or homeotic)-like 
(Drosophila) (predicted)  BI287001  XM_214369 

Atf7ip_predicted 1.50 
activating transcription factor 7 interacting 
protein (predicted)  BE113420  XM_232488 

Aurkb 0.58 aurora kinase B  NM_053749  NM_053749 

B3galt4 1.37 
UDP-Gal:betaGlcNAc beta 1,3-
galactosyltransferase, polypeptide 4  NM_133553  NM_133553 

Banp_predicted 1.39 Btg3 associated nuclear protein (predicted)  AI575458  XM_214701 

Bbs4_predicted 0.82 Bardet-Biedl syndrome 4 (predicted)  AW531530  XM_217154 

Bcl11a 0.63 
B-cell CLL/lymphoma 11A (zinc finger protein) 
(predicted)  AW531880  XM_223693 

Bcl7c_predicted 1.29 B-cell CLL/lymphoma 7C (predicted)  BE117453  XM_215076 

Bdnf 0.64 brain derived neurotrophic factor  NM_012513  NM_012513 

C1galt1 0.75 
core 1 UDP-galactose:N-acetylgalactosamine-
alpha-R beta 1,3-galactosyltransferase  NM_022950  NM_022950 

Ca5b 1.21 carbonic anhydrase VB, mitochondrial  AI411132  NM_001005551 

Camk4 1.51 
Calcium/calmodulin-dependent protein kinase 
IV  BF400657  NM_012727 

Cap2 0.77 RNA binding motif protein 24 (predicted)  AI236229  NM_053874 

Carm1_predicted 1.26 
coactivator-associated arginine 
methyltransferase 1 (predicted)  BI274121  NM_001030041 

Cblb 0.79 Casitas B-lineage lymphoma b  BF556820  NM_133601 

Ccnd2 0.82 cyclin D2  L09752  NM_022267 

Ccr6 0.72 Chemokine (C-C motif) receptor 6 (predicted)  BG666098  NM_001013145 

Cd164l1_predicted 0.56 CD164 sialomucin-like 1 (predicted)  BI274335  XM_238151 

Cd74 0.61 
CD74 antigen (invariant polpypeptide of major 
histocompatibility class II antigen-associated)  NM_013069  NM_013069 

Cd83_predicted 0.79 CD83 antigen (predicted)  AI412355  XM_341509 

Cdc42ep5_predicted 0.80 
CDC42 effector protein (Rho GTPase binding) 5 
(predicted)  AI599324  XM_341784 

Chn2 0.83 chimerin (chimaerin) 2  NM_032084  NM_032084 

Chrac1_predicted 0.78 chromatin accessibility complex 1 (predicted)  BI279670  XM_235400 

Cited1 0.81 
Cbp/p300-interacting transactivator with 
Glu/Asp-rich carboxy-terminal domain 1  AF104399  NM_172055 
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Cklfsf6 0.71 
Chemokine-like factor super family 6 
(predicted)  AI406687  NM_001007802 

Clstn2 1.23 calsyntenin 2  NM_134377  NM_134377 

Coil 1.51 Coilin  AI059075  NM_017360 

Col10a1 0.68 5'-nucleotidase, cytosolic II-like 1 (predicted)  BF391491   

Col11a1 0.70 procollagen, type XI, alpha 1  BM389291  XM_342325 

Col27a1 0.79 Procollagen, type XXVII, alpha 1  BF286402  NM_198747 

Comt 1.37 Catechol-O-methyltransferase  BE119158  NM_012531 

Cox8h 1.30 
Cytochrom c oxidase subunit VIII-H 
(heart/muscle)  NM_012786  NM_012786 

Cp 0.78 ceruloplasmin  AF202115  NM_012532 

Cpa2_predicted 0.64 carboxypeptidase A2 (pancreatic) (predicted)  AI576488  NM_001013083 

Cpd 0.64 Carboxypeptidase D  AW527714  NM_012836 

Cpeb2_predicted 0.61 
cytoplasmic polyadenylation element binding 
protein 2 (predicted)  BG666316  XM_341227 

Cpne3_predicted 0.69 copine III (predicted)  BG671686  XM_232809 

Cxcr4 0.64 chemokine (C-X-C motif) receptor 4  AA945737  NM_022205 

Cxcr4 0.64 chemokine (C-X-C motif) receptor 4  U54791  NM_022205 

Cyp4a14 1.63 
cytochrome P450, family 4, subfamily a, 
polypeptide 14  M33936  NM_175760 

Dapk1_predicted 0.77 death associated protein kinase 1 (predicted)  AA818353  XM_225138 

Dbp 0.76 D site albumin promoter binding protein  AI230048  NM_012543 

Dclre1b_predicted 0.66 
DNA cross-link repair 1B, PSO2 homolog (S. 
cerevisiae) (predicted)  BM383669  NM_001025687 

Dhx29_predicted 1.65 
DEAH (Asp-Glu-Ala-His) box polypeptide 29 
(predicted)  BE115603  XM_215481 

Dlgh2 1.41 discs, large homolog 2 (Drosophila)  NM_022282  NM_022282 

Dlgh2 1.38 Discs, large homolog 2 (Drosophila)  BE120660  NM_022282 

Dnase2 1.43 deoxyribonuclease II  AF178975  NM_138539 

Drd3 1.25 dopamine receptor D3  NM_017140  NM_017140 

Eif5b 0.78 Eukaryotic translation initiation factor 5B  BF395978  XM_218162 

Elavl1_predicted 0.83 
ELAV (embryonic lethal, abnormal vision, 
Drosophila)-like 1 (Hu antigen R) (predicted)  BF559812  XM_344063 

Elf1 0.70 E74-like factor 1  AA818055  NM_053520 

Enpp3 0.65 
ectonucleotide 
pyrophosphatase/phosphodiesterase 3  NM_019370  NM_019370 

Epb4.1l4b_predicted 0.74 Erythrocyte protein band 4.1-like 4b (predicted)  BE108011  XM_345535 

Exosc8_predicted 0.73 exosome component 8 (predicted)  BM384065  XM_215566 

F2r 0.81 coagulation factor II (thrombin) receptor  NM_012950  NM_012950 

Fbln1_predicted 0.63 fibulin 1 (predicted)  AI176918  XM_243637 

Fbxl4_predicted 0.83 
F-box and leucine-rich repeat protein 4 
(predicted)  AA964134  XM_232833 

Fbxo21_predicted 0.83 F-box only protein 21 (predicted)  AI030616  XM_341091 

Fbxo39 0.73 F-box protein 39 (predicted)  AI073001  XM_220647 

Fkbp5_predicted 1.34 FK506 binding protein 5 (predicted)  AW534837  NM_001012174 

Fnbp1 0.68 rapostlin  NM_138914  NM_138914 

Fusip1 0.72 
FUS interacting protein (serine-arginine rich) 1 
(predicted)  BE109151  NM_001025738 

Fxr2h_predicted 1.29 
fragile X mental retardation gene 2, autosomal 
homolog (predicted)  BG373419  XM_213335 

Gata2 1.25 GATA binding protein 2  NM_033442  NM_033442 

Gem_predicted 1.22 
GTP binding protein (gene overexpressed in 
skeletal muscle) (predicted)  AI069972  XM_232788 

Gfra1 1.30 
glial cell line derived neurotrophic factor family 
receptor alpha 1  U59486  NM_012959 

Gimap5 0.71 GTPase, IMAP family member 5  BI294743  
NM_001033913  
NM_145680 

Gle1l_predicted 1.29 
GLE1 RNA export mediator-like (yeast 
(predicted)  AW253109  NM_001025731 
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Gpnmb 0.77 glycoprotein (transmembrane) nmb  NM_133298  NM_133298 

Gpr21_predicted 0.79 G protein-coupled receptor 21 (predicted)  BG374688  XM_231251 

Gyk 0.56 glycerol kinase  NM_024381  NM_024381 

Harpb64 0.72 hypertrophic agonist responsive protein B64  BG666916  XM_216665 

Hdgfrp2 0.76 
hepatoma-derived growth factor, related 
protein 2  NM_133548  NM_133548 

Heyl_predicted 1.24 
Hairy/enhancer-of-split related with YRPW 
motif-like (predicted)  BI294911  XM_233495 

Hmgcr 1.20 
3-hydroxy-3-methylglutaryl-Coenzyme A 
reductase  NM_013134  NM_013134 

Hk2 0.77 hexokinase 2  NM_012735  NM_012735 

Hmgb1 ; LOC499092 ; LOC499183 ; 
LOC500530 0.79 

high mobility group box 1 ; similar to High 
mobility group protein 1 (HMG-1) (Amphoterin) 
(Heparin-binding protein p30) ; similar to 
Hmgb1 protein ; similar to High mobility group 
protein 1 (HMG-1) (Amphoterin) (Heparin-
binding protein p30)  AF275734  

NM_012963 ; 
XM_574383 ; 
XM_574476 ; 
XM_575891 

Hmgn1_predicted 0.83 
high mobility group nucleosomal binding 
domain 1 (predicted)  BF281178  NM_001013184 

Hnt ; LOC360435 0.74 
neurotrimin ; hypothetical gene supported by 
NM_017354  NM_017354  

NM_017354 ; 
XM_346819 

Homer3 1.57 homer homolog 3 (Drosophila)  AW253366  NM_053310 

Hpca 0.83 hippocalcin  NM_017122  NM_017122 

Hspa2 0.73 heat shock protein 2  BF410146  NM_021863 

Ifi44_predicted 0.63 interferon-induced protein 44 (predicted)  BI274623  XM_227821 

Ifit2_predicted 0.73 
interferon-induced protein with 
tetratricopeptide repeats 2 (predicted)  BE118697  NM_001024753 

Ifit2_predicted 0.68 
interferon-induced protein with 
tetratricopeptide repeats 2 (predicted)  AI009765  NM_001024753 

Igfbp5 0.63 insulin-like growth factor binding protein 5  BE104060  NM_012817 

Il12a 1.35 interleukin 12a  NM_053390  NM_053390 

Itpr2 1.23 inositol 1,4,5-triphosphate receptor 2  AF329470  NM_031046 

Itpr3 1.24 inositol 1, 4, 5-triphosphate receptor 3  NM_013138  NM_013138 

Kcnh1 1.27 
potassium voltage-gated channel, subfamily H 
(eag-related), member 1  NM_031742  NM_031742 

Kcnk10 1.32 potassium channel, subfamily K, member 10  NM_023096  NM_023096 

Leng8_predicted 1.49 
leukocyte receptor cluster (LRC) member 8 
(predicted)  BI279191  XM_341785 

Lin7a 0.79 lin-7 homolog a (C. elegans)  AF090134  NM_053514 

LOC291940 1.61 similar to hypothetical protein  BI293930  XM_226365 

LOC291964 1.28 
similar to Formin homology 2 domain 
containing 1  BI281796  XM_214682 

LOC293702 1.63 similar to binding protein  BF561706  XM_215196 

LOC294513 ; LOC363376 0.78 

similar to DnaJ (Hsp40) homolog, subfamily B, 
member 12 ; similar to DnaJ (Hsp40) homolog, 
subfamily B, member 12  AA818949  

NM_001013907 
; XM_343711 

LOC295496 1.28 
similar to RNA (guanine-9-) methyltransferase 
domain containing 2  AW523661  XM_215716 

LOC302313 0.79 
similar to transmembrane 4 superfamily 
member 6  BI295929  XM_217563 

LOC303514 0.76 similar to RIKEN cDNA 4121402D02  AI168933  XM_239335 

LOC304743 0.73 hypothetical protein LOC304743  BI289167  NM_001024997 

LOC307660 1.66 carboxylesterase 615  BF402373  NM_001012056 

LOC311559 1.24 

similar to Palate lung and nasal carcinoma-like 
protein precursor (Tongue plunc-like protein) 
(TPL)  AI145631  XM_230758 

LOC311716 0.72 similar to Protein KIAA1510 precursor  AA818820  XM_230973 

LOC312299 0.74 similar to Ezh2 protein  AI012781  XM_231705 

LOC313373 0.79 
similar to cytochrome P450, family 2, subfamily 
J, polypeptide 4  BG374493  XM_233199 

LOC315843 0.65 similar to WD repeat domain 11 protein  BE107185  XM_236438 
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LOC361197 0.73 
similar to putative repair and recombination 
helicase RAD26L  BM388759  XM_341480 

LOC363662 1.23 
similar to Breast carcinoma amplified sequence 
3 homolog (K20D4)  AI548031  XM_343952 

LOC363780 1.28 
similar to cell adhesion molecule nectin-3 
gamma  BF386882  XM_344017 

LOC365909 2.64 similar to Heme oxygenase 3 (HO-3)  AF058787  XM_575018 

LOC367763 1.56 similar to Expressed sequence AW547186  BE120683  XM_346287 

LOC498329 1.44 LOC498329  AW531966  XM_579817 

LOC498690 0.73 similar to ctla-2-beta protein (141 AA)  AI230591  XM_573975 

LOC498713 0.76 similar to Fbxw17 protein  AI030755  XM_573994 

LOC498751 0.81 similar to RP23-462P2.7  BI275464  XM_574030 

LOC498967 0.78 similar to RIKEN cDNA 2310022B05  AW253651  XM_574254 

LOC499496 0.82 LOC499496  BI300542  XM_579970 

LOC499593 0.78 similar to SOX2 protein  BF548737  XM_574919 

LOC499780 1.34 
similar to Hypothetical UPF0184 protein 
C9orf16 homolog  BG669070  XM_575113 

LOC499942 1.78 

similar to WAP four-disulfide core domain 
protein 8 precursor (Putative protease inhibitor 
WAP8)  H33448  XM_575285 

LOC500348 1.43 
similar to Apoptosis facilitator Bcl-2-like protein 
14  BI289975  NM_001024338 

LOC500351 ; LOC502913 1.35 
histone H4 variant H4-v.1 ; similar to germinal 
histone H4 gene  BE105480  

XM_575704 ; 
XM_578415 

LOC500377 1.36 
similar to Tubulin alpha-8 chain (Alpha-tubulin 
8)  AI137249  NM_001024339 

LOC500840 0.74 LOC500840  AI178214  XM_580127 

LOC500993 0.74 similar to hypothetical protein FLJ20010  BI290002  XM_576407 

LOC501054 0.60 LOC501054  BI296630  XM_576469 

LOC501168 1.33 similar to RIKEN cDNA A230078I05 gene  AI715113  XM_576593 

LOC501485 1.25 LOC501485  BF391746  XM_580199 

LOC501513 0.64 
similar to Ubiquitously transcribed 
tetratricopeptide repeat gene, X chromosome  AI045086  XM_576914 

Lphn2 0.81 latrophilin 2  NM_134408  NM_134408 

Lrrc36 1.89 LRRC36 homolog (human)  BM383384   

Lsm3_predicted 0.79 
LSM3 homolog, U6 small nuclear RNA 
associated (S. cerevisiae) (predicted)  AA943742  XM_216220 

Ltap_predicted 0.80 loop tail associated protein (predicted)  BE104373  XM_222896 

Lyn 1.70 
Yamaguchi sarcoma viral (v-yes-1) oncogene 
homolog  L14782  NM_030857 

Maml1_predicted 0.73 Mastermind like 1 (Drosophila) (predicted)  BI294787  XM_220373 

Mapk10 1.23 Mitogen activated protein kinase 10  AI101352  NM_012806 

Mbc2 1.50 
membrane bound C2 domain containing 
protein  NM_017249  NM_017249 

Mcm8_predicted 0.62 
minichromosome maintenance deficient 8 (S. 
cerevisiae) (predicted)  BF412056  XM_215825 

Meis2_predicted 1.65 
Meis1, myeloid ecotropic viral integration site 1 
homolog 2 (predicted)  BF405277  XM_230449 

Mgat1 0.75 
Alpha-1,3-mannosyl-glycoprotein 2-beta-N-
acetylglucosaminyltransferase  NM_030861  NM_030861 

MGC105998 1.25 Similar to F-box protein FBL2 (predicted)  BF400293  NM_001008333 

MGC108785 1.35 similar to CPSF4 protein  Y17326  NM_001012351 

MGC116327 0.80 similar to MK-5 type 2  BF283797  NM_001025761 

Mgea5 1.22 
meningioma expressed antigen 5 
(hyaluronidase)  NM_131904  NM_131904 

Mgp 0.79 matrix Gla protein  NM_012862  NM_012862 

Mgst2_predicted 1.37 
microsomal glutathione S-transferase 2 
(predicted)  BI290559  XM_215562 

Mllt10_predicted 1.36 

myeloid/lymphoid or mixed-lineage leukemia 
(trithorax homolog, Drosophila); translocated 
to, 10 (predicted)  AW918674  NM_001012162 
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Mmp3 1.32 matrix metallopeptidase 3  NM_133523  NM_133523 

Mobkl2b_predicted 1.76 
MOB1, Mps One Binder kinase activator-like 2B 
(yeast) (predicted)  AW530806  XM_343161 

Mrg2_predicted 1.38 
myeloid ecotropic viral integration site-related 
gene 2 (predicted)  BF416139  XM_341796 

Mrpl16 0.67 Mitochondrial ribosomal protein L16  AA891721  NM_001009647 

Mrpl40 1.21 mitochondrial ribosomal protein L40  AA943496  NM_001024865 

Msl2l1_predicted 0.81 Similar to KIAA1585 protein (predicted)  BE117155  XM_236567 

Mta1 0.68 metastasis associated 1  AJ132046  NM_022588 

Myt1l 0.83 myelin transcription factor 1-like  U48809  NM_053888 

Nfx1_predicted 0.82 
nuclear transcription factor, X-box binding 1 
(predicted)  BG374464  NM_001024784 

Nr1d1 0.81 
nuclear receptor subfamily 1, group D, member 
1  M25804  NM_145775 

Nrg1 1.25 neuregulin 1  U02315  NM_031588 

Ntrk1 1.30 neurotrophic tyrosine kinase, receptor, type 1  NM_021589  NM_021589 

Nucb2 0.75 nucleobindin 2  NM_021663  NM_021663 

Nucks 0.75 
Nuclear ubiquitous casein kinase and cyclin-
dependent kinase substrate  AI170347  NM_022799 

Nudt1 1.46 
nudix (nucleoside diphosphate linked moiety 
X)-type motif 1  NM_057120  NM_057120 

Nudt7_predicted 1.21 
nudix (nucleoside diphosphate linked moiety 
X)-type motif 7 (predicted)  AA944380  XM_341693 

Osbpl6_predicted 0.70 oxysterol binding protein-like 6 (predicted)  AA901035  XM_242057 

Osgep_predicted 0.76 O-sialoglycoprotein endopeptidase (predicted)  AW532161  XM_214163 

Pabpn1 0.81 poly(A) binding protein, nuclear 1  BE100901  XM_214172 

Pclo 1.38 piccolo (presynaptic cytomatrix protein)  AF138789  NM_020098 

Pctp 1.24 phosphatidylcholine transfer protein  NM_017225  NM_017225 

Pcyt1a 1.35 
phosphate cytidylyltransferase 1, choline, alpha 
isoform  M36071  NM_078622 

Pdk3 1.33 pyruvate dehydrogenase kinase, isoenzyme 3  BM389330  XM_216091 

Pex11c_predicted 0.81 peroxisomal biogenesis factor 11c (predicted)  BF408421  XM_213688 

Phf3_predicted 0.64 PHD finger protein 3 (predicted)  BF405581  XM_343548 

Phf5a 1.24 transcription factor INI  AI233239  NM_138888 

Phka1 1.42 phosphorylase kinase alpha 1  NM_022626  NM_022626 

Ppp1r3b 1.47 
protein phosphatase 1, regulatory (inhibitor) 
subunit 3B  BI274037  NM_138912 

Ppp2r5d_predicted 0.81 
protein phosphatase 2, regulatory subunit B 
(B56), delta isoform (predicted)  AI236198   

Ppp5c 1.52 Protein phosphatase 5, catalytic subunit  BF414016  NM_031729 

Prkcbp1_predicted 0.75 protein kinase C binding protein 1 (predicted)  AI599263  XM_215942 

Prlr 1.53 prolactin receptor  NM_012630  
NM_001034111 
; NM_012630 

Prmt3 1.87 
Heterogeneous nuclear ribonucleoprotein 
methyltransferase-like 3 (S. cerevisiae)  BF289134  NM_053557 

Psmb10_predicted 1.33 
proteasome (prosome, macropain) subunit, 
beta type 10 (predicted)  BG373505  NM_001025637 

Psmb9 0.73 
proteosome (prosome, macropain) subunit, 
beta type 9  AI599350  NM_012708 

Psme1 0.83 
protease (prosome, macropain) 28 subunit, 
alpha  NM_017264  NM_017264 

Pstpip1_predicted 1.29 
proline-serine-threonine phosphatase-
interacting protein 1 (predicted)  BI290159  XM_217152 

Pten 1.21 phosphatase and tensin homolog  NM_031606  NM_031606 

Ptpn21 1.23 protein tyrosine phosphatase 2E  NM_133545  NM_133545 

Pxmp3 0.79 peroxisomal membrane protein 3  AA850928  NM_017234 

Rab40b_predicted 0.78 
Rab40b, member RAS oncogene family 
(predicted)  AA924620  XM_221213 

Rab6 0.76 RAB6A, member RAS oncogene family  BG666908  XM_574503 
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Rap2b 1.87 RAP2B, member of RAS oncogene family  NM_133410  NM_133410 

Rarres2 1.37 
Retinoic acid receptor responder (tazarotene 
induced) 2 (predicted)  AI137986  NM_001013427 

Rasgrp2_predicted 0.75 
RAS guanyl releasing protein 2 (calcium and 
DAG-regulated) (predicted)  AW532114  XM_342003 

Rbl2 1.40 Retinoblastoma-like 2  AW526814  NM_031094 

Reln 0.77 reelin  BF281544  NM_080394 

Reln 0.76 reelin  NM_080394  NM_080394 

Rffl 0.83 fring  AW524664  NM_001004068 

RGD:1303301 1.24 ubiquitin specific protease 52  BI296487  NM_001008862 

RGD:1359104 1.37 protein phosphatase 2C zeta  AW254261  NM_001005540 

RGD:1359107 0.66 similar to phospholipid scramblase 2  AI411594  NM_001014094 

RGD:1359117 1.45 transmembrane protein vezatin  AI717400  NM_001006984 

RGD:1359147 ; LOC500579 1.35 
similar to CG11206-PA ; similar to kazrin 
isoform A  AA875186  

NM_001014070 
; XM_575947 

RGD:1359335 1.69 XK-related protein 5  AW252094  NM_001012228 

RGD:1359346 0.80 angiotensin II receptor-associated protein  BE349785  NM_001007654 

RGD:1359437 0.59 similar to CGI-100-like protein  AI137113  NM_001007619 

RGD:1359472 0.74 radixin  AW527313  NM_001005889 

RGD:1359535 1.24 phosphatidylinositol glycan, class Q  BG371999  NM_001007607 

RGD:1359705 0.81 mitochondrial protein, 18 kDa  AA943734  NM_001006960 

RGD:619969 0.79 proteoglycan peptide core protein  NM_020074  NM_020074 

RGD:621106 1.51 potassium channel subunit (Slack)  BF412388  NM_021853 

RGD:735063 0.83 Unknown (protein for MGC:72598)  BM391772  NM_199096 

RGD1305208_predicted 1.23 Similar to RN49018 (predicted)  BM388029  XM_236654 

RGD1305526_predicted 1.73 
Similar to Sperm 1 POU-domain transcription 
factor (SPRM-1) (predicted)  BI300082  XM_215438 

RGD1305625_predicted 0.77 similar to RIKEN cDNA 2310075C12 (predicted)  AI171651  NM_001014205 

RGD1305651_predicted 1.21 similar to 1810009O10Rik protein (predicted)  BM383911  NM_001025412 

RGD1306260_predicted 1.23 
similar to RIKEN cDNA 1110060O18 
(predicted)  AI411964  NM_001025745 

RGD1306344 1.22 Similar to Ab1-133 (predicted)  AI578263  XM_230878 

RGD1306613_predicted ; LOC500028 0.82 
similar to RIKEN cDNA 1600012F09 (predicted) 
; hypothetical protein LOC500028  BF560674  

XM_225401 ; 
XM_575383 

RGD1307009 1.44 
Similar to retinoid x receptor interacting protein 
(predicted)  AW919097  NM_001013884 

RGD1307166_predicted 0.81 similar to RIKEN cDNA 4930429H24 (predicted)  BE104114  XM_230006 

RGD1307423_predicted 0.81 similar to RIKEN cDNA 1810014L12 (predicted)  H31931  NM_001008334 

RGD1307621_predicted 2.17 hypothetical LOC314168 (predicted)  AW921699  XM_234234 

RGD1307875_predicted 0.70 similar to FLJ23471 protein (predicted)  BG373522  XM_221956 

RGD1307882_predicted 0.63 similar to CG9346-PA (predicted)  BE115506  XM_236501 

RGD1307935_predicted 0.72 
similar to Hypothetical protein MGC18716 
(predicted)  BI277039  NM_001014119 

RGD1308293_predicted 1.26 
similar to RIKEN cDNA 2310008M14 
(predicted)  AI233704  XM_217259 

RGD1308481_predicted 0.74 
similar to RIKEN cDNA 4632417N05 
(predicted)  AA955070  XM_226509 

RGD1308593_predicted 0.68 similar to RIKEN cDNA 1700073K01 (predicted)  BI299709  XM_213950 

RGD1309199_predicted 0.77 
similar to CBF1 interacting corepressor 
(predicted)  AI101392  NM_001007799 

RGD1309236_predicted 0.77 Similar to RIKEN cDNA B130055L09 (predicted)  BE121050  XM_342661 

RGD1309362_predicted 0.62 
similar to interferon-inducible GTPase 
(predicted)  AA955213  NM_001024884 

RGD1309708_predicted 0.83 similar to RIKEN cDNA 4930455F23 (predicted)  BI281653  NM_001014131 

RGD1310161_predicted 0.79 
similar to DNA segment, Chr 8, ERATO Doi 
233, expressed (predicted)  BM392304  NM_001014015 

RGD1310507_predicted 0.80 similar to RIKEN cDNA 1300017J02 (predicted)  BI297744  XM_236574 

RGD1310623_predicted 0.79 
similar to RIKEN cDNA 2010005O13 
(predicted)  BF283084  NM_001034011 
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RGD1310757_predicted 0.77 similar to CG3045-PA (predicted)  AA894165  XM_235995 

RGD1310800_predicted 0.71 similar to RIKEN cDNA F730014I05 (predicted)  AI102818  XM_342577 

RGD1310801_predicted 1.25 
similar to cDNA sequence BC021513 
(predicted)  BF420306  NM_001009656 

RGD1311045_predicted 1.69 
Similar to RIKEN cDNA 4933428G09 
(predicted)  AA848451  XM_341225 

RGD1311203 1.47 Similar to HGFL protein (predicted)  AI170295  NM_001017453 

RGD1311227_predicted 1.28 
similar to dJ756G23.1 (novel Leucine Rich 
Protein) (predicted)  BG377898  XM_343295 

RGD1311334_predicted 1.32 Similar to hypothetical protein (predicted)  BE096056  XM_220710 

RGD1311578_predicted 1.21 similar to PRO1853 homolog (predicted)  BI275982  NM_001008318 

RGD1311624_predicted 1.25 similar to KIAA0339 protein (predicted)  AI176553  XM_219358 

RGD1311673_predicted 0.70 similar to FAD104 (predicted)  AI176320  XM_226988 

RGD1311752_predicted 1.36 
similar to RIKEN cDNA 1500031M22 
(predicted)  AW507178  XM_215477 

RGD1559693_predicted 0.73 Similar to Hypothetical protein 6330514E13  BE106971  XM_235476 

RGD1561543_predicted 2.07 Similar to histone H2b-616  AW434492  XM_227463 

RGD1563485_predicted 1.37 Similar to mKIAA0534 protein  AI555172  XM_217657 

RGD1563580_predicted 1.52 Similar to AP2 associated kinase 1  AI228398  XM_575594 

RGD1563824_predicted 0.74 

Similar to Wilms tumor 1-associating protein 
(WT1-associated protein) (Putative pre-mRNA 
splicing regulator female-lethal(2D) homolog)  AA900859  XM_574313 

RGD1565247_predicted 0.77 
Similar to chromosome 16 open reading frame 
28  BF542874  XM_220238 

RGD1566112_predicted 1.37 
Similar to pleckstrin homology domain protein 
(5V327)  AW521621  XM_576067 

Rnf25_predicted 0.78 ring finger protein 25 (predicted)  AI012577  NM_001012004 

Rnf31_predicted 0.80 ring finger protein 31 (predicted)  BF411972  XM_344409 

Rnpc2_predicted 0.81 
RNA-binding region (RNP1, RRM) containing 2 
(predicted)  BG372903  NM_001013207 

Rnpc2_predicted 0.72 
RNA-binding region (RNP1, RRM) containing 2 
(predicted)  BE114972  NM_001013207 

Rpa3_predicted 0.82 replication protein A3 (predicted)  BM383451  XM_216097 

Samd4b 0.78 Similar to BC042901 protein (predicted)  AI714115  XM_218384 

Scarb1 0.83 scavenger receptor class B, member 1  NM_031541  NM_031541 

Scrt1_predicted 1.31 
scratch homolog 1, zinc finger protein 
(Drosophila) (predicted)  BF558950  XM_345848 

Sdc2 0.81 syndecan 2  AI169682  NM_013082 

Sema6a_predicted 0.74 

Sema domain, transmembrane domain (TM), 
and cytoplasmic domain, (semaphorin) 6A 
(predicted)  AA963069  XM_341612 

Sfrp2 0.59 secreted frizzled-related protein 2  BF396602  XM_227314 

Shox2 0.74 short stature homeobox 2  NM_013028  NM_013028 

Siglec10_predicted 2.82 sialic acid binding Ig-like lectin 10 (predicted)  BM390379  XM_214918 

Slc25a12_predicted 0.70 
Solute carrier family 25 (mitochondrial carrier, 
Aralar), member 12 (predicted)  AI578095  XM_342445 

Slc25a29_predicted 1.22 

solute carrier family 25 (mitochondrial carrier, 
palmitoylcarnitine transporter), member 29 
(predicted)  BF555120  NM_001010958 

Slc41a2_predicted 1.43 solute carrier family 41, member 2 (predicted)  BF410740  XM_343191 

Slc6a7 0.74 
solute carrier family 6 (neurotransmitter 
transporter, L-proline), member 7  NM_053996  NM_053996 

Slco1a4 0.81 
solute carrier organic anion transporter family, 
member 1a4  NM_131906  NM_131906 

Smarca4 0.81 

SWI/SNF related, matrix associated, actin 
dependent regulator of chromatin, subfamily a, 
member 4  BM385181  XM_343358 

Sp110 0.72 SP110 nuclear body protein (predicted)  AI411381  NM_001034137 

Spdy1 0.60 speedy homolog 1 (Drosophila)  AI101556  NM_138855 
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Spfh1_predicted 0.78 
Similar to band 7 protein (35.3 kD) (4N53) 
(predicted)  AI102725  XM_219858 

St6gal2 0.73 Beta galactoside alpha 2,6 sialyltransferase 2  AW524749  XM_236826 

Syn3 0.82 Synapsin III  AI599265  NM_017109 

Tcfcp2_predicted 1.33 transcription factor CP2 (predicted)  AW527419  XM_235662 

Tead3_predicted 1.35 TEA domain family member 3 (predicted)  AW921429  XM_215356 

Tfam 0.82 transcription factor A, mitochondrial  NM_031326  NM_031326 

Tgfb2 0.74 Transforming growth factor, beta 2  BE117736  NM_031131 

Tgfbi 0.79 transforming growth factor, beta induced  BG379319  XM_573983 

Thrsp 1.57 thyroid hormone responsive protein  AI169092  NM_012703 

Tial1 0.82 
Tial1 cytotoxic granule-associated RNA binding 
protein-like 1  AI412468  NM_001013193 

Timp2 0.80 tissue inhibitor of metalloproteinase 2  BF523128  NM_021989 

Tm4sf1_predicted 0.77 
transmembrane 4 superfamily member 1 
(predicted)  AW435343  XM_215576 

Tm4sf1_predicted 0.70 
transmembrane 4 superfamily member 1 
(predicted)  AI578087  XM_215576 

Tm4sf11 0.76 transmembrane 4 superfamily member 11  NM_022533  NM_022533 

Tm4sf7_predicted 0.75 
transmembrane 4 superfamily member 7 
(predicted)  BF282632  NM_001013070 

Tm6sf1_predicted 0.64 
Transmembrane 6 superfamily member 1 
(predicted)  AW531463  XM_341878 

Tm7sf1_predicted 1.34 
transmembrane 7 superfamily member 1 
(predicted)  BF404188  XM_237907 

Tnfsf13_predicted 0.76 
tumor necrosis factor (ligand) superfamily, 
member 13 (predicted)  AA800814  NM_001009623 

Tnrc6_predicted 1.52 trinucleotide repeat containing 6 (predicted)  BI297127  XM_219297 

Tpo1 0.82 developmentally regulated protein TPO1  NM_133395  NM_133395 

Trhr 1.29 thyrotropin releasing hormone receptor  NM_013047  NM_013047 

Trim47_predicted 1.32 tripartite motif protein 47 (predicted)  AI578294  
XM_221111 ; 
XM_221124 

Trp53rk_predicted 0.54 TP53 regulating kinase (predicted)  AI711481  XM_342580 

Trpc4 1.37 
Transient receptor potential cation channel, 
subfamily C, member 4  BF400595  

NM_053434 ; 
NM_080396 

Ttl 1.44 tubulin tyrosine ligase  AF207605  NM_138536 

Tusc4_predicted 1.29 tumor suppressor candidate 4 (predicted)  BF396742  NM_001025744 

Txnip 0.82 upregulated by 1,25-dihydroxyvitamin D-3  U30789  NM_001008767 

Ubn1_predicted 0.78 ubinuclein 1 (predicted)  AI578566  XM_220175 

Uck1_predicted 1.25 Uridine-cytidine kinase 1 (predicted)  BI290392  XM_231143 

Ugcg 1.26 UDP-glucose ceramide glucosyltransferase  AF047707  NM_031795 

Unc5c 0.70 unc-5 homolog C (C. elegans)  H33706  NM_199407 

Unc84a 0.81 Unc-84 homolog A  BI285979  NM_001007147 

Vgll4_predicted 0.81 vestigial like 4 (Drosophila) (predicted)  BI289645  NM_001015004 

Vim 0.67 vimentin  NM_031140  NM_031140 

Wasf2 0.80 WAS protein family, member 2 (predicted)  BM391330  NM_001013167 

Wbscr21 1.47 
Williams Beuren syndrome chromosome region 
21 (predicted)  AA957379  XM_341104 

Wdr10_predicted 0.83 WD repeat domain 10 (predicted)  BI298090   

Wdr37_predicted 0.66 WD repeat domain 37 (predicted)  BE116354  XM_225512 

Wdr44 0.62 WD repeat domain 44  BI293101  XM_343761 

Wrb 0.83 tryptophan rich basic protein  AI177128  NM_199373 

Xpo4_predicted 0.75 exportin 4 (predicted)  AI072630  XM_214191 

XRG4 1.28 XK-related protein 4  BG669146  NM_001011971 

Zfp100_predicted 0.69 zinc finger protein 100 (predicted)  BF285118  NM_001012105 

Zfp316_predicted 0.78 Zinc finger protein 316 (predicted)  AI710341  XM_221916 

Znf292 0.82 zinc finger protein 292  BF388585  NM_001008879 

 



Appendix II 
 

149

List of genes regulated �• 1.2-or �” 0.8-fold in the ventral grey matter after forced limb use in comparison  

to non-use (sham operated animals)     
       
Gene Symbol Fold Description   Genbank   RefSeq 

Abl1 0.78 
Abelson murine leukemia viral (v-abl) 
oncogene homolog 1  BF408884  XM_231137 

Aco2 1.77 Aconitase 2, mitochondrial  AI638990  NM_024398 

Actr5_predicted 0.83 
ARP5 actin-related protein 5 homolog 
(yeast) (predicted)  BI289883  XM_342563 

Adar 1.62 Adenosine deaminase, RNA-specific  BF405166  NM_031006 

Aebp2_predicted 1.30 AE binding protein 2 (predicted)  AI009219  XM_216295 

Aebp2_predicted 1.22 AE binding protein 2 (predicted)  AW526794  XM_216295 

Aes 0.79 amino-terminal enhancer of split  BI274118  NM_019220 

Agtpbp1_predicted 1.30 ATP/GTP binding protein 1 (predicted)  AA943155  XM_214420 

Aipl1 0.17 
aryl hydrocarbon receptor-interacting 
protein-like 1  NM_021590  NM_021590 

Ak2 1.23 adenylate kinase 2  AI411497  
NM_001033967 
; NM_030986 

Akap2 1.31 
A kinase (PRKA) anchor protein 2 
(predicted)  AI511291  NM_001011974 

Alpk1_predicted 0.77 
Similar to lymphocyte alpha-kinase 
(predicted)  BE108581  XM_227715 

Apeg3 1.35 antisense paternally expressed gene 3  AI029113  NM_001034160 

Apoc1 0.54 apolipoprotein C-I  NM_012824  NM_012824 

Arhgef1 0.78 
Rho guanine nucleotide exchange factor 
(GEF) 1  NM_021694  NM_021694 

Arl2 0.82 ADP-ribosylation factor-like 2  NM_031711  NM_031711 

Arl5 1.36 ADP-ribosylation factor-like 5  AI103954  NM_053979 

Armc5_predicted 1.22 armadillo repeat containing 5 (predicted)  BM390404  NM_001009455 

Asb13_predicted 0.66 
Ankyrin repeat and SOCS box-containing 
13 (predicted)  BE106817  XM_341551 

Asph_predicted 1.48 Aspartate-beta-hydroxylase (predicted)  AI113308  XM_232675 

Bid 1.56 BH3 interacting domain death agonist  AF136282  NM_022684 

bioD 1.21 dethiobiotin synthetase  
AFFX-r2-Ec-
bioD-5   

Brms1l_predicted 1.21 
Breast cancer metastasis-suppressor 1-
like (predicted)  AI105439  XM_216712 

Ccdc5 1.22 coiled-coil domain containing 5  BF418951  NM_138864 

Ccnd3 1.26 cyclin D3  NM_012766  NM_012766 

Ccnt2_predicted 1.53 Cyclin T2 (predicted)  BE107044  XM_222617 

Cdc42bpb 0.64 Cdc42-binding protein kinase beta  BF405178  NM_053620 

Cdc5l 1.20 cell division cycle 5-like (S. pombe)  NM_053527  NM_053527 

Chd1l_predicted 1.41 
chromodomain helicase DNA binding 
protein 1-like (predicted)  AA858645  XM_227510 

Chd3 0.80 
Chromodomain helicase DNA binding 
protein 3 (predicted)  BM391119  XM_220602 

Chuk_predicted 1.46 
Conserved helix-loop-helix ubiquitous 
kinase (predicted)  AI045457  XM_219857 

Churc1_predicted 0.79 churchill domain containing 1 (predicted)  AA859919  XM_216740 

Ckmt2 1.33 
Creatine kinase, mitochondrial 2, 
sarcomeric  AA799557  XM_574829 

Clasp1_predicted 1.25 
cytoplasmic linker associated protein 1 
(predicted)  AI044920  XM_222568 

Cnn3 0.78 calponin 3, acidic  BI274457  NM_019359 

Coil 1.61 Coilin  AI059075  NM_017360 

Col9a2_predicted 0.77 procollagen, type IX, alpha 2 (predicted)  BM384121  XM_342903 

Crym 1.41 crystallin, mu  NM_053955  NM_053955 
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Csnk2a1 1.26 Casein kinase II, alpha 1 polypeptide  BF555171  NM_053824 

Cspg5 0.71 chondroitin sulfate proteoglycan 5  AF292102  
NM_019284 ; 
NM_133652 

Cyfip2_predicted 0.82 
cytoplasmic FMR1 interacting protein 2 
(predicted)  BE105837  XM_220333 

Dao1 0.65 D-amino acid oxidase  NM_053626  NM_053626 

Dchs1_predicted 0.74 
Protocadherin 16 dachsous-like 
(Drosophila) (predicted)  AW253923  XM_219128 

Ddit4l 0.81 DNA-damage-inducible transcript 4-like  NM_080399  NM_080399 

Ddx26 1.48 
DEAD/H (Asp-Glu-Ala-Asp/His) box 
polypeptide 26 (predicted)  BI293434  XM_341337 

Ddx41_predicted 1.29 
DEAD (Asp-Glu-Ala-Asp) box polypeptide 
41 (predicted)  BM389310  XM_234441 

Dnajb6 1.30 
DnaJ (Hsp40) homolog, subfamily B, 
member 6 (predicted)  AA899326  NM_001013209 

Dnase1l3 0.62 deoxyribonuclease I-like 3  NM_053907  NM_053907 

Dncli1 1.23 
Dynein,cytoplasmic,light intermediate 
chain 1  AA944459  NM_145772 

Dnm1l 1.41 dynamin 1-like  AF132727  NM_053655 

Dpysl2 1.27 
Similar to collapsin response mediator 
protein-2A  BE118404  XM_573810 

Drpla 0.82 dentatorubral pallidoluysian atrophy  NM_017228  NM_017228 

Dus3l 1.20 Similar to putative zinc finger protein  AI102764  NM_001034923 

Ecm2_predicted 1.67 
extracellular matrix protein 2, female organ 
and adipocyte specific (predicted)  AI070116  XM_214443 

Efna1 1.27 ephrin A1  NM_053599  NM_053599 

Ehmt1_predicted 1.39 
euchromatic histone methyltransferase 1 
(predicted)  BM389055  XM_342379 

Eif5 1.21 eukaryotic translation initiation factor 5  BE107346  NM_020075 

Eml4_predicted 1.39 
Echinoderm microtubule associated 
protein like 4 (predicted)  AA957990  XM_233839 

Enah_predicted 1.29 enabled homolog (Drosophila) (predicted)  BF397848  NM_001012150 

Enpep 1.22 glutamyl aminopeptidase  AF214568  NM_022251 

Fanca_predicted 0.64 
Fanconi anemia, complementation group A 
(predicted)  AI059004  XM_341713 

Fbn1 0.67 fibrillin 1  BM389019  NM_031825 

Fbxl19_predicted 0.50 
F-box and leucine-rich repeat protein 19 
(predicted)  BM390208  XM_219356 

Fem1a 1.30 
Similar to sex-determination protein 
homolog Fem1a  BI294601  NM_001025706 

Fem1a 1.23 
Similar to sex-determination protein 
homolog Fem1a  BG380399  NM_001025706 

Fev 0.58 FEV (ETS oncogene family)  U91679  NM_144753 

Flnc_predicted 0.58 
filamin C, gamma (actin binding protein 
280) (predicted)  AW918670  XM_342653 

Fmod 1.49 fibromodulin  NM_080698  NM_080698 

Fnbp1 0.75 rapostlin  BE105446  NM_138914 

Gclc 1.33 glutamate-cysteine ligase, catalytic subunit  J05181  NM_012815 

Gdap1l_predicted 0.72 
ganglioside-induced differentiation-
associated protein 1-like 1 (predicted)  BF285394  XM_230858 

Gmps_predicted 1.21 
guanine monphosphate synthetase 
(predicted)  BI283031  NM_001024754 

Gnb1 1.29 Guanine nucleotide binding protein, beta 1  AI103622  NM_030987 

Gpsm1 0.78 
G-protein signalling modulator 1 (AGS3-
like, C. elegans)  AW435429  NM_144745 

Grtp1_predicted 1.27 GH regulated TBC protein 1 (predicted)  BE099056  XM_341463 

Grwd1_predicted 1.38 
glutamate-rich WD repeat containing 1 
(predicted)  BF419158  NM_001012067 

Gstm3 0.81 glutathione S-transferase, mu type 3  NM_031154  NM_031154 

Gyk 1.35 
Hypothetical gene supported by 
NM_024381  AA945076  NM_024381 
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Hdac1_predicted 1.26 histone deacetylase 1 (predicted)  AI180339  NM_001025409 

Herc1_predicted 1.36 

hect (homologous to the E6-AP (UBE3A) 
carboxyl terminus) domain and RCC1 
(CHC1)-like domain (RLD) 1 (predicted)  AI180352  XM_236362 

Hip1r 0.71 huntingtin interacting protein 1 related  BG381386  XM_213777 

Hist2h2aa_predicted ; 
LOC499676 0.78 

histone 2, H2aa (predicted) ; similar to 
Hist2h2aa1 protein  AI235236  

XM_345255 ; 
XM_574998 

Hmgcr 1.43 
3-hydroxy-3-methylglutaryl-Coenzyme A 
reductase  NM_013134  NM_013134 

Hoxb8 0.60 homeo box B8  BF398019  XM_220888 

Hsf1 0.78 heat shock transcription factor 1  AI172496   

Hspa5 1.23 heat shock 70kD protein 5  M14050  NM_013083 

Htr7 1.49 5-hydroxytryptamine (serotonin) receptor 7  U68490  NM_022938 

Id2 0.75 
Inhibitor of DNA binding 2, dominant 
negative helix-loop-helix protein  NM_013060  NM_013060 

Irak1bp1_predicted 1.27 
interleukin-1 receptor-associated kinase 1 
binding protein 1 (predicted)  AI073247  XM_217210 

Kcnh1 0.80 
potassium voltage-gated channel, 
subfamily H (eag-related), member 1  NM_031742  NM_031742 

Kcnj8 0.82 
potassium inwardly-rectifying channel, 
subfamily J, member 8  AB043636  NM_017099 

KIFC2 0.83 kinesin family member C2  AW433953  NM_198752 

Klc3 0.80 Kinesin light chain 3  BG372418  NM_138520 

Klhl5_predicted 1.41 kelch-like 5 (Drosophila) (predicted)  BE115838  XM_223418 

Kpna1 1.29 Karyopherin alpha 1 (importin alpha 5)  AI230596  NM_198726 

Lama2_predicted 1.25 laminin, alpha 2 (predicted)  BF556962  XM_219866 

Lass4_predicted 0.63 
longevity assurance homolog 4 (S. 
cerevisiae) (predicted)  BE111727  XM_221796 

Ldhd_predicted 0.81 lactate dehydrogenase D (predicted)  AI501131  NM_001008893 

Lhx5 0.55 LIM homeobox protein 5  AA998494  NM_139036 

LOC289589 1.23 similar to OCIA domain containing 2  AA943310  XM_214027 

LOC291318 1.22 N-myristoyltransferase 2  AA900781  NM_207590 

LOC293819 ; 
LOC361116 1.28 

similar to RIKEN cDNA 3110001I22 ; 
similar to RIKEN cDNA 3110001I22  AI177390  

XM_219665 ; 
XM_341404 

LOC294862 1.42 similar to KIAA0597 protein  AA874856  XM_215517 

LOC303963 1.30 
similar to Ubiquitin ligase protein DZIP3 
(DAZ-interacting protein 3 homolog)  BF402371  XM_221487 

LOC304719 1.27 similar to ERCC4_MOUSE  BF387821  XM_222534 

LOC304971 0.77 similar to hypothetical protein FLJ12770  BF407964  XM_222887 

LOC304971 0.59 similar to hypothetical protein FLJ12770  AI044497  XM_222887 

LOC305467 0.78 similar to novel protein  BI294441  XM_223587 

LOC306464 0.64 
similar to myeloid leukemia factor 1 
interacting protein  AW525736  NM_001025673 

LOC308393 0.78 similar to KIAA1183 protein  BF404465  XM_218352 

LOC312030 1.32 similar to mKIAA3013 protein  BM383325  XM_231361 

LOC317508 1.20 similar to hypothetical protein FLJ14503  AI576058  XM_228973 

LOC360807 1.40 LOC360807  BI289373  NM_001014128 

LOC360822 1.22 similar to Hypothetical protein MGC75937  BE110656  XM_341096 

LOC361197 1.27 
similar to putative repair and recombination 
helicase RAD26L  BF397269  XM_341480 

LOC361605 1.27 similar to mKIAA0824 protein  AW915580  XM_341883 

LOC361661 0.76 similar to phosphoseryl-tRNA kinase  AI409901  XM_574577 

LOC361709 1.51 
similar to hypothetical protein 
DKFZp761E198  AI043914  XM_341994 

LOC361753 1.64 similar to AD24  AI044551  XM_574664 

LOC361819 1.28 
similar to pyridoxal (pyridoxine, vitamin B6) 
kinase  NM_031769  XM_342112 

LOC361849 1.24 similar to cell division cycle and apoptosis  AW534965  XM_342143 
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regulator 1 

LOC362792 0.75 similar to expressed sequence AI132321  AA848738  XM_576106 

LOC363169 0.70 
similar to hypothetical protein 
DKFZp313N0621  AI072024  XM_343508 

LOC363471 0.78 similar to GS2 gene  AI412541  XM_343790 

LOC363662 1.21 
similar to Breast carcinoma amplified 
sequence 3 homolog (K20D4)  BF283490  XM_343952 

LOC498208 0.78 LOC498208  BE109363  XM_579796 

LOC498224 ; 
RGD:1359282 0.74 

similar to regulator of Fas-induced 
apoptosis ; Fas apoptotic inhibitory 
molecule  AI410062  

NM_001014843 
; XM_573445 

LOC498225 1.26 similar to ligatin  AI105290  NM_001017489 

LOC498266 1.23 
similar to Golgin 45 (Basic leucine zipper 
nuclear factor 1)  AI102175  NM_001017494 

LOC498351 1.23 
similar to signal recognition particle,72 kDa 
subunit  BG372976  XM_573584 

LOC498453 1.26 
similar to transcription elongation factor IIS 
- mouse  AA997486  XM_573712 

LOC498536 1.71 
similar to establishment of cohesion 1 
homolog 2  BF407449  XM_573807 

LOC498726 1.25 similar to hypothetical protein C630023L15  BE101549  XM_573998 

LOC499124 1.30 mouse zinc finger protein 14-like  AI409884  XM_574418 

LOC499506 1.26 similar to cytosolic phosphoprotein DP58  AA924915  XM_574831 

LOC499914 1.42 
similar to Hypothetical UPF0080 protein 
KIAA0186  BF389244  XM_575258 

LOC500067 1.43 LOC500067  AI177281  XM_580045 

LOC500238 1.35 similar to RIKEN cDNA 1700019G17  AW530492  XM_575588 

LOC501007 0.79 similar to RIKEN cDNA 6030419C18 gene  BG381652  XM_576420 

LOC501065 0.75 similar to LNV  AI137605  XM_576480 

LOC502317 0.79 
similar to Amyloid beta (A4) precursor-like 
protein 1  AW435479  XM_577781 

LOC619566 1.32 similar to transcription factor RAM2  BM391858  NM_001034953 

LOC64312 1.21 Amyloid beta (A4) precursor-like protein 2  BE103215  XM_343513 

Lss 0.80 Lanosterol synthase  BM390574  NM_031049 

Ltbr_predicted 0.83 lymphotoxin B receptor (predicted)  AI705656  NM_001008315 

Ly6h_predicted 0.77 
lymphocyte antigen 6 complex, locus H 
(predicted)  AW434178  XM_235426 

Man2c1 0.83 mannosidase, alpha, class 2C, member 1  BG380027  NM_139256 

Map3k12 1.27 
Mitogen activated protein kinase kinase 
kinase 12  BF521975  NM_013055 

Marcks 0.77 
myristoylated alanine rich protein kinase C 
substrate  BE111604   

Mbp 1.23 Myelin basic protein  BE109730  NM_001025289 

Mell1_predicted 1.30 
mel transforming oncogene-like 1 
(predicted)  BE106100  XM_233712 

MGC105699 0.66 LOC362671 (predicted)  AI071713  NM_001009711 

MGC108974 0.51 
similar to replication protein-binding trans-
activator RBT1  AI136896  NM_001017513 

MGC114388 1.37 similar to RIKEN cDNA 4921520P21  BI274834  NM_001025288 

MGC95290 1.22 
similar to senescence downregulated leo1-
like  AW526333  NM_001005548 

Mmp2 1.49 matrix metallopeptidase 2  NM_031054  NM_031054 

Mmp2 0.66 matrix metallopeptidase 2  U65656  NM_031054 

Mrpl51_predicted 1.32 
Mitochondrial ribosomal protein L51 
(predicted)  AW144020  XM_216269 

Mte1 1.50 Mitochondrial acyl-CoA thioesterase 1  BF555448  NM_138907 

Ncoa2 0.64 Nuclear receptor coactivator 2  BF401989  NM_031822 

Ncor1 1.70 Nuclear receptor co-repressor 1  AI012510  XM_577103 

Neurod1 1.54 neurogenic differentiation 1  NM_019218  NM_019218 
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Nopd1_predicted 1.30 
nucleolar protein (NOL1/NOP2/sun) and 
PUA domains 1 (predicted)  BF416685  XM_225588 

Nup155 1.31 Nucleoporin 155  AA874825  NM_053952 

Nup205_predicted 1.21 nucleoporin 205kDa (predicted)  AI409108  XM_342657 

Orc4 1.24 Origin recognition complex, subunit 4  BG662522   

Osbpl5_predicted 1.22 oxysterol binding protein-like 5 (predicted)  BG372522  XM_341969 

Pace4 0.78 Subtilisin - like endoprotease  NM_012999  NM_012999 

Paf1 0.53 Similar to PD2 protein (predicted)  AW535877  NM_001024898 

Panx1 0.80 Pannexin 1  AI136392  NM_199397 

Pcbp4_predicted 0.77 poly(rC) binding protein 4 (predicted)  BF562397  XM_343468 

Pdk2 0.73 
pyruvate dehydrogenase kinase, 
isoenzyme 2  AF237719  NM_030872 

Perp_predicted 0.73 PERP, TP53 apoptosis effector (predicted)  BI286396  XM_214953 

Perq1_predicted 2.27 
PERQ amino acid rich, with GYF domain 1 
(predicted)  AI713784  XM_222024 

Pex5_predicted 0.77 peroxisome biogenesis factor 5 (predicted)  BE097537  XM_232343 

Pfn1 0.79 profilin 1  NM_022511  NM_022511 

Phf13_predicted 0.81 PHD finger protein 13 (predicted)  AI102512  XM_233700 

Phf3_predicted 1.42 PHD finger protein 3 (predicted)  BF405581  XM_343548 

Phtf2_predicted 1.30 
Putative homeodomain transcription factor 
2 (predicted)  AI410924  XM_238334 

Pigo_predicted 0.83 
Phosphatidylinositol glycan, class O 
(predicted)  AW433604  XM_233141 

Poldip3_predicted 1.25 
Polymerase (DNA-directed), delta 
interacting protein 3 (predicted)  BF420785  XM_235521 

Polg2_predicted 0.80 
Polymerase (DNA directed), gamma 2, 
accessory subunit (predicted)  BM390747  XM_221047 

Ppp1r12a 1.38 
protein phosphatase 1, regulatory 
(inhibitor) subunit 12A  BF406594  NM_053890 

Prdm15_predicted 1.21 PR domain containing 15 (predicted)  BI288756  XM_239504 

Prdm2 1.69 PR domain containing 2, with ZNF domain  BE120443  XM_233620 

Prdm4 1.33 PR domain containing 4  NM_133312  NM_133312 

Prkag2 1.29 
protein kinase, AMP-activated, gamma 2 
non-catalytic subunit  BF415760  NM_184051 

Prkar2a 1.27 
Protein kinase, cAMP-dependent, 
regulatory, type 2, alpha  AI104783  NM_019264 

Prkcb1 0.62 Protein kinase C, beta 1  BE108217  NM_012713 

Prkcb1 0.26 Protein kinase C, beta 1  BF401586  NM_012713 

Prkcbp1_predicted 1.72 
protein kinase C binding protein 1 
(predicted)  AI599263  XM_215942 

Psmd4 2.07 
Proteasome (prosome, macropain) 26S 
subunit, non-ATPase, 4  AI228227  NM_031331 

Ptpn18_predicted 0.81 
protein tyrosine phosphatase, non-receptor 
type 18 (predicted)  BM386565  NM_001013111 

Pum2 3.41 Pumilio 2 (Drosophila) (predicted)  AI072151  XM_216661 

Pvrl3_predicted 1.38 poliovirus receptor-related 3 (predicted)  AI103913  XM_213626 

Rab5c_predicted 0.76 
RAB5C, member RAS oncogene family 
(predicted)  H35233  XM_213463 

Rabl3_predicted 1.29 
RAB, member of RAS oncogene family-like 
3 (predicted)  AA859277  XM_340992 

Rasgrp1 1.24 RAS guanyl releasing protein 1  AF081196  NM_019211 

Rassf4_predicted 1.31 
Ras association (RalGDS/AF-6) domain 
family 4 (predicted)  BI286015  NM_001024275 

Rbl2 1.23 retinoblastoma-like 2  NM_031094  NM_031094 

Reck_predicted 1.31 
reversion-inducing-cysteine-rich protein 
with kazal motifs (predicted)  AW523759  XM_233371 

Recql5_predicted 1.82 RecQ protein-like 5 (predicted)  AI178302  XM_237812 

RGD:1303210 1.21 
phenylalanine-tRNA synthetase-like, beta 
subunit  BE113146  NM_001004252 
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RGD:1303252 1.30 BS69 protein  AI579418  

NM_203366 ; 
NM_203367 ; 
NM_203368 ; 
NM_203369 

RGD:1303296 1.20 heat shock protein hsp70-related protein  AI111363  NM_001004257 

RGD:1359200 0.78 similar to NAKAP95  BF414692  NM_001013946 

RGD:1359415 0.81 similar to Ras-related protein Rab-1B  BM383757  NM_001008370 

RGD:1359415 0.70 similar to Ras-related protein Rab-1B  AI236576  NM_001008370 

RGD:1359604 1.20 tetratricopeptide repeat domain 1  BG380294  NM_001005529 

RGD:619812 0.81 KIAA1536 protein  AY078385  NM_139190 

RGD:621488 0.74 
vesicle-associated calmodulin-binding 
protein  AI412410  NM_024000 

RGD:708381 1.24 
putative chloride channel (similar to Mm 
Clcn4-2)  NM_022198  NM_022198 

RGD:708430 0.77 CaM-kinase II inhibitor alpha  AA858621  NM_173337 

RGD:735075 0.83 Unknown (protein for MGC:72614)  AI009530  NM_199105 

RGD:735106 1.26 Unknown (protein for MGC:73017)  AI712625  NM_198766 

RGD:735140 1.44 hypothetical protein LK44  AI137411  NM_198779 

RGD1304587_predicted 0.77 
similar to RIKEN cDNA 2310033P09 
(predicted)  AI102518  XM_220532 

RGD1304856_predicted 0.82 
similar to RIKEN cDNA 4931408L03 
(predicted)  AA875617  XM_227427 

RGD1305056_predicted 0.72 similar to D1Ertd396e protein (predicted)  BF414572  XM_223023 

RGD1305208_predicted 0.64 Similar to RN49018 (predicted)  BM388029  XM_236654 

RGD1305553_predicted 0.82 
similar to 1200003M09Rik protein 
(predicted)  BI279598  XM_220236 

RGD1305679_predicted 1.60 
similar to 9530008L14Rik protein 
(predicted)  AI169837  NM_001014144 

RGD1306062_predicted 1.22 
similar to KIAA0372 gene product 
(predicted)  BG379050  XM_226606 

RGD1306151_predicted 1.38 
similar to hypothetical protein 
DKFZp761D0211 (predicted)  BI289715  XM_342776 

RGD1306346_predicted 1.30 Similar to KIAA0794 protein (predicted)  AA925701  XM_221375 

RGD1306567_predicted 1.23 
similar to RIKEN cDNA 2610027O18 
(predicted)  BF407592  XM_343080 

RGD1306583_predicted 1.38 
similar to RIKEN cDNA 2410002O22 gene 
(predicted)  AA819224  NM_001013908 

RGD1306613_predicted 1.34 
similar to RIKEN cDNA 1600012F09 
(predicted)  BI297184  XM_225401 

RGD1307160_predicted 0.81 

similar to golgi-specific brefeldin A-
resistance guanine nucleotide exchange 
factor 1 (predicted)  BF283388  XM_219953 

RGD1307401_predicted 0.80 
similar to RIKEN cDNA 2310005P05 
(predicted)  AI454794  NM_001014088 

RGD1307618_predicted 1.42 

Similar to chondroitin beta1,4 N-
acetylgalactosaminyltransferase 
(predicted)  AA963833  XM_224757 

RGD1307736_predicted 1.49 
similar to Hypothetical protein KIAA0152 
(predicted)  AI407016  NM_001013983 

RGD1307915_predicted 0.79 
similar to hypothetical protein MGC32132 
(predicted)  BE103735  XM_240915 

RGD1308297_predicted 1.21 similar to CG10084-PA (predicted)  BE117193  XM_224510 

RGD1308513_predicted 0.79 
similar to expressed sequence AA408877 
(predicted)  BG672805  NM_001014231 

RGD1309034_predicted 1.26 
similar to Expressed sequence AW060207 
(predicted)  BE095638  NM_001013987 

RGD1309393_predicted 0.69 
similar to DNA segment, Chr 7, ERATO 
Doi 462, expressed (predicted)  BG373555  XM_214874 

RGD1309967_predicted 0.80 
similar to RIKEN cDNA 0610025L06 
(predicted)  BI294855  NM_001025715 

RGD1309995_predicted 1.42 similar to CG13957-PA (predicted)  BF398054  XM_235003 

RGD1310211_predicted 1.25 similar to CG11030-PA (predicted)  AI104715  XM_224181 

RGD1310304_predicted 0.77 similar to KIAA1838 protein (predicted)  BF386519  XM_218006 

RGD1310651_predicted 0.80 
similar to hypothetical protein MGC20460 
(predicted)  BF407551  XM_342610 

RGD1310879_predicted 0.76 
Similar to methylenetetrahydrofolate 
dehydrogenase (NAD) (EC 1.5.1.15) /  AA851616  XM_223282 
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methenyltetrahydrofolate cyclohydrolase 
(EC 3.5.4.9) precursor - mouse (predicted) 

RGD1311017_predicted 1.39 similar to multiple hat domains (predicted)  BI289182  XM_340853 

RGD1311283_predicted 1.31 

similar to Neurofilament triplet H protein 
(200 kDa neurofilament protein) 
(Neurofilament heavy polypeptide) (NF-H) 
(predicted)  BI291914  XM_225063 

RGD1311422_predicted 0.78 similar to CG8841-PA (predicted)  AW534331  XM_213523 

RGD1311517_predicted 
; LOC500599 0.79 

similar to RIKEN cDNA 9430015G10 
(predicted) ; similar to RIKEN cDNA 
9430015G10  AI104367  

NM_001014072 
; XM_575973 

RGD1311624_predicted 0.80 similar to KIAA0339 protein (predicted)  AI176553  XM_219358 

RGD1311648_predicted 1.21 
similar to hypothetical protein FLJ21820 
(predicted)  BI301460  NM_001014075 

RGD1311660_predicted 0.78 
similar to RIKEN cDNA 1110007L15 
(predicted)  BI284774  XM_213726 

RGD1311757_predicted 0.81 
Similar to hypothetical protein F730001J03 
(predicted)  BI285621  XM_233379 

RGD1561342_predicted 1.25 Similar to hypothetical protein 6030458H05  BI274313  XM_573876 

RGD1561652_predicted 0.75 
Similar to oxysterol-binding protein-like 
protein 10  AI535127  XM_243980 

RGD1561984_predicted 1.30 Similar to ribosomal protein L27a  BE101806  XM_236218 

RGD1563148_predicted 0.70 Similar to osteoclast inhibitory lectin  AI237685  XM_342769 

RGD1563506_predicted 0.79 
Similar to junction-mediating and 
regulatory protein  AW532426  XM_214982 

RGD1565095_predicted 1.28 Similar to hypothetical protein MGC52110  AA893212  XM_578786 

Rgn 1.36 regucalcin  NM_031546  NM_031546 

Riok1_predicted 1.42 RIO kinase 1 (yeast) (predicted)  BE096718  XM_214454 

Rit1_predicted 1.21 Ras-like without CAAX 1 (predicted)  BG673521  NM_001013060 

Rnps1_predicted 1.36 
ribonucleic acid binding protein S1 
(predicted)  BG375343  NM_001011890 

RT1-Da 0.64 RT1 class II, locus Da  Y00480  NM_001008847 

RT1-S3 1.29 RT1 class Ib, locus S3  AJ243973  XM_215303 

Scd1 0.75 stearoyl-Coenzyme A desaturase 1  J02585  NM_139192 

Scd2 0.60 stearoyl-Coenzyme A desaturase 2  BI850137  NM_031841 

Sema6c 0.71 

sema domain, transmembrane domain 
(TM), and cytoplasmic domain, 
(semaphorin) 6C  AB000817  NM_017308 

Sept6_predicted 1.24 Septin 6 (predicted)  AW532098  XM_223227 

Shmt1_predicted 0.61 
serine hydroxymethyl transferase 1 
(soluble) (predicted)  AI412012  XM_213324 

Sin3a_predicted 0.41 
transcriptional regulator, SIN3A (yeast) 
(predicted)  BE095920  XM_343395 

Slc3a1 1.32 solute carrier family 3, member 1  NM_017216  NM_017216 

Slc6a9 0.82 
solute carrier family 6 (neurotransmitter 
transporter, glycine), member 9  AW141210  NM_053818 

Slc6a9 0.72 
solute carrier family 6 (neurotransmitter 
transporter, glycine), member 9  M95413  NM_053818 

Smc6l1_predicted 1.25 
SMC6 structural maintenance of 
chromosomes 6-like 1 (yeast) (predicted)  AA850777  XM_233970 

Snd1 0.80 
staphylococcal nuclease domain 
containing1  NM_022694  NM_022694 

Solh_predicted 0.67 
Small optic lobes homolog (Drosophila) 
(predicted)  BE329471  XM_239171 

Solt_predicted 1.23 
SoxLZ/Sox6 leucine zipper binding protein 
in testis (predicted)  BI276776  XM_215471 

Spata5_predicted 1.29 spermatogenesis associated 5 (predicted)  BI295760  XM_342235 

Spp1 1.26 secreted phosphoprotein 1  AB001382  NM_012881 

Spred1 1.25 
Sprouty protein with EVH-1 domain 1, 
related sequence (predicted)  BI292687  XM_230454 

Srpk2_predicted 1.29 
serine/arginine-rich protein specific kinase 
2 (predicted)  BE113419  XM_238336 

Ssr1_predicted 0.76 
signal sequence receptor, alpha 
(predicted)  BF391148  NM_001008891 
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Sult1c2 2.77 
sulfotransferase family, cytosolic, 1C, 
member 2  BI300997  NM_133547 

Suox 0.81 sulfite oxidase  NM_031127  NM_031127 

Synj2bp 1.22 synaptojanin 2 binding protein  AF260258  NM_022599 

Syt2 0.79 synaptotagmin 2  NM_012665  NM_012665 

Taf6_predicted 0.80 

TAF6 RNA polymerase II, TATA box 
binding protein (TBP) associated factor 
(predicted  AI234857  XM_213729 

Tcfeb_predicted 0.68 transcription factor EB (predicted)  BE112887  NM_001025707 

Thrap1_predicted 1.46 
Thyroid hormone receptor associated 
protein 1 (predicted)  AA849989  XM_220813 

Tle3 0.78 
transducin-like enhancer of split 3, E(spl) 
homolog (Drosophila)  NM_053400  NM_053400 

Tlr4 1.93 toll-like receptor 4  AF057025  NM_019178 

Tm7sf1_predicted 0.79 
transmembrane 7 superfamily member 1 
(predicted)  BF404188  XM_237907 

Tmod4_predicted 1.29 tropomodulin 4 (predicted)  BI289527  XM_215641 

Tnfsf9 0.77 
tumor necrosis factor (ligand) superfamily, 
member 9  BF394106  NM_181384 

Tnxa 0.82 tenascin XA  BM390128   

Trim25 1.23 Tripartite motif protein 25  AI101639  NM_001009536 

Ttc5_predicted 1.24 
tetratricopeptide repeat domain 5 
(predicted)  AI176039  NM_001013131 

Ube3a_predicted 1.38 Ubiquitin protein ligase E3A (predicted)  AI230360  XM_341867 

Ubp1_predicted 0.72 Similar to CP2B  AI044295  XM_238562 

Ubxd4_predicted 1.44 UBX domain containing 4 (predicted)  AW434917  XM_343034 

Usf2 0.72 upstream transcription factor 2  AB035650  NM_031139 

Usp29_predicted 0.80 ubiquitin specific protease 29 (predicted)  BF416262  XM_341774 

Usp49_predicted ; 
LOC501098 1.22 

ubiquitin specific protease 49 (predicted) ; 
similar to Ubiquitin specific protease 
homolog 49 (TRF-proximal protein 
homolog)  AI598346  

NM_001013178 
; XM_576513 

Usp8_predicted 1.67 ubiquitin specific protease 8 (predicted)  BG374246  XM_215821 

Wdr22_predicted 1.21 WD repeat domain 22 (predicted)  BM387479  XM_234345 

Xpo4_predicted 1.24 exportin 4 (predicted)  AI072630  XM_214191 

Yme1l1 1.37 YME1-like 1 (S. cerevisiae)  AA849923  NM_053682 

Zfyve20_predicted 1.22 
Zinc finger, FYVE domain containing 20 
(predicted)  BE101679  XM_232195 

Zipro1_predicted 1.30 zinc finger proliferation 1 (predicted)  BG379149  NM_001012021 

Znf14 1.46 zinc finger protein 14 (KOX 6)  AF277903  NM_153731 

Znf574_predicted 0.72 zinc finger protein 574 (predicted)  AW525082  NM_001024258 

Zrf2 1.87 
DnaJ (Hsp40) homolog, subfamily C, 
member   AI044807  NM_053776 
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List of genes regulated �• 1.2-or �” 0.8-fold in the ventral grey matter in lesioned in comparison to sham  

operated animals (rats were forced to use their impaired limb)     
       
Gene Symbol Fold Description   Genbank   RefSeq 

Abl1 1.27 
Abelson murine leukemia viral (v-abl) 
oncogene homolog 1  BF408884  XM_231137 

Acbd3 0.74 DMT1-associated protein  BF419134  NM_182843 

Accn1 1.40 
amiloride-sensitive cation channel 1, 
neuronal (degenerin)  NM_012892  

NM_001034014 
; NM_012892 

Acdc 0.65 
adipocyte complement related protein of 
30 kDa  BM386227  NM_144744 

Aco2 0.45 Aconitase 2, mitochondrial  AI638990  NM_024398 

Actn1 0.83 actinin, alpha 1  BF555956  NM_031005 

Adck4_predicted 1.27 
aarF domain containing kinase 4 
(predicted)  AI101347  NM_001012065 

Adck5_predicted 1.21 
aarF domain containing kinase 5 
(predicted)  BG376675  XM_343273 

Adcyap1r1 0.70 
adenylate cyclase activating polypeptide 1 
receptor 1  D16465  NM_133511 

Adipor2_predicted 0.80 adiponectin receptor 2 (predicted)  BF547596  XM_232323 

Adprhl2_predicted 1.45 ADP-ribosylhydrolase like 2 (predicted)  AI009334  XM_342918 

Adra2c 1.44 adrenergic receptor, alpha 2c  M58316  NM_138506 

Aes 1.28 amino-terminal enhancer of split  BI274118  NM_019220 

Agpat3_predicted 1.23 
1-acylglycerol-3-phosphate O-
acyltransferase 3 (predicted)  AW533203  XM_215367 

Ahnak 1.24 AHNAK nucleoprotein (desmoyokin)  AI407114  XM_574618 

Akap2_predicted 0.65 
A kinase (PRKA) anchor protein 2 
(predicted)  BF398063  NM_001011974 

Alg3_predicted 1.26 

asparagine-linked glycosylation 3 homolog 
(yeast, alpha-1,3-mannosyltransferase) 
(predicted)  AW525817  NM_001011897 

Angptl4 0.73 angiopoietin-like protein 4  AA818262  NM_199115 

Ank1_predicted 1.31 ankyrin 1, erythroid (predicted)  AI102148  XM_240464 

Apg12l_predicted 0.75 
autophagy 12-like (S. cerevisiae) 
(predicted)  BF563278  XM_341609 

Aqr_predicted 0.64 aquarius (predicted)  AW533683  XM_345418 

Arg2 0.83 Arginase 2  AI574994  NM_019168 

Arhgap5_predicted 0.38 
Rho GTPase activating protein 5 
(predicted)  BM384008  XM_216688 

Arhgef1 1.28 
Rho guanine nucleotide exchange factor 
(GEF) 1  NM_021694  NM_021694 

Arid4a_predicted 0.67 
AT rich interactive domain 4A (Rbp1 like) 
(predicted)  BF391127  XM_234281 

Arih1_predicted 0.83 

ariadne ubiquitin-conjugating enzyme E2 
binding protein homolog 1 (Drosophila) 
(predicted)  AI600108  NM_001013108 

Arl11_predicted 1.68 ADP-ribosylation factor-like 11 (predicted)  BI296317  NM_001013433 

Arl5 0.72 ADP-ribosylation factor-like 5  AI103954  NM_053979 

Arpp19 0.78 CAMP-regulated phosphoprotein 19  BI290317  NM_031660 

Arrdc3 0.78 Arrestin domain containing 3  BI303527  NM_001007797 

Arvcf_predicted 1.20 
armadillo repeat gene deleted in velo-
cardio-facial syndrome (predicted)  BI294809  XM_221276 

Atf5 1.42 activating transcription factor 5  BM391471  NM_172336 

Atox1 1.23 
ATX1 (antioxidant protein 1) homolog 1 
(yeast)  NM_053359  NM_053359 

Atrx 0.26 
alpha thalassemia/mental retardation 
syndrome X-linked homolog (human)  BF398451  XM_217570 
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Auh_predicted 1.22 
AU RNA binding protein/enoyl-coenzyme A 
hydratase (predicted)  BM389502  XM_341497 

B3galt4 1.47 
UDP-Gal:betaGlcNAc beta 1,3-
galactosyltransferase, polypeptide 4  NM_133553  NM_133553 

B4galt2_predicted 1.23 

UDP-Gal:betaGlcNAc beta 1,4- 
galactosyltransferase, polypeptide 2 
(predicted)  BG381632  XM_242992 

Baz1a_predicted 0.75 
bromodomain adjacent to zinc finger 
domain, 1A (predicted)  BE109134  XM_234156 

Baz2b_predicted 0.74 
bromodomain adjacent to zinc finger 
domain, 2B (predicted)  BF398368  XM_229225 

Bcan 1.30 brevican  NM_012916  
NM_001033665 
; NM_012916 

Bdnf 0.66 brain derived neurotrophic factor  NM_012513  NM_012513 

Bfar_predicted 0.80 bifunctional apoptosis regulator (predicted)  AI177631  NM_001013125 

Bhlhb2 0.72 
Basic helix-loop-helix domain containing, 
class B2  AI548256  NM_053328 

bioC 0.75 

Biotin synthesis protein bioC ; biotin 
biosynthesis; reaction prior to pimeloyl 
CoA  AFFX-BioC-5   

Boll_predicted 0.81 Bol, boule-like (Drosophila) (predicted)  BF555795  XM_220155 

Brwd1_predicted 0.81 WD repeat domain 9 (predicted)  AI501129  XM_221627 

Bteb1 0.81 
basic transcription element binding protein 
1  BE101336  NM_057211 

C19orf4 0.60 
Similar to Brain specific membrane-
anchored protein precursor (predicted)  AW525946  XM_224729 

C1qtnf4_predicted 1.33 
C1q and tumor necrosis factor related 
protein 4 (predicted)  AW918311  XM_230306 

C3 1.78 complement component 3  NM_016994  NM_016994 

Ca3 0.67 carbonic anhydrase 3  AB030829  NM_019292 

Cabin1 1.21 calcineurin binding protein 1  AF061947  NM_053575 

Cabp1 1.23 calcium binding protein 1  AJ315761  NM_001033675 

Camkk2 1.37 
calcium/calmodulin-dependent protein 
kinase kinase 2, beta  BE099992  NM_031338 

Capn1 1.23 calpain 1  NM_019152  NM_019152 

Catnb 0.75 Catenin beta  AI102738  NM_053357 

Cbx6_predicted 1.21 chromobox homolog 6 (predicted)  BI275772  NM_001012119 

Ccnc 0.82 Cyclin C  AA998893  XM_342812 

Ccne1 0.77 cyclin E  AW913890  XM_574426 

Ccnt2_predicted 0.74 Cyclin T2 (predicted)  BE107044  XM_222617 

Ccr6 0.68 
Chemokine (C-C motif) receptor 6 
(predicted)  BG666098  NM_001013145 

Cd37 1.50 CD37 antigen  NM_017124  NM_017124 

Cdc34_predicted 1.34 
cell division cycle 34 homolog (S. 
cerevisiae) (predicted)  BG375350  NM_001013103 

Cdkn2d 1.39 
similar to cyclin-dependent kinase inhibitor 
2D  BI290067  NM_001009719 

Ceecam1_predicted 1.26 
cerebral endothelial cell adhesion molecule 
1 (predicted)  BI274117  NM_001011962 

Cfl1 1.24 cofilin 1  BG666614  NM_017147 

Chchd6_predicted 1.20 
coiled-coil-helix-coiled-coil-helix domain 
containing 6 (predicted)  AW918650  XM_216212 

Chd3 1.30 
Chromodomain helicase DNA binding 
protein 3 (predicted)  BM391119  XM_220602 

Chek1 1.66 checkpoint kinase 1 homolog (S. pombe)  NM_080400  NM_080400 

Chuk_predicted 0.66 
Conserved helix-loop-helix ubiquitous 
kinase (predicted)  AI045457  XM_219857 

Churc1_predicted 1.42 churchill domain containing 1 (predicted)  AA859919  XM_216740 

Cip98 1.24 CASK-interacting protein CIP98  BE098114  NM_181088 
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Cirbp 1.72 cold inducible RNA binding protein  AW921084  NM_031147 

Ckap4_predicted 1.42 
cytoskeleton-associated protein 4 
(predicted)  BM384259  XM_343189 

Clcn7 0.71 chloride channel 7  NM_031568  NM_031568 

Cln6_predicted 1.33 
ceroid-lipofuscinosis, neuronal 6 
(predicted)  BI280367  XM_236325 

Cml2 1.26 Camello-like 2  AI071581  NM_021668 

Col11a1 0.69 procollagen, type XI, alpha 1  BM389291  XM_342325 

Col27a1 0.77 Procollagen, type XXVII, alpha 1  BF286402  NM_198747 

Copz1_predicted 1.22 
Coatomer protein complex, subunit zeta 1 
(predicted)  AI230741  XM_235705 

Cpeb2_predicted 0.50 
cytoplasmic polyadenylation element 
binding protein 2 (predicted)  BG666316  XM_341227 

Cpne3_predicted 0.63 copine III (predicted)  BG671686  XM_232809 

Crot 0.73 carnitine O-octanoyltransferase  J02844  NM_031987 

Csf1r 1.49 colony stimulating factor 1 receptor  BI285793  NM_001029901 

Csnk2a1 1.26 Casein kinase II, alpha 1 polypeptide  BF551036  NM_053824 

Csnk2a1 0.64 Casein kinase II, alpha 1 polypeptide  BF555171  NM_053824 

Csrp2bp_predicted 0.81 
cysteine and glycine-rich protein 2 binding 
protein (predicted)  BG380590  XM_342530 

Cyp27a1 0.81 
cytochrome P450, family 27, subfamily a, 
polypeptide 1  M73231  NM_178847 

Cyp2s1 1.69 
Cytochrome P450, family 2, subfamily s, 
polypeptide 1 (predicted)  BI274639  XM_218347 

Dchs1_predicted 1.38 
Protocadherin 16 dachsous-like 
(Drosophila) (predicted)  AW253923  XM_219128 

Ddr2 0.68 
Discoidin domain receptor family, member 
2 (predicted)  AI575451   

Ddx25 1.27 
DEAD (Asp-Glu-Ala-Asp) box polypeptide 
25  NM_031630  NM_031630 

Dguok_predicted 1.22 deoxyguanosine kinase (predicted)  BF285179  XM_216194 

Dhrs4 0.80 
dehydrogenase/reductase (SDR family) 
member 4  AB062758  NM_153315 

Dhrsx_predicted 1.38 
dehydrogenase/reductase (SDR family) X 
chromosome (predicted)  AI104245  XM_213723 

Dhx36_predicted 0.81 
DEAH (Asp-Glu-Ala-His) box polypeptide 
36 (predicted)  AA859982  XM_227203 

Dhx36_predicted 0.76 
DEAH (Asp-Glu-Ala-His) box polypeptide 
36 (predicted)  BF404389  XM_227203 

Dnajb6 0.77 
DnaJ (Hsp40) homolog, subfamily B, 
member 6 (predicted)  AA899326  NM_001013209 

Dnase2 1.34 deoxyribonuclease II  AF178975  NM_138539 

Dpm1_predicted 0.69 
Dolichol-phosphate (beta-D) 
mannosyltransferase 1 (predicted)  BF405555  XM_215949 

Dpysl2 0.80 
Similar to collapsin response mediator 
protein-2A  BE118404  XM_573810 

Dre1 0.81 Dre1 protein  BF550390  NM_181473 

Drpla 1.29 dentatorubral pallidoluysian atrophy  NM_017228  NM_017228 

Dusp6 0.67 Dual specificity phosphatase 6  AI231350  NM_053883 

Eea1_predicted 0.36 early endosome antigen 1 (predicted)  BI294752  XM_235064 

Eef1a1 0.81 
Eukaryotic translation elongation factor 1 
alpha 1  BF545930  NM_175838 

eIF3k_predicted 1.25 
eukaryotic translation initiation factor 3 
subunit k (predicted)  BI283109  XM_214886 

Eif3s10_predicted 0.60 
eukaryotic translation initiation factor 3, 
subunit 10 (theta) (predicted)  BF389640  XM_238649 

Eif3s8_predicted 0.69 
eukaryotic translation initiation factor 3, 
subunit 8, 110kDa (predicted)  AI502930  XM_215080 
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Eif4g1_predicted ; 
LOC499581 0.76 

eukaryotic translation initiation factor 4 
gamma, 1 (predicted) ; similar to Eif4g1 
protein  AA899256  

XM_213569 ; 
XM_574906 

Eif5 0.72 eukaryotic translation initiation factor 5  BE107346  NM_020075 

Eif5b 0.63 eukaryotic translation initiation factor 5B  BE117773  XM_218162 

Eltd1 0.80 
EGF, latrophilin seven transmembrane 
domain containing 1  NM_022294  NM_022294 

Entpd2 1.32 
ectonucleoside triphosphate 
diphosphohydrolase 2  BI288690  NM_172030 

Entpd6 1.30 
ectonucleoside triphosphate 
diphosphohydrolase 6  NM_053498  NM_053498 

Eprs_predicted 0.69 
glutamyl-prolyl-tRNA synthetase 
(predicted)  BF553211  NM_001024238 

Eprs_predicted 0.57 
glutamyl-prolyl-tRNA synthetase 
(predicted)  AI234919  NM_001024238 

Ero1l 0.72 ERO1-like (S. cerevisiae)  AY071924  NM_138528 

Etfb 0.69 
Electron-transfer-flavoprotein, beta 
polypeptide  BF402893  NM_001004220 

Fam34a_predicted 0.66 
family with sequence similarity 34, member 
A (predicted)  BE115518  XM_341172 

Fam3c 0.76 
family with sequence similarity 3, member 
C  AW920562  NM_198771 

Fbxo15_predicted 0.73 F-box protein 15 (predicted)  AI145917  XM_341633 

Fbxo21_predicted 1.67 F-box only protein 21 (predicted)  BE111456  XM_341091 

Fbxo21_predicted 0.67 F-box only protein 21 (predicted)  AI030616  XM_341091 

Fbxo4_predicted 0.77 F-box only protein 4 (predicted)  AW521356  XM_227090 

Fcgr1_predicted 1.51 Fc receptor, IgG, high affinity I (predicted)  BM391631  XM_215643 

Fgl2 0.70 fibrinogen-like 2  BG663284  NM_053455 

FLJ13158 0.62 Hypothetical protein FLJ13158  BE121434  NM_212498 

Fmod 0.77 fibromodulin  NM_080698  NM_080698 

Foxp1 0.72 Forkhead box P1 (predicted)  AI230954  NM_001034131 

Fuk_predicted 1.26 fucokinase (predicted)  AI407320  XM_226508 

Fzd7_predicted 1.35 
Frizzled homolog 7 (Drosophila) 
(predicted)  BF411054  XM_237191 

Galnt14_predicted 0.77 

UDP-N-acetyl-alpha-D-
galactosamine:polypeptide N-
acetylgalactosaminyltransferase 14 
(predicted)  AI763990  NM_001012109 

Gata2 1.38 GATA binding protein 2  NM_033442  NM_033442 

Gcn5l2_predicted 1.28 
GCN5 general control of amino acid 
synthesis-like 2 (yeast) (predicted)  BF415195  XM_239340 

Gfap 1.26 glial fibrillary acidic protein  NM_017009  NM_017009 

Gimap5 0.72 GTPase, IMAP family member 5  BI294743  
NM_001033913 
; NM_145680 

Glipr1_predicted 1.40 
GLI pathogenesis-related 1 (glioma) 
(predicted)  BF287967  NM_001011987 

Gmppa 1.39 GDP-mannose pyrophosphorylase A  AI598958  NM_001025056 

Gmpr2 0.76 Guanosine monophosphate reductase 2  BM386889  NM_001013036 

Gnao 0.82 guanine nucleotide binding protein, alpha o  AF413212  NM_017327 

Gnaq 0.73 
Guanine nucleotide binding protein, alpha 
q polypeptide  BG669143  NM_031036 

Gnb1 1.29 guanine nucleotide binding protein, beta 1  NM_030987  NM_030987 

Gng2 1.24 
Guanine nucleotide binding protein, 
gamma 2  BF552733   

Golph3 1.31 golgi phosphoprotein 3  NM_023977  NM_023977 

Golph4_predicted 0.71 golgi phosphoprotein 4 (predicted)  BF397673  XM_227268 

Gpatc2 0.64 G patch domain containing 2 (predicted)  AI712874  NM_001011909 

Gpiap1_predicted 0.79 
GPI-anchored membrane protein 1 
(predicted)  BF396243  NM_001012185 
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Gpr21_predicted 0.79 G protein-coupled receptor 21 (predicted)  BG374688  XM_231251 

Gpr23_predicted 0.64 Similar to G protein-coupled receptor 23  BI294122  XM_228501 

Gpt2_predicted 1.37 
glutamic pyruvate transaminase (alanine 
aminotransferase) 2 (predicted)  AI535168  NM_001012057 

Gpx3 1.34 glutathione peroxidase 3  NM_022525  NM_022525 

Gria2 0.61 Glutamate receptor, ionotropic, 2  BF386452  NM_017261 

Gria4 0.78 glutamate receptor, ionotropic, 4  NM_017263  NM_017263 

Grin2d 1.29 glutamate receptor, ionotropic, NMDA2D  NM_022797  NM_022797 

Grip2 1.22 glutamate receptor interacting protein 2  AF090113  NM_138535 

Gsk3a 1.49 Glycogen synthase kinase 3 alpha  NM_017344  NM_017344 

Gtf2f2 1.21 
general transcription factor IIF, polypeptide 
2  NM_031042  NM_031042 

Hat1_predicted 0.83 histone aminotransferase 1 (predicted)  BI285581  NM_001009657 

Hip1r 1.50 huntingtin interacting protein 1 related  BG381386  XM_213777 

Hspca 0.74 heat shock protein 1, alpha  BG671521  NM_175761 

Iag2 0.79 implantation-associated protein  NM_053946  NM_053946 

Id2 1.42 
Inhibitor of DNA binding 2, dominant 
negative helix-loop-helix protein  NM_013060  NM_013060 

Ide 0.69 insulin degrading enzyme  NM_013159  NM_013159 

Igf1 1.21 insulin-like growth factor 1  M15481  NM_178866 

Inpp4b 0.72 
inositol polyphosphate-4-phosphatase, 
type II  U96920  NM_053917 

Inppl1 1.29 inositol polyphosphate phosphatase-like 1  NM_022944  NM_022944 

Ipp_predicted 0.69 IAP promoted placental gene (predicted)  BE120827  XM_233415 

Jun 1.32 
v-jun sarcoma virus 17 oncogene homolog 
(avian)  BI288619  NM_021835 

Junb 1.85 Jun-B oncogene  NM_021836  NM_021836 

Kcnc3 0.47 
potassium voltage gated channel, Shaw-
related subfamily, member 3  NM_053997  NM_053997 

Kcnh1 1.32 
potassium voltage-gated channel, 
subfamily H (eag-related), member 1  NM_031742  NM_031742 

Kctd6_predicted 1.26 
potassium channel tetramerisation domain 
containing 6 (predicted)  AI235964  XM_223921 

Kif5c_predicted 0.61 kinesin family member 5C (predicted)  BE104278  XM_241981 

Kifap3_predicted 0.79 kinesin-associated protein 3 (predicted)  AI227800  XM_213920 

Kitl 0.65 kit ligand  BF562720  NM_021843 

Klhl2_predicted 0.71 
kelch-like 2, Mayven (Drosophila) 
(predicted)  BI298657  XM_214331 

Kpna1 0.80 Karyopherin alpha 1 (importin alpha 5)  AI230596  NM_198726 

Lamc1 0.81 laminin, gamma 1  AA997129  XM_341133 

Lap1b 0.83 lamina-associated polypeptide 1B  U19614  NM_145092 

Larp1_predicted 1.27 Similar to KIAA0731 protein (predicted)  BF394189  XM_220446 

Lin7a 0.72 lin-7 homolog a (C. elegans)  AF090134  NM_053514 

LOC287661 1.27 hypothetical LOC287661  BI295767  XM_213445 

LOC289728 1.30 hypothetical LOC289728  AI030756  XM_237926 

LOC290300 0.80 
similar to tumor necrosis factor receptor 
superfamily, member 19  AW527025  XM_214214 

LOC291967 1.23 similar to Zdhhc1 protein  BM386245  XM_214680 

LOC293513 1.26 hypothetical LOC293513  AW534851  XM_238138 

LOC294614 0.78 
similar to very large G-protein coupled 
receptor 1  BI296089  XM_215439 

LOC295496 1.34 
similar to RNA (guanine-9-) 
methyltransferase domain containing 2  AW523661  XM_215716 

LOC297504 0.65 similar to mKIAA0212 protein  AI556447  XM_238366 

LOC301113 1.42 similar to RIKEN cDNA 2310067G05  BF405298  XM_217310 

LOC301126 1.23 similar to Safb2 protein  BI282944  XM_238571 

LOC302554 1.62 similar to RIKEN cDNA 2010001H14  AI454360  XM_217593 
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LOC302898 0.79 Ac1158  AI228722  NM_001008876 

LOC303963 0.75 
similar to Ubiquitin ligase protein DZIP3 
(DAZ-interacting protein 3 homolog)  BF402371  XM_221487 

LOC304809 1.35 similar to PLU1  BI303977  XM_239761 

LOC304971 2.10 similar to hypothetical protein FLJ12770  AI044497  XM_222887 

LOC306254 0.72 similar to polybromo-1  BI286690  XM_240329 

LOC308393 0.32 similar to KIAA1183 protein  BF403514  XM_218352 

LOC308556 1.35 hypothetical LOC308556  BI290815  XM_218633 

LOC308917 ; 
Olfml1_predicted 0.83 

similar to olfactomedin-like 1 ; 
olfactomedin-like 1 (predicted)  AA946156  

NM_001013192 
; XM_219200 

LOC308988 0.71 
similar to Seizure related 6 homolog 
(mouse)-like 2  BF388562  XM_219339 

LOC309252 0.73 similar to Cezanne 2 protein  BE101732  XM_219703 

LOC309475 0.82 similar to transmembrane protein TM9SF3  AW534630  XM_220013 

LOC311241 ; 
LOC317214 ; 
LOC499328 ; 
LOC501601 1.29 

similar to RIKEN cDNA 0610038L10 gene ; 
similar to RIKEN cDNA 0610038L10 gene ; 
similar to riboflavin kinase ; similar to 
riboflavin kinase  AI180421  

NM_001014106 
; XM_230344 ; 
XM_574634 ; 
XM_577001 

LOC312030 0.66 similar to mKIAA3013 protein  BM383325  XM_231361 

LOC312678 0.62 
similar to Retinoblastoma-binding protein 2 
(RBBP-2)  BI298889  XM_232246 

LOC313308 0.58 similar to THO complex 2  BE117119  XM_233081 

LOC313581 1.96 similar to CGI-94 protein  AW531495  XM_233498 

LOC313934 0.56 

similar to Intersectin 2 (SH3 domain-
containing protein 1B) (SH3P18) (SH3P18-
like WASP associated protein)  BF417645  XM_233945 

LOC315327 1.23 similar to hypothetical protein FLJ14800  BM390695  XM_235711 

LOC315843 0.74 similar to WD repeat domain 11 protein  BE107185  XM_236438 

LOC317183 0.68 similar to Protocadherin 19 precursor  AA997710  XM_228429 

LOC317196 0.81 similar to KIAA1687 protein  AW524979  XM_228462 

LOC317260 1.36 similar to DXHXS6673E protein  BI288315  XM_241769 

LOC317366 1.23 
similar to serine-threonine protein kinase 
pim-2 isoform 1  BG372987  XM_228778 

LOC317368 1.35 similar to porcupine-D  BI289635  XM_228781 

LOC317454 1.23 similar to Myosin light chain 1 slow a  AI230220  XM_228900 

LOC317508 0.72 similar to hypothetical protein FLJ14503  AI575906  XM_228973 

LOC360661 1.22 similar to Lethal giant larvae homolog 2  AW528218  XM_573224 

LOC360799 1.25 similar to RIKEN cDNA 4930579G22  AW525704  XM_341069 

LOC361197 0.49 
similar to putative repair and recombination 
helicase RAD26L  BF397269  XM_341480 

LOC361849 0.68 
similar to cell division cycle and apoptosis 
regulator 1  AW534965  XM_342143 

LOC362792 1.44 similar to expressed sequence AI132321  AA848738  XM_576106 

LOC363000 1.32 similar to 2610317D23Rik protein  BI274499  XM_343330 

LOC363450 0.62 similar to Ftsj homolog  AI709526  XM_343771 

LOC363463 0.80 similar to Mospd2 protein  BG667374  XM_343782 

LOC363481 0.77 similar to Histone deacetylase 8 (HD8)  BE117008  XM_343804 

LOC363520 0.77 
similar to interleukin-1 receptor associated 
kinase 1 splice form 3  BG376154  XM_343844 

LOC363662 1.35 
similar to Breast carcinoma amplified 
sequence 3 homolog (K20D4)  AI548031  XM_343952 

LOC363662 0.83 
similar to Breast carcinoma amplified 
sequence 3 homolog (K20D4)  BF283490  XM_343952 

LOC365611 0.75 
similar to osteopetrosis associated 
transmembrane protein 1  AA956307  XM_345129 

LOC365909 2.39 similar to Heme oxygenase 3 (HO-3)  AF058787  XM_575018 

LOC367763 1.35 similar to Expressed sequence AW547186  BE120683  XM_346287 

LOC498273 0.69 similar to spermine synthase  AI101062  XM_573498 
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LOC498289 0.82 similar to encephalopsin  BI289640  XM_573517 

LOC498420 0.72 similar to RIKEN cDNA 5730466H23  BE119096  XM_573669 

LOC498690 0.77 similar to ctla-2-beta protein (141 AA)  AI230591  XM_573975 

LOC498702 1.35 LOC498702  AA901274  XM_579855 

LOC498964 1.51 similar to SPIRE2 protein  AA998459  XM_574251 

LOC499016 0.54 similar to tubby super-family protein  AA963991  XM_574309 

LOC499283 0.40 LOC499283  AW526563  XM_579938 

LOC499428 1.25 LOC499428  AI716904  XM_579967 

LOC499506 0.81 similar to cytosolic phosphoprotein DP58  AA924915  XM_574831 

LOC499507 0.67 
similar to hypothetical protein 2BE2121 - 
Chinese hamster (fragment)  AW141967  XM_574832 

LOC499508 0.82 
similar to Zinc finger, FYVE domain 
containing 16  AI029732  XM_574833 

LOC499567 0.77 LOC499567  BI280802  XM_574891 

LOC499593 0.77 similar to SOX2 protein  BF548737  XM_574919 

LOC499942 1.53 

similar to WAP four-disulfide core domain 
protein 8 precursor (Putative protease 
inhibitor WAP8)  H33448  XM_575285 

LOC500012 ; 
LOC500014 ; 
LOC500015 0.77 

similar to mKIAA2005 protein ; similar to 
mKIAA2005 protein ; similar to mKIAA2005 
protein  BF408536  

XM_575366 ; 
XM_575368 ; 
XM_575369 

LOC500067 0.73 LOC500067  AI177281  XM_580045 

LOC500351 ; 
LOC502913 1.63 

histone H4 variant H4-v.1 ; similar to 
germinal histone H4 gene  BE105480  

XM_575704 ; 
XM_578415 

LOC500377 1.60 
similar to Tubulin alpha-8 chain (Alpha-
tubulin 8)  AI137249  NM_001024339 

LOC500727 1.24 similar to hematopoietic progenitor protein  AI236771  XM_576107 

LOC501007 1.29 similar to RIKEN cDNA 6030419C18 gene  BG381652  XM_576420 

LOC501168 1.50 similar to RIKEN cDNA A230078I05 gene  AI715113  XM_576593 

LOC501290 1.51 
similar to spermatogenesis associated 
glutamate (E)-rich protein 4d  AI547628  XM_576704 

LOC501513 0.59 

similar to Ubiquitously transcribed 
tetratricopeptide repeat gene, X 
chromosome  AI045086  XM_576914 

LOC502099 1.37 similar to GTP-binding protein RAB20  BF420334  XM_577539 

LOC503000 1.28 
similar to beta-catenin-interacting protein 
ICAT  AI175992  XM_578512 

LOC503165 1.31 
similar to ADP-ribosylation factor GTPase-
activating protein 3 (ARF GAP 3)  AI104127  XM_578689 

LOC64312 0.76 Amyloid beta (A4) precursor-like protein 2  BE103215  XM_343513 

Lphn2 0.80 latrophilin 2  NM_134408  NM_134408 

Lrba_predicted 1.55 
LPS-responsive beige-like anchor 
(predicted)  BE117226  XM_342271 

Lrpb7_predicted 0.67 leucine rich protein, B7 gene (predicted)  BE103187  NM_001013165 

Lsm7_predicted 1.28 
LSM7 homolog, U6 small nuclear RNA 
associated (S. cerevisiae) (predicted)  BI289882  XM_343157 

Luc7l_predicted 0.78 LUC7-like (S. cerevisiae) (predicted)  BG373449  NM_001024269 

Madh4 0.72 MAD homolog 4 (Drosophila)  AB010954  NM_019275 

Map4k2_predicted 1.23 
Mitogen activated protein kinase kinase 
kinase kinase 2 (predicted)  BG378166  XM_219531 

Mbc2 1.49 
membrane bound C2 domain containing 
protein  NM_017249  NM_017249 

Mcm8_predicted 0.62 
minichromosome maintenance deficient 8 
(S. cerevisiae) (predicted)  BF412056  XM_215825 

MGC114410 0.77 
similar to Ras association (RalGDS/AF-6) 
domain family 6  BM383783  NM_001025671 

MGC116147 1.24 leucine zipper domain protein  BI296304  NM_001024864 

MGC116266 0.82 
similar to DNA segment, Chr 8, ERATO 
Doi 531, expressed  AI710526  NM_001024867 
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MGC94479 0.68 Similar to Protein C3orf4 homolog  AI231223  NM_001006955 

Mlh1 ; LOC497834 0.83 
mutL homolog 1 (E. coli) ; hypothetical 
gene supported by NM_031053  NM_031053  

NM_031053 ; 
XM_579503 

Mobkl2b_predicted 1.73 
MOB1, Mps One Binder kinase activator-
like 2B (yeast) (predicted)  AW530806  XM_343161 

Mospd3_predicted 1.22 
motile sperm domain containing 3 
(predicted)  BM388609  NM_001025629 

Mrpl12 1.23 ribosomal protein, mitochondrial, L12  BF524934  NM_001029900 

Mrpl51_predicted 0.73 
Mitochondrial ribosomal protein L51 
(predicted)  AW144020  XM_216269 

Mta2_predicted 1.40 
metastasis-associated gene family, 
member 2 (predicted)  BM386922  XM_342015 

Mtap6 1.23 microtubule-associated protein 6  NM_017204  NM_017204 

Mtdh 0.75 metadherin  AI706785  NM_133398 

Mte1 0.63 Mitochondrial acyl-CoA thioesterase 1  BF555448  NM_138907 

Myh14_predicted 1.21 myosin, heavy polypeptide 14 (predicted)  AI578120  XM_218617 

Ndufs1 0.74 
NADH dehydrogenase (ubiquinone) Fe-S 
protein 1, 75kDa  BE105072  NM_001005550 

Nedd4a 0.72 
neural precursor cell expressed, 
developmentally down-regulated gene 4A  BI286685  XM_343427 

Nek9_predicted 0.81 
NIMA (never in mitosis gene a)- related 
kinase 9 (predicted)  BI300534  XM_216755 

Neu1 1.22 neuraminidase 1  NM_031522  NM_031522 

Nlgn2 1.57 neuroligin 2  BF542792  NM_053992 

Nln 0.69 neurolysin (metallopeptidase M3 family)  NM_053970  NM_053970 

Nmt2 0.81 N-myristoyltransferase 2  AI501085  NM_207590 

Npap60 0.71 nuclear pore associated protein  NM_012991  NM_012991 

Nspc1 1.26 Nervous system polycomb 1  BE114641  NM_001007000 

Nucb2 0.71 nucleobindin 2  NM_021663  NM_021663 

Nucks 0.70 
Nuclear ubiquitous casein kinase and 
cyclin-dependent kinase substrate  AI170347  NM_022799 

Nucks 0.65 
nuclear ubiquitous casein kinase and 
cyclin-dependent kinase substrate  NM_022799  NM_022799 

Nup133_predicted 0.64 nucleoporin 133 (predicted)  BE119719  XM_214721 

Nup98 0.78 nucleoporin 98  AA799609  XM_574504 

Nyw1 1.25 ischemia related factor NYW-1  BM386444  XM_230288 

Ogn_predicted 0.78 osteoglycin (predicted)  AA945955  XM_214441 

Osbpl5_predicted 0.83 oxysterol binding protein-like 5 (predicted)  BG372522  XM_341969 

Otub1_predicted 1.44 
OTU domain, ubiquitin aldehyde binding 1 
(predicted)  BI274378  XM_215178 

Otub1_predicted 1.24 
OTU domain, ubiquitin aldehyde binding 1 
(predicted)  BE111986  XM_215178 

P4ha2_predicted 1.26 

procollagen-proline, 2-oxoglutarate 4-
dioxygenase (proline 4-hydroxylase), alpha 
II polypeptide (predicted)  BI274349  XM_340798 

Pak4_predicted 0.78 
P21 (CDKN1A)-activated kinase 4 
(predicted)  BE098920  XM_218388 

Panx1 1.32 Pannexin 1  AI136392  NM_199397 

Papola_predicted 0.79 poly (A) polymerase alpha (predicted)  BE108853  XM_234508 

Pcbp3_predicted 1.29 poly(rC) binding protein 3 (predicted)  AA956005  NM_001011945 

Pcm1 0.82 pericentriolar material 1  U95920  XM_344524 

Pctk1 1.27 PCTAIRE-motif protein kinase 1  U36444  
NM_001004132 
; NM_031077 

Peg3_predicted 0.61 paternally expressed 3 (predicted)  BF420653  XM_218226 

Pfn1 1.41 profilin 1  NM_022511  NM_022511 

Phf3_predicted 0.65 PHD finger protein 3 (predicted)  BF405581  XM_343548 

Phyhip_predicted 1.44 
phytanoyl-CoA hydroxylase interacting 
protein (predicted)  AI764464  NM_001017376 
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Pigt_predicted 1.25 
phosphatidylinositol glycan, class T 
(predicted)  BI274156  XM_215919 

Pik3r1 0.79 
Phosphatidylinositol 3-kinase, regulatory 
subunit, polypeptide 1  AA819268  NM_013005 

Pik3r2 1.21 
phosphatidylinositol 3-kinase, regulatory 
subunit, polypeptide 2  AI103391  NM_022185 

Pja2 0.67 praja 2, RING-H2 motif containing  AI600019  NM_138896 

Pla2g6 1.34 phospholipase A2, group VI  U51898  NM_001005560 

Plekhc1_predicted 0.72 

pleckstrin homology domain containing, 
family C (with FERM domain) member 1 
(predicted)  BE128738  NM_001011915 

Plxna3 1.24 Plexin A3  BI295513  XM_219723 

Pnliprp2 1.28 pancreatic lipase-related protein 2  NM_057206  NM_057206 

Pnoc 1.22 prepronociceptin  NM_013007  NM_013007 

Poldip3_predicted 0.78 
Polymerase (DNA-directed), delta 
interacting protein 3 (predicted)  BF420785  XM_235521 

Porf1 0.81 preoptic regulatory factor 1  NM_022688  NM_022688 

Ppap2b 0.78 ER transmembrane protein Dri 42  AW253995  NM_138905 

Ppard 1.27 
Peroxisome proliferator activated receptor 
delta  AI230294  NM_013141 

Ppm1h_predicted 1.41 
protein phosphatase 1H (PP2C domain 
containing) (predicted)  AI548159  NM_001013173 

Ppox_predicted 1.59 protoporphyrinogen oxidase (predicted)  BF386283  XM_213944 

Ppp1r12a 0.64 
protein phosphatase 1, regulatory 
(inhibitor) subunit 12A  BF398081  NM_053890 

Ppp1r14c 1.23 
protein phosphatase 1, regulatory 
(inhibitor) subunit 14c  NM_133425  NM_133425 

Ppp1r7_predicted 0.79 
protein phosphatase 1, regulatory 
(inhibitor) subunit 7 (predicted)  H32309  NM_001009825 

Ppp2r5e_predicted 0.74 
protein phosphatase 2, regulatory subunit 
B (B56), epsilon isoform (predicted)  BG664036  XM_216739 

Prcc_predicted 1.33 
papillary renal cell carcinoma 
(translocation-associated) (predicted)  BG669807  XM_227476 

Prdm4 0.76 PR domain containing 4  NM_133312  NM_133312 

Prkcbp1_predicted 0.68 
protein kinase C binding protein 1 
(predicted)  AI599263  XM_215942 

Prkcdbp 0.82 protein kinase C, delta binding protein  NM_134449  NM_134449 

Prkg2 0.74 protein kinase, cGMP-dependent, type II  NM_013012  NM_013012 

Prkwnk1 1.38 protein kinase, lysine deficient 1  NM_053794  NM_053794 

Pskh1_predicted 1.43 protein serine kinase H1 (predicted)  AI013362  XM_344760 

Ptpns1 1.23 
protein tyrosine phosphatase, non-receptor 
type substrate 1  D38468  NM_013016 

Ptprr 0.83 
protein tyrosine phosphatase, receptor 
type, R  NM_053594  NM_053594 

Ptrf_predicted 0.78 
Polymerase I and transcript release factor 
(predicted)  AA899937  XM_220982 

Pum1_predicted 0.58 pumilio 1 (Drosophila) (predicted)  BI282129  XM_342928 

Pycrl_predicted 1.42 
pyrroline-5-carboxylate reductase-like 
(predicted)  BE098813  NM_001011993 

Rab3d 1.21 RAB3D, member RAS oncogene family  M83681  NM_080580 

Rab3il1 1.34 RAB3A interacting protein (rabin3)-like 1  BM389915  NM_134411 

Rab6 0.62 RAB6A, member RAS oncogene family  BG666908  XM_574503 

Rabl3_predicted 0.78 
RAB, member of RAS oncogene family-like 
3 (predicted)  AA859277  XM_340992 

Rad23a_predicted 0.77 
RAD23a homolog (S. cerevisiae) 
(predicted)  BE095607  NM_001013190 

Rap2ip 1.49 Rap2 interacting protein  AI535169  NM_198758 

Rarres2 1.45 
Retinoic acid receptor responder 
(tazarotene induced) 2 (predicted)  AI137986  NM_001013427 
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Rasa1 0.72 RAS p21 protein activator 1  NM_013135  NM_013135 

Rassf4_predicted 0.75 
Ras association (RalGDS/AF-6) domain 
family 4 (predicted)  BI286015  NM_001024275 

Rbl2 0.77 retinoblastoma-like 2  NM_031094  NM_031094 

Rbm27_predicted 0.73 RNA binding motif protein 27 (predicted)  BG376780  XM_341605 

Rbms2_predicted 1.21 
RNA binding motif, single stranded 
interacting protein 2 (predicted)  BG374052  NM_001025403 

Rdh10 1.32 Retinol dehydrogenase 10 (all-trans)  AI137314  NM_181478 

Reck_predicted 0.65 
reversion-inducing-cysteine-rich protein 
with kazal motifs (predicted)  AW523759  XM_233371 

Rev1l_predicted 0.79 REV1-like (S. cerevisiae) (predicted)  BM384011  XM_237071 

RGD:1302955 1.32 
dimethylarginine dimethylaminohydrolase 
2  AI176924  NM_212532 

RGD:1302984 0.80 LIM domain only protein 7  BI284480  NM_001001515 

RGD:1303036 0.58 similar to RIKEN cDNA 2310042P20  BG380641  NM_001004243 

RGD:1303040 0.57 Abelson helper integration site 1  AI138017  NM_001002277 

RGD:1303055 1.34 
bone marrow stromal cell-derived ubiquitin-
like protein  BE110662  NM_001004247 

RGD:1303075 1.70 heat shock 90kDa protein 1, beta  BG153357  NM_001004082 

RGD:1303204 1.29 
ADP-ribosylation factor interacting protein 
2 (arfaptin 2)  BG375435  NM_001004222 

RGD:1303287 1.32 
1-acylglycerol-3-phosphate O-
acyltransferase 1  BI284306  NM_212458 

RGD:1303292 1.32 RE70703p-like  AA818971  NM_212517 

RGD:1303296 0.82 heat shock protein hsp70-related protein  AI111363  NM_001004257 

RGD:1359144 0.80 
similar to chromosome 14 open reading 
frame 130  BF398626  NM_001007705 

RGD:1359165 0.80 similar to Ac2-256  AI234128  NM_001014150 

RGD:1359211 1.29 similar to RIKEN cDNA 6720485C15  BE107793  NM_001007724 

RGD:1359226 1.30 brain protein 16  BF559626  NM_001007707 

RGD:1359259 1.25 zinc finger protein 219  BG668883  NM_001007681 

RGD:1359321 0.79 
guanine nucleotide binding protein beta 4 
subunit  BI284800  NM_001013910 

RGD:1359423 1.34 
similar to myo-inositol 1-phosphate 
synthase A1  BI285489  NM_001013880 

RGD:1359437 0.46 similar to CGI-100-like protein  AI137113  NM_001007619 

RGD:1359458 1.32 chondroitin polymerizing factor  AI012498  NM_001005906 

RGD:1359472 0.76 radixin  BF565167  NM_001005889 

RGD:1359472 0.63 radixin  AW527313  NM_001005889 

RGD:1359486 ; 
LOC501648 0.74 

similar to RIKEN cDNA 1810018L05 ; 
similar to motile sperm domain containing 
1  AW525240  

NM_001014107 
; XM_577044 

RGD:1359574 1.32 amplified in osteosarcoma  AI169058  NM_001007265 

RGD:1359578 0.71 
similar to cysteine and tyrosine-rich protein 
1  AA818900  NM_001013980 

RGD:619812 1.25 KIAA1536 protein  AY078385  NM_139190 

RGD:619969 0.75 proteoglycan peptide core protein  NM_020074  NM_020074 

RGD:619987 0.80 origin recognition complex, subunit 4  BE103926   

RGD:620149 0.83 PMF32 protein  AB020504   

RGD:620311 1.36 
aldo-keto reductase family 7, member A2 
(aflatoxin aldehyde reductase)  NM_134407  NM_134407 

RGD:620443 1.25 unconventional myosin Myr2 I heavy chain  AI012566  NM_023092 

RGD:708471 0.82 liver regeneration p-53 related protein  BM383988  NM_139189 

RGD:735106 0.57 Unknown (protein for MGC:73017)  AI712625  NM_198766 

RGD:735140 0.67 hypothetical protein LK44  AI137411  NM_198779 

RGD:735176 0.70 

similar to step II splicing factor SLU7; DNA 
segment, Chr 11, ERATO Doi 730, 
expressed; DNA segment, Chr 3, Brigham 
& Womens Genetics 0878 expressed  BE098532  XM_220315 
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RGD:735176 0.68 

similar to step II splicing factor SLU7; DNA 
segment, Chr 11, ERATO Doi 730, 
expressed; DNA segment, Chr 3, Brigham 
& Womens Genetics 0878 expressed  AI411326  XM_220315 

RGD1304626_predicted 0.75 similar to KIAA1128 protein (predicted)  AI070061  XM_224672 

RGD1304827_predicted 1.38 hypothetical LOC316091 (predicted)  BM391273  NM_001009437 

RGD1304881_predicted 0.78 
similar to hypothetical protein 6720484B16 
(predicted)  BI274245  XM_222457 

RGD1305133_predicted 0.83 similar to Ab2-008 (predicted)  BE116128  XM_214173 

RGD1305179_predicted 0.23 
similar to Nedd4 binding protein 1 
(predicted)  AA965076  XM_214648 

RGD1305208_predicted 1.53 Similar to RN49018 (predicted)  BM388029  XM_236654 

RGD1305222_predicted 0.83 
similar to RIKEN cDNA 1810029B16 
(predicted)  BI294760  XM_214332 

RGD1305514_predicted 0.80 
similar to expressed sequence AV312086 
(predicted)  BE104409  XM_342029 

RGD1305553_predicted 1.34 
similar to 1200003M09Rik protein 
(predicted)  BI279598  XM_220236 

RGD1305625_predicted 0.71 
similar to RIKEN cDNA 2310075C12 
(predicted)  AI171651  NM_001014205 

RGD1305645_predicted 1.28 
similar to RIKEN cDNA 1500015O10 
(predicted)  BF418649  XM_343562 

RGD1305685 0.75 
Similar to hypothetical protein FLJ13089 
(predicted)  BM390527  XM_341084 

RGD1305824_predicted 1.39 
similar to 2410001H17Rik protein 
(predicted)  AI175019  XM_341978 

RGD1305976_predicted 0.83 
similar to RIKEN cDNA C920006C10 
(predicted)  BG373853  XM_343253 

RGD1305989_predicted 1.24 similar to pellino 3 alpha (predicted)  BI297603  XM_219692 

RGD1306067_predicted 0.69 
similar to chromosome 20 open reading 
frame 6 (predicted)  AW141642  XM_345440 

RGD1306148_predicted 0.51 similar to KIAA0368 (predicted)  BF415479  XM_232937 

RGD1306215_predicted 1.35 
similar to hypothetical protein MGC36831 
(predicted)  AI407120  XM_216002 

RGD1306260_predicted 1.36 
similar to RIKEN cDNA 1110060O18 
(predicted)  AI411964  NM_001025745 

RGD1306591 1.31 Similar to Protein C22orf5 (predicted)  AI577870  XM_343289 

RGD1306599_predicted 1.65 
similar to RIKEN cDNA 2900073H19 
(predicted)  BM391872  XM_231116 

RGD1307160_predicted 1.26 

similar to golgi-specific brefeldin A-
resistance guanine nucleotide exchange 
factor 1 (predicted)  BF283388  XM_219953 

RGD1307235_predicted 1.39 
similar to RIKEN cDNA 2310035C23 
(predicted)  BF565706  XM_219401 

RGD1307423_predicted 0.80 
similar to RIKEN cDNA 1810014L12 
(predicted)  H31931  NM_001008334 

RGD1307436_predicted 0.77 similar to KIAA1055 protein (predicted)  BE113335  XM_236472 

RGD1307479_predicted 0.83 similar to KIAA1521 protein (predicted)  BE102596  XM_231161 

RGD1307679_predicted 0.74 
similar to ATP/GTP-binding protein 
(predicted)  AI501557  NM_001009599 

RGD1307736 1.48 
Similar to Hypothetical protein KIAA0152 
(predicted)  BE111117  NM_001013983 

RGD1307736_predicted 0.76 
similar to Hypothetical protein KIAA0152 
(predicted)  AI407016  NM_001013983 

RGD1307854_predicted 1.35 similar to HSPC182 protein (predicted)  BE118384  NM_001025657 

RGD1307882_predicted 0.61 Similar to CG9346-PA (predicted)  AW252589  XM_236501 

RGD1307882_predicted 0.44 similar to CG9346-PA (predicted)  BE115506  XM_236501 

RGD1307925_predicted 0.67 
similar to RIKEN cDNA 4930451A13 
(predicted)  BM390350  XM_221532 

RGD1308109_predicted 1.23 
similar to hypothetical protein FLJ10477 
(predicted)  BE119999  XM_342984 

RGD1308331_predicted 1.27 

similar to Trithorax homolog 2 (Mixed 
lineage leukemia gene homolog 2 protein) 
(predicted)  BI294789  XM_341829 

RGD1308418_predicted 0.76 
similar to hypothetical protein AL133206 
(predicted)  BF404303  XM_216529 

RGD1308508_predicted 0.82 similar to BRIX (predicted)  AW917092  NM_001029915 

RGD1308535_predicted 1.22 Similar to Pygopus homolog 2 (predicted)  AI100850  XM_227419 

RGD1308697_predicted 0.82 
similar to hypothetical protein FLJ10579 
(predicted)  BF284897  NM_001014046 
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RGD1308808_predicted 0.67 similar to SF21 (predicted)  AW524813  XM_235198 

RGD1309002_predicted 1.27 
similar to hypothetical protein MGC38524 
(predicted)  AI555738  XM_214295 

RGD1309020_predicted 0.73 
similar to RIKEN cDNA 6530403A03 
(predicted)  BF407231  XM_214453 

RGD1309150_predicted 0.77 
similar to RIKEN cDNA 4930449E07 
(predicted)  BM383632  NM_001013857 

RGD1309199_predicted 0.74 
similar to CBF1 interacting corepressor 
(predicted)  AI101392  NM_001007799 

RGD1309207 0.83 
Similar to putative phosphatase subunit 
(predicted)  BF558962  NM_001014196 

RGD1309393_predicted 1.38 
similar to DNA segment, Chr 7, ERATO 
Doi 462, expressed (predicted)  BG373555  XM_214874 

RGD1309543_predicted 1.34 
Similar to 2310014H01Rik protein 
(predicted)  AI102745  XM_342085 

RGD1309552_predicted 0.77 hypothetical protein LOC362957  BI278594  NM_001025285 

RGD1309634_predicted 0.62 hypothetical LOC305452 (predicted)  BI290590  XM_223536 

RGD1309721_predicted 1.23 similar to Dorz1 (predicted)  BI294842  NM_001009670 

RGD1309807_predicted 0.59 similar to Fam13a1 protein (predicted)  BF563961  XM_342702 
RGD1309948_predicted 
; LOC499200 0.71 

similar to CG11737-PA (predicted) ; similar 
to RIKEN cDNA 2810439K08  BF416266  

NM_001013896 
; XM_574487 

RGD1309967_predicted 1.28 
similar to RIKEN cDNA 0610025L06 
(predicted)  BI294855  NM_001025715 

RGD1309986_predicted 1.24 similar to CG9135-PA (predicted)  BE109154  XM_216557 

RGD1310066_predicted 1.25 similar to mKIAA1002 protein (predicted)  BI291270  XM_343221 

RGD1310182_predicted 0.58 
similar to RIKEN cDNA 2810429K17 
(predicted)  BE114013  XM_345131 

RGD1310304_predicted 1.30 similar to KIAA1838 protein (predicted)  BF386519  XM_218006 

RGD1310433_predicted 0.37 similar to mKIAA1757 protein (predicted)  BE115521  XM_238368 

RGD1310495_predicted 1.72 similar to KIAA1919 protein (predicted)  AI548603  XM_228270 

RGD1310507_predicted 0.83 
similar to RIKEN cDNA 1300017J02 
(predicted)  BI297744  XM_236574 

RGD1310602_predicted 
; LOC497981 0.81 

similar to hypothetical protein MGC15396 
(predicted) ; similar to RIKEN cDNA 
5530600A18  BE105705  

XM_340881 ; 
XM_573178 

RGD1310624_predicted 0.81 
similar to chronic myelogenous leukemia 
tumor antigen 66 (predicted)  BE114265  XM_343235 

RGD1310680_predicted 1.32 
similar to hypothetical protein MGC33486 
(predicted)  BF404975  XM_219694 

RGD1310680_predicted 1.24 
similar to hypothetical protein MGC33486 
(predicted)  AI716115  XM_219694 

RGD1310710_predicted 0.77 
Similar to RIKEN cDNA 2700091N06 
(predicted)  BM383683  XM_232333 

RGD1310710_predicted 0.68 
similar to RIKEN cDNA 2700091N06 
(predicted)  BF391556  XM_232333 

RGD1311086_predicted 0.71 
similar to RIKEN cDNA 2610029K21 
(predicted)  AI136314  NM_001024979 

RGD1311092_predicted 
; LOC498451 0.83 

similar to hypothetical protein FLJ20604 
(predicted) ; similar to hypothetical protein 
FLJ20604  BI291880  XM_573710 

RGD1311136_predicted 1.22 membralin (predicted)  AI230770  XM_216835 

RGD1311227_predicted 1.31 
similar to dJ756G23.1 (novel Leucine Rich 
Protein) (predicted)  BG377898  XM_343295 

RGD1311249 1.36 
Similar to RIKEN cDNA B230312A22 
(predicted)  AA894318  NM_001013931 

RGD1311307_predicted 0.79 
similar to 1300014I06Rik protein 
(predicted)  BM385779  NM_001025719 

RGD1311334_predicted 1.47 Similar to hypothetical protein (predicted)  BE096056  XM_220710 

RGD1311444_predicted 0.48 

Similar to intracellular membrane-
associated calcium-independent 
phospholipase A2 gamma (predicted)  AI177164  XM_234092 

RGD1311456_predicted 0.72 
similar to RIKEN cDNA B230380D07 
(predicted)  AI045965  XM_343420 

RGD1311456_predicted 0.63 
similar to RIKEN cDNA B230380D07 
(predicted)  BF290889  XM_343420 

RGD1311612_predicted 1.33 
similar to hypothetical protein FLJ12118 
(predicted)  BI288738  XM_341467 

RGD1311624_predicted 1.30 similar to KIAA0339 protein (predicted)  AI176553  XM_219358 

RGD1311640_predicted 0.73 
Similar to Hypothetical protein KIAA0373 
(predicted)  BF546268  XM_235095 
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RGD1311739_predicted 1.31 
similar to RIKEN cDNA 1700037H04 
(predicted)  H31887  NM_001025691 

RGD1311757_predicted 1.21 
Similar to hypothetical protein F730001J03 
(predicted)  BI285621  XM_233379 

RGD1311800_predicted 1.32 similar to genethonin 1 (predicted)  BI295979  NM_001013988 

RGD1559693_predicted 1.46 
Similar to Hypothetical protein 
6330514E13  BF400799  XM_235476 

RGD1561961_predicted 0.79 Similar to IQ motif and WD repeats 1  BF389856  XM_213926 

RGD1561961_predicted 0.61 Similar to IQ motif and WD repeats 1  BF389856  XM_213926 

RGD1563448_predicted 0.82 Similar to hypothetical protein 4931417A20  BI295852  XM_575188 

RGD1563824_predicted 0.77 

Similar to Wilms tumor 1-associating 
protein (WT1-associated protein) (Putative 
pre-mRNA splicing regulator female-
lethal(2D) homolog)  AA900400  XM_574313 

RGD1564114_predicted 0.68 Similar to FLJ46082 protein  BM389934  XM_575101 

RGD1564811_predicted 0.73 
Similar to hypothetical protein phosphatase 
2C domain containing protein  BG667328  XM_236834 

RGD1565642_predicted 1.62 
Similar to Snf2-related CBP activator 
protein  AA819145  XM_341932 

Rgs12 0.73 regulator of G-protein signaling 12  NM_019339  NM_019339 

Rgs4 0.68 regulator of G-protein signaling 4  U27767  NM_017214 

Rnase4 0.79 ribonuclease, RNase A family 4  NM_020082  NM_020082 

Rnf19_predicted 0.82 
ring finger protein (C3HC4 type) 19 
(predicted)  AW533310  XM_343228 

Rnf25_predicted 0.80 ring finger protein 25 (predicted)  AI012577  NM_001012004 

Rnpc2_predicted 0.76 
RNA-binding region (RNP1, RRM) 
containing 2 (predicted)  BG372903  NM_001013207 

Rnps1_predicted 0.78 
ribonucleic acid binding protein S1 
(predicted)  BG375343  NM_001011890 

Rrm1 0.71 ribonucleotide reductase M1  AI412015  NM_001013236 

RT1-Da 1.86 RT1 class II, locus Da  Y00480  NM_001008847 

Rtn4rl1 1.32 Reticulon 4 receptor-like 1  BF554746  NM_181377 

Sall2_predicted 1.29 Sal-like 2 (Drosophila) (predicted)  BF392952  XM_223992 

Samd4b 0.68 Similar to BC042901 protein (predicted)  AI714115  XM_218384 

Scrt1_predicted 1.35 
scratch homolog 1, zinc finger protein 
(Drosophila) (predicted)  BF558950  XM_345848 

Sdc4 1.21 syndecan 4  NM_012649  NM_012649 

Sec63_predicted 0.79 SEC63-like (S. cerevisiae) (predicted)  AI548571  XM_228305 

Sema6a_predicted 0.54 

sema domain, transmembrane domain 
(TM), and cytoplasmic domain, 
(semaphorin) 6A (predicted)  BF559983  XM_341612 

Sept6_predicted 0.81 Septin 6 (predicted)  AW532098  XM_223227 

Sepw1 1.32 selenoprotein W, muscle 1  NM_013027  NM_013027 

Sf3b2_predicted 0.76 splicing factor 3b, subunit 2 (predicted)  BE098910  XM_215182 

Sfrs10 0.77 
splicing factor, arginine/serine-rich 10 
(transformer 2 homolog, Drosophila)  AW252670  NM_057119 

Sgta 1.27 
small glutamine-rich tetratricopeptide 
repeat (TPR)-containing, alpha  BG378576  NM_022703 

Shox2 0.76 short stature homeobox 2  NM_013028  NM_013028 

Siat1 1.33 sialyltransferase 1  M18769  NM_147205 

Siat7c 0.79 sialyltransferase 7c  NM_019123  NM_019123 

Sin3a_predicted 1.23 
transcriptional regulator, SIN3A (yeast) 
(predicted)  AI072877  XM_343395 

Sin3a_predicted 0.64 
transcriptional regulator, SIN3A (yeast) 
(predicted)  BE116983  XM_343395 

Slc2a6_predicted 1.29 
solute carrier family 2 (facilitated glucose 
transporter), member 6 (predicted)  AA943262  XM_238321 

Slc35f2_predicted 0.71 
Solute carrier family 35, member F2 
(predicted)  BE102693  XM_236243 

Slc40a1 0.74 
Solute carrier family 39 (iron-regulated 
transporter), member 1  AI229664  NM_133315 
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Slc4a7 0.45 
solute carrier family 4, sodium bicarbonate 
cotransporter, member 7  AF070475  NM_058211 

Slco1a4 0.72 
solute carrier organic anion transporter 
family, member 1a4  U95011  NM_131906 

Slitrk1_predicted 0.62 
SLIT and NTRK-like family, member 1 
(predicted)  BE106509  XM_224474 

Smarca2 1.75 

SWI/SNF related, matrix associated, actin 
dependent regulator of chromatin, 
subfamily a, member 2  BF547582  NM_001004446 

Smpd2 1.21 
sphingomyelin phosphodiesterase 2, 
neutral  NM_031360  NM_031360 

Smyd5_predicted 1.27 
SET and MYND domain containing 5 
(predicted)  BF414808  XM_232134 

Snd1 1.35 
staphylococcal nuclease domain 
containing 1  NM_022694  NM_022694 

Snrk 0.80 SNF related kinase  X89383  NM_138833 

Snx11_predicted 0.73 sorting nexin 11 (predicted)  BF545212  NM_001012012 

Sox18_predicted 0.79 SRY-box containing gene 18 (predicted)  AW528157  NM_001024781 

Spag9_predicted 0.56 sperm associated antigen 9 (predicted)  BF560163  XM_340879 

Spnb2 0.69 spectrin beta 2  BF392456  NM_001013130 

Spred1 0.72 
Sprouty protein with EVH-1 domain 1, 
related sequence (predicted)  BI292687  XM_230454 

Srp19_predicted 0.80 signal recognition particle 19 (predicted)  AI101527  XM_214599 

Srpk2_predicted 0.74 
serine/arginine-rich protein specific kinase 
2 (predicted)  BE113419  XM_238336 

Stat3 0.76 
signal transducer and activator of 
transcription 3  BE113920  NM_012747 

Stk38_predicted 1.24 serine/threonine kinase 38 (predicted)  AI176077  NM_001015025 

Stxbp3 0.79 syntaxin binding protein 3  NM_053637  NM_053637 

Sult1a1 0.70 
sulfotransferase family 1A, phenol-
preferring, member 1  AF394783  NM_031834 

Suox 1.41 sulfite oxidase  NM_031127  NM_031127 

Sv2b 0.77 synaptic vesicle glycoprotein 2b  L10362  NM_057207 

Syncrip 0.63 
Synaptotagmin binding, cytoplasmic RNA 
interacting protein (predicted)  BF546659  XM_343446 

Taf5l_predicted 1.23 

TAF5-like RNA polymerase II, p300/CBP-
associated factor (PCAF)-associated factor 
(predicted)  BG375861  XM_226577 

Taldo1 0.82 transaldolase 1  NM_031811  NM_031811 

Tbc1d12_predicted 0.44 
TBC1D12: TBC1 domain family, member 
12 (predicted)  AA955771  XM_220062 

Tcf4 0.75 transcription factor 4  BG377130  NM_053369 

Tcf4 0.71 transcription factor 4  NM_053369  NM_053369 

Tcfeb_predicted 1.44 transcription factor EB (predicted)  BE112887  NM_001025707 

Tfb1m 0.80 transcription factor B1, mitochondrial  AI010265  NM_181474 

Tgoln2 0.77 trans-golgi network protein 1  AW917192  NM_138840 

Thbd 0.70 thrombomodulin  AA818521  NM_031771 

Thrap1_predicted 0.72 
thyroid hormone receptor associated 
protein 1 (predicted)  AI105643  XM_220813 

Thrap1_predicted 0.70 
Thyroid hormone receptor associated 
protein 1 (predicted)  AA849989  XM_220813 

Thrb 0.79 thyroid hormone receptor beta  J03819  NM_012672 

Tial1 0.66 
Tial1 cytotoxic granule-associated RNA 
binding protein-like 1  AI029767  NM_001013193 

Tlk1_predicted 0.58 tousled-like kinase 1 (predicted)  AI059119  XM_242032 

Tlr4 0.65 toll-like receptor 4  AF057025  NM_019178 

Tm4sf1_predicted 0.66 
transmembrane 4 superfamily member 1 
(predicted)  AI578087  XM_215576 
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Tm6p1 1.38 
fasting-inducible integral membrane 
protein TM6P1  NM_139107  NM_139107 

Tm7sf1_predicted 1.43 
transmembrane 7 superfamily member 1 
(predicted)  BF404188  XM_237907 

Tmem24_predicted 1.20 transmembrane protein 24 (predicted)  BG378195  NM_001011996 

Tmem33 0.82 transmembrane protein 33  NM_021671  
NM_001034198 
; NM_021671 

Tmem60_predicted 0.80 
Similar to Hypothetical protein MGC38035 
(predicted)  AI236259  XM_216066 

Tmem8_predicted 1.24 
transmembrane protein 8 (five membrane-
spanning domains) (predicted)  AW527467  XM_220264 

Tmlhe 0.68 trimethyllysine hydroxylase, epsilon  NM_133387  NM_133387 

Tmod2 0.80 tropomodulin 2  NM_031613  NM_031613 

Tmod3_predicted 0.73 tropomodulin 3 (predicted)  BG378269  NM_001011997 

Trim25 0.83 Tripartite motif protein 25  AI101639  NM_001009536 

Trim46_predicted 1.33 tripartite motif protein 46 (predicted)  BI288748  XM_227414 

Trip4_predicted 0.82 
thyroid hormone receptor interactor 4 
(predicted)  AI172553  XM_236360 

Trp53bp2_predicted 0.76 
transformation related protein 53 binding 
protein 2 (predicted)  BE102377  XM_223012 

Trpc4 1.33 
Transient receptor potential cation 
channel, subfamily C, member 4  BF400595  

NM_053434 ; 
NM_080396 

Tsrc1 1.38 thrombospondin repeat protein 1  AI411997  NM_001034012 

Ttpa 0.76 tocopherol (alpha) transfer protein  AI029455  NM_013048 

Ttyh3_predicted 1.27 Tweety homolog 3 (Drosophila) (predicted)  BI285665  XM_221962 

Tubb5 1.27 tubulin, beta 5  AB011679  NM_173102 

Txndc4_predicted 0.78 
thioredoxin domain containing 4 
(endoplasmic reticulum) (predicted)  BF553613  NM_001008317 

Tyrobp 1.52 Tyro protein tyrosine kinase binding protein  AI102519  NM_212525 

Ube2r2_predicted 1.30 
ubiquitin-conjugating enzyme E2R 2 
(predicted)  BG380680  XM_216864 

Ube3a_predicted 0.82 ubiquitin protein ligase E3A (predicted)  BE117623  XM_341867 

Ube3a_predicted 0.81 ubiquitin protein ligase E3A (predicted)  BI285961  XM_341867 

Ubxd2_predicted 0.59 UBX domain containing 2 (predicted)  AI704885  NM_001012025 

Ucp2 1.32 uncoupling protein 2  NM_019354  NM_019354 

Unc13c 0.81 unc-13 homolog C (C. elegans)  U75361  NM_173146 

Usp42_predicted 0.56 ubiquitin specific protease 42 (predicted)  BM388096  XM_237865 

Vad5 1.26 vitamin A-deficient testicular protein 5  BI285710  XM_214617 

Vav1 1.58 vav 1 oncogene  NM_012759  NM_012759 

Vezf1_predicted 0.72 
vascular endothelial zinc finger 1 
(predicted)  AW524517  XM_213421 

Vps54 1.23 Vps54-like  AJ010392  NM_173147 

Wbp4 0.57 WW domain binding protein 4  BF554739  NM_053766 

Wfs1 1.38 Wolfram syndrome 1  NM_031823  NM_031823 

Wnt7a 1.23 Wingless-related MMTV integration site 7A  BE106388  XM_342723 

Xpo4_predicted 0.72 exportin 4 (predicted)  AI072630  XM_214191 

Xrcc5 0.80 
X-ray repair complementing defective 
repair in Chinese hamster cells 5  AA893188  NM_177419 

Ykt6 1.22 Prenylated SNARE protein  BM391393  NM_031692 

Yme1l1 0.76 YME1-like 1 (S. cerevisiae)  AA849923  NM_053682 

Ythdf2_predicted 0.80 YTH domain family 2 (predicted)  AI230548  XM_232772 

Ywhab 0.80 

tyrosine 3-monooxygenase/tryptophan 5-
monooxygenase activation protein, beta 
polypeptide  BG380730  NM_019377 

Zadh1_predicted 0.63 
zinc binding alcohol dehydrogenase, 
domain containing 1 (predicted)  AW527197  NM_001015009 

Zfp100_predicted 0.74 zinc finger protein 100 (predicted)  BF285118  NM_001012105 

Zfp111 0.76 zinc finger protein 111  NM_133323  NM_133323 
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Zfp162 1.28 zinc finger protein 162  BE109605  NM_058210 

Zfp260 0.76 zinc finger protein 260  NM_017364  NM_017364 

Zfp307_predicted 0.81 zinc finger protein 307 (predicted)  H33694  NM_001012053 

Zfp513_predicted 0.78 zinc finger protein 513 (predicted)  AI230729  NM_001012110 

Zfp68_predicted 0.75 zinc finger protein 68 (predicted)  BG672614  XM_221977 

Zfp68_predicted 0.68 zinc finger protein 68 (predicted)  AI555743  XM_221977 

Zfyve27 1.29 Unknown (protein for MGC:72597)  AI412984  NM_199104 

Znf292 0.83 zinc finger protein 292  BI294878  NM_001008879 

Znf292 0.73 zinc finger protein 292  BF388585  NM_001008879 

Znf574_predicted 1.33 zinc finger protein 574 (predicted)  AW525082  NM_001024258 

Zranb1_predicted 0.78 
zinc finger, RAN-binding domain 
containing 1 (predicted)  BG668387  XM_215101 
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List of genes regulated �• 1.2-or �” 0.8-fold in the ventral grey matter in lesioned in comparison to sham   

operated animals (rats could not use their impaired limb)     
       
Gene Symbol Fold Description   Genbank   RefSeq 

Abcb4 1.27 
ATP-binding cassette, sub-family B 
(MDR/TAP), member 4  NM_012690  NM_012690 

Actb 1.22 actin, beta  NM_031144  NM_031144 

Aebp2_predicted 1.68 AE binding protein 2 (predicted)  BE108006  XM_216295 

Aif1 1.47 allograft inflammatory factor 1  NM_017196  NM_017196 

Anxa3 1.43 annexin A3  BF283732  NM_012823 

Arf5 1.26 ADP-ribosylation factor 5  NM_024149  NM_024149 

Arhgap20 ; LOC497830 0.76 

Rho GTPase activating protein 20 ; 
hypothetical gene supported by 
NM_213629  AI179083  

NM_213629 ; 
XM_579744 

Arhgap20 ; LOC497830 0.72 

Rho GTPase activating protein 20 ; 
hypothetical gene supported by 
NM_213629  AI576265  

NM_213629 ; 
XM_579744 

Arhgdib_predicted 1.24 
Rho, GDP dissociation inhibitor (GDI) beta 
(predicted)  BF285771  NM_001009600 

Arl11_predicted 1.66 ADP-ribosylation factor-like 11 (predicted)  BI296317  NM_001013433 

Arpc1b 1.22 
actin related protein 2/3 complex, subunit 
1B  NM_019289  NM_019289 

Arrb2 1.22 arrestin, beta 2  BF285345  NM_012911 

Asl ; Hnrpab 1.32 
argininosuccinate lyase ; heterogeneous 
nuclear ribonucleoprotein A/B  NM_031330  

NM_021577 ; 
NM_031330 

Atf2 0.66 activating transcription factor 2  NM_031018  NM_031018 

Atp13a_predicted 1.21 ATPase type 13A (predicted)  AA893621  XM_214310 

Atp1a3 1.21 
ATPase, Na+/K+ transporting, alpha 3 
polypeptide  NM_012506  NM_012506 

Bid 1.41 BH3 interacting domain death agonist  AF136282  NM_022684 

Bmp6 0.72 bone morphogenetic protein 6  AI230985  NM_013107 

Boll_predicted 1.23 bol, boule-like (Drosophila) (predicted)  AA818804  XM_220155 

Bpy2ip1_predicted 1.35 BPY2 interacting protein 1 (predicted)  BI294383  XM_214321 

C3 2.45 complement component 3  NM_016994  NM_016994 

Cav 0.80 caveolin  NM_031556  
NM_031556 ; 
NM_133651 

Cblb 1.27 Casitas B-lineage lymphoma b  BF556820  NM_133601 

Ccnt2_predicted 1.21 Cyclin T2 (predicted)  BE107044  XM_222617 

Cd53 1.22 CD53 antigen  NM_012523  NM_012523 

Cd74 2.14 

CD74 antigen (invariant polpypeptide of 
major histocompatibility class II antigen-
associated)  NM_013069  NM_013069 

Cd83_predicted 1.21 CD83 antigen (predicted)  AI412355  XM_341509 

Cdc42ep5_predicted 1.35 
CDC42 effector protein (Rho GTPase 
binding) 5 (predicted)  AI599324  XM_341784 

Cdh7 1.21 Cadherin 7, type 2 (predicted)  BF409052  NM_001012737 

Chd1l_predicted 1.22 
chromodomain helicase DNA binding 
protein 1-like (predicted)  AA858645  XM_227510 

Chst10 1.22 carbohydrate sulfotransferase 10  NM_080397  NM_080397 

Ckmt2 1.25 
Creatine kinase, mitochondrial 2, 
sarcomeric  AA799557  XM_574829 

Cntn6 1.40 contactin 6  NM_013225  NM_013225 

Cntnap1 1.30 contactin associated protein 1  BF392830  NM_032061 

Coro1a 1.32 coronin, actin binding protein 1A  NM_130411  NM_130411 

Cp 1.21 ceruloplasmin  AF202115  NM_012532 

Creg_predicted 1.22 
cellular repressor of E1A-stimulated genes 
(predicted)  AI029175  XM_213921 
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Csf1r 1.47 colony stimulating factor 1 receptor  BI285793  NM_001029901 

Csnk1a1 1.48 Casein kinase 1, alpha 1  BE117217  NM_053615 

Csnk2a2_predicted 0.73 
casein kinase II, alpha 2, polypeptide 
(predicted)  BI290750  XM_226237 

Csnk2b 1.21 casein kinase 2, beta subunit  BF281311  NM_031021 

Cuedc2_predicted 1.36 CUE domain containing 2 (predicted)  BE095878  XM_215274 

Cyfip2_predicted 0.80 
cytoplasmic FMR1 interacting protein 2 
(predicted)  BE105837  XM_220333 

Cyp4a14 0.62 
cytochrome P450, family 4, subfamily a, 
polypeptide 14  M33936  NM_175760 

D11moh34 1.21 
Similar to EAP30 subunit of ELL complex 
(predicted)  BF522747  NM_001007804 

Dicer1_predicted 1.22 
Dicer1, Dcr-1 homolog (Drosophila) 
(predicted)  BF388566  XM_216776 

Dio2 0.80 Deiodinase, iodothyronine, type II  AW526991  NM_031720 

Dpysl4 1.55 dihydropyrimidinase-like 4  BF413467  XM_341953 

Dscam 1.21 Down syndrome cell adhesion molecule  NM_133587  NM_133587 

Eif2b5 1.23 
eukaryotic translation initiation factor 2B, 
subunit 5 epsilon  BI276069  NM_138866 

Eif4g3_predicted 1.22 
eukaryotic translation initiation factor 4 
gamma, 3 (predicted)  BI294767  XM_216563 

Epb4.1l4b_predicted 1.22 
Erythrocyte protein band 4.1-like 4b 
(predicted)  AI548918  XM_345535 

Epn2 0.80 epsin 2  NM_021852  
NM_001033914 
; NM_021852 

Exosc8_predicted 1.21 exosome component 8 (predicted)  BM384065  XM_215566 

F11r 1.24 junctional adhesion molecule 1  NM_053796  NM_053796 

Faah 1.30 fatty acid amide hydrolase  NM_024132  NM_024132 

Fbxw2_predicted 0.78 
F-box and WD-40 domain protein 2 
(predicted)  BF416058  XM_231162 

Fbxw5_predicted 1.25 
F-box and WD-40 domain protein 5 
(predicted)  AA799654  NM_001025730 

Fcgr2b 1.71 Fc receptor, IgG, low affinity IIb  X73371  NM_175756 

Fev 0.56 FEV (ETS oncogene family)  U91679  NM_144753 

Fgl2 0.75 fibrinogen-like 2  AF323608  NM_053455 

Fkrp_predicted 1.21 fukutin related protein (predicted)  AW251362  NM_001025678 

Fmnl1_predicted 1.41 formin-like 1 (predicted)  BF416786  XM_213487 

Foxq1 ; LOC497713 0.72 
HNF-3/forkhead homolog-1 ; hypothetical 
gene supported by NM_022858  NM_022858  

NM_022858 ; 
XM_579466 

Freq 1.27 Frequenin homolog (Drosophila)  BE098176  NM_024366 

Fvt1_predicted 0.79 
follicular lymphoma variant translocation 1 
(predicted)  AA899892  XM_341106 

Fzd3 0.62 frizzled homolog 3 (Drosophila)  AI029226  NM_153474 

Gbp4_predicted 1.24 
Guanylate nucleotide binding protein 3 
(predicted)  AA901350  XM_227762 

Gdap1l_predicted 1.28 
ganglioside-induced differentiation-
associated protein 1-like 1 (predicted)  BF408710  XM_230858 

Gfap 1.25 glial fibrillary acidic protein  NM_017009  NM_017009 

Gfra1 0.80 
glial cell line derived neurotrophic factor 
family receptor alpha 1  U59486  NM_012959 

Gmps_predicted 1.23 
guanine monphosphate synthetase 
(predicted)  BI283031  NM_001024754 

Gng2 1.24 
Guanine nucleotide binding protein, 
gamma 2  BF552733   

Gpnmb 1.54 glycoprotein (transmembrane) nmb  NM_133298  NM_133298 

Gpr48 1.89 G protein-coupled receptor 48  BF404382  NM_173328 

Gpr74 0.56 G protein-coupled receptor 74  NM_023980  NM_023980 

Grn 1.38 granulin  NM_017113  NM_017113 

Grtp1_predicted 1.33 GH regulated TBC protein 1 (predicted)  BE099056  XM_341463 
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Gulp1_predicted 0.81 
GULP, engulfment adaptor PTB domain 
containing 1 (predicted)  BM390519  NM_001013171 

Gyk 1.51 glycerol kinase  NM_024381  NM_024381 

Gyk 1.20 
Hypothetical gene supported by 
NM_024381  AA945076  NM_024381 

Harpb64 1.21 
hypertrophic agonist responsive protein 
B64  BG666916  XM_216665 

Hdac1_predicted 1.28 histone deacetylase 1 (predicted)  AI180339  NM_001025409 

Hdac3 1.23 histone deacetylase 3  NM_053448  NM_053448 

Hdgf 1.24 hepatoma-derived growth factor  NM_053707  NM_053707 

Hdgfrp2 1.24 
hepatoma-derived growth factor, related 
protein 2  NM_133548  NM_133548 

Hem1_predicted 1.92 hematopoietic protein 1 (predicted)  BI293796  XM_235709 

Hspa1a ; Hspa1b 0.76 
heat shock 70kD protein 1A ; heat shock 
70kD protein 1B  NM_031971  

NM_031971 ; 
NM_212504 

Icmt 1.35 
isoprenylcysteine carboxyl 
methyltransferase  BM391649  NM_133310 

Icsbp1 1.51 
Interferon consensus sequence binding 
protein 1 (predicted)  BF284262  NM_001008722 

Ifnar1_predicted 1.22 
interferon (alpha and beta) receptor 1 
(predicted)  AA799711  XM_213649 

Ifrd2_predicted 0.63 
interferon-related developmental regulator 
2 (predicted)  AI236977  XM_217254 

Ighmbp2 1.36 immunoglobulin mu binding protein 2  NM_031586  NM_031586 

Igsf8_predicted 1.32 
immunoglobulin superfamily, member 8 
(predicted)  BE097786  NM_001014787 

Itgb2_predicted 1.38 integrin beta 2 (predicted)  AI177292  XM_228072 

Itpkc 1.56 inositol 1,4,5-trisphosphate 3-kinase C  BI278809  NM_178094 

Itpr2 0.78 inositol 1,4,5-triphosphate receptor 2  AF329470  NM_031046 

Kcnj8 0.83 
potassium inwardly-rectifying channel, 
subfamily J, member 8  AB043636  NM_017099 

Kctd13 1.24 
potassium channel tetramerisation domain 
containing 13  AI235230  NM_198736 

Lfng 0.64 lunatic fringe gene homolog (Drosophila)  NM_133393  NM_133393 

Lnk 1.20 linker of T-cell receptor pathways  NM_031621  NM_031621 

LOC287065 1.21 

similar to mitochondria-associated 
granulocyte macrophage CSF signaling 
molecule  BG379323  XM_213214 

LOC287564 1.45 similar to hypothetical protein  AW527684  XM_237794 

LOC288417 0.79 similar to CG016  AW528041  XM_213690 

LOC290864 1.23 

similar to Ubiquitin carboxyl-terminal 
hydrolase 4 (Ubiquitin thiolesterase 4) 
(Ubiquitin-specific processing protease 4) 
(Deubiquitinating enzyme 4) (Ubiquitous 
nuclear protein)  AI029306  XM_214377 

LOC291411 1.24 
similar to Potential phospholipid-
transporting ATPase IIB  BG380816  XM_225706 

LOC291844 1.26 similar to hypothetical protein FLJ21148  BF417345  XM_214633 

LOC298076 0.77 similar to hypothetical protein  AW528430  XM_216406 

LOC304743 1.57 hypothetical protein LOC304743  BI289167  NM_001024997 

LOC308991 1.30 similar to Zinc finger protein 553  BI293689  XM_219345 

LOC315646 1.29 
similar to hypothetical gene supported by 
AK085276  BI275569  XM_236223 

LOC361197 0.77 
similar to putative repair and 
recombination helicase RAD26L  BF397269  XM_341480 

LOC361661 0.81 similar to phosphoseryl-tRNA kinase  AI409901  XM_574577 

LOC362288 1.22 
Similar to helicase-like protein NHL isoform 
2 (predicted)  BG373688  XM_342602 

LOC363332 1.20 similar to UBX domain-containing protein 1  AI008393  XM_343670 
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LOC497726 1.20 
hypothetical gene supported by 
NM_138518  AF109674  XM_579646 

LOC497962 1.27 LOC497962  BM391078  XM_579762 

LOC498136 1.45 similar to mKIAA0774 protein  BI299098  XM_573347 

LOC498208 0.56 LOC498208  BE109363  XM_579796 

LOC498266 0.65 
similar to Golgin 45 (Basic leucine zipper 
nuclear factor 1)  BF390143  NM_001017494 

LOC498279 1.30 
similar to NADH dehydrogenase 
(ubiquinone) Fe-S protein 2  BE111722  XM_573505 

LOC498713 1.33 similar to Fbxw17 protein  AI030755  XM_573994 

LOC498741 1.40 
similar to O-acyltransferase (membrane 
bound) domain containing 1  AI716936  XM_574019 

LOC499055 1.29 
similar to chromosome 6 open reading 
frame 70  AA964600  XM_574333 

LOC499094 1.24 similar to zinc finger protein 61  BF552772  NM_001017512 

LOC499103 0.75 similar to RIKEN cDNA A830041P22 gene  BF401714  XM_574394 

LOC499142 1.36 similar to m33-A isoform  AI454014  XM_574436 

LOC499148 1.25 similar to flt3 ligand  BF418531  XM_574443 

LOC499312 1.25 
similar to SUMO/sentrin specific protease 
5  AW523737  XM_574613 

LOC499318 1.33 LOC499318  BM388445  XM_579948 

LOC499339 1.28 hypothetical protein LOC499339  BF281491  NM_001025036 

LOC499363 1.28 similar to 9130011E15Rik protein  BF555676  XM_574677 

LOC499428 1.23 LOC499428  AI716904  XM_579967 

LOC499914 1.30 
similar to Hypothetical UPF0080 protein 
KIAA0186  BF389244  XM_575258 

LOC500443 0.51 LOC500443  H32660  XM_575805 
LOC500719 ; 
LOC500720 ; 
LOC500721 0.70 LOC500719 ; LOC500720 ; LOC500721  AW919728  

XM_580112 ; 
XM_580113 ; 
XM_580114 

LOC500840 1.35 LOC500840  AI178214  XM_580127 

LOC500989 1.62 similar to zinc finger protein  AW251406  XM_576402 

LOC502764 1.20 similar to KIAA1285 protein  BF419034  XM_578262 

Lr8 1.35 LR8 protein  NM_134390  NM_134390 

Lsm3_predicted 1.28 
LSM3 homolog, U6 small nuclear RNA 
associated (S. cerevisiae) (predicted)  AA943742  XM_216220 

Ly6a_predicted 0.63 
lymphocyte antigen 6 complex, locus A 
(predicted)  BI291986  XM_343263 

Lyplal1_predicted 1.27 lysophospholipase-like 1 (predicted)  AA819059  XM_213970 

Maf 1.23 
monocyte to macrophage differentiation-
associated  BG376037  NM_001007673 

Man2c1 0.79 mannosidase, alpha, class 2C, member 1  BG380027  NM_139256 

Map3k1 1.30 
mitogen activated protein kinase kinase 
kinase 1  NM_053887  NM_053887 

Mapk10 0.81 Mitogen activated protein kinase 10  AI101352  NM_012806 

Mgat1 1.33 
Alpha-1,3-mannosyl-glycoprotein 2-beta-
N-acetylglucosaminyltransferase  NM_030861  NM_030861 

MGC109519 1.35 
similar to tropomyosin 1, embryonic 
fibroblast - rat  AA012755  NM_001024345 

MGC116327 1.34 similar to MK-5 type 2  BF283797  NM_001025761 

Mnt_predicted 1.30 max binding protein (predicted)  BI289109  XM_220698 

Mospd3_predicted 1.28 
motile sperm domain containing 3 
(predicted)  BM388609  NM_001025629 

Mpeg1 1.31 Macrophage expressed gene 1  AI170394  NM_022617 

Mpp4 0.78 
membrane protein, palmitoylated 4 
(MAGUK p55 subfamily member 4)  NM_021265  NM_021265 

Mrpl32_predicted 1.23 
mitochondrial ribosomal protein L32 
(predicted)  BF282675  XM_214491 

Mrps23_predicted 0.76 
mitochondrial ribosomal protein S23 
(predicted)  BI295167  XM_340874 
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Mrps26_predicted 1.21 
mitochondrial ribosomal protein S26 
(predicted)  AI180224  NM_001013206 

Mtf2 0.75 

Similar to Metal-response element-binding 
transcription factor 2 (Metal-response 
element DNA-binding protein M96) 
(predicted)  AI072919  XM_341180 

Mtm1_predicted 0.82 
X-linked myotubular myopathy gene 1 
(predicted)  BG668084  NM_001013047 

Ncoa3 1.46 nuclear receptor coactivator 3  BI294907  XM_215947 

Neo1 1.35 neogenin  U68726  XM_343402 

Nes 1.74 nestin  NM_012987  NM_012987 

Ngfr 0.72 
nerve growth factor receptor (TNFR 
superfamily, member 16)  NM_012610  NM_012610 

Np 0.73 nucleoside phosphorylase  AI711265  XM_214155 

Npas2_predicted 0.75 
Neuronal PAS domain protein 2 
(predicted)  BI278550  XM_244089 

Npuk68 0.80 nuclear protein UKp68  BF395781  
NM_001033951 
; NM_138920 

Nudt3_predicted 1.21 
nudix (nucleotide diphosphate linked 
moiety X)-type motif 3 (predicted)  BI276000  NM_001024243 

Opcml 1.27 
opioid-binding protein/cell adhesion 
molecule-like  M88709  NM_053848 

Pbxip1_predicted 1.27 
pre-B-cell leukemia transcription factor 
interacting protein 1 (predicted)  BI287855  XM_227420 

Pcbp4_predicted 0.81 poly(rC) binding protein 4 (predicted)  BF562397  XM_343468 

Pctp 0.82 phosphatidylcholine transfer protein  NM_017225  NM_017225 

Pecam 1.42 Platelet/endothelial cell adhesion molecule  AI010414  NM_031591 

Phf3_predicted 1.44 PHD finger protein 3 (predicted)  BF405581  XM_343548 

Phka1 0.78 phosphorylase kinase alpha 1  NM_022626  NM_022626 

Pigo_predicted 0.79 
Phosphatidylinositol glycan, class O 
(predicted)  AW433604  XM_233141 

Plek_predicted 1.43 pleckstrin (predicted)  AI556803  NM_001025750 

Poldip2_predicted 1.24 
polymerase (DNA-directed), delta 
interacting protein 2 (predicted)  AI232159  XM_237790 

Porf1 0.70 preoptic regulatory factor 1  NM_022688  NM_022688 

Ppm1g 1.26 
protein phosphatase 1G (formerly 2C), 
magnesium-dependent, gamma isoform  BI285247  NM_147209 

Ppp1r10 1.21 
protein phosphatase 1, regulatory subunit 
10  NM_022951  NM_022951 

Ppp1r2 0.78 
protein phosphatase 1, regulatory 
(inhibitor) subunit 2  AW919998  NM_138823 

Prkcbp1_predicted 1.55 
protein kinase C binding protein 1 
(predicted)  AI599263  XM_215942 

Psme1 1.21 
protease (prosome, macropain) 28 
subunit, alpha  NM_017264  NM_017264 

Ptpn18_predicted 0.78 
protein tyrosine phosphatase, non-receptor 
type 18 (predicted)  BM386565  NM_001013111 

Ptpns1 1.24 
protein tyrosine phosphatase, non-receptor 
type substrate 1  NM_013016  NM_013016 

Pvalb 1.28 parvalbumin  AI175539  NM_022499 

Pxmp4 1.69 peroxisomal membrane protein 4  AI232414  NM_172223 

Pycard 1.49 
apoptosis-associated speck-like protein 
containing a CARD  BI282953  NM_172322 

Rac2_predicted 1.43 
RAS-related C3 botulinum substrate 2 
(predicted)  AI010476  NM_001008384 

Rap2ip 1.25 Rap2 interacting protein  AI535169  NM_198758 

Rasd1 0.75 RAS, dexamethasone-induced 1  AF239157  XM_340809 

Rassf5 1.28 
Ras association (RalGDS/AF-6) domain 
family 5  AF002251  NM_019365 

Rbl2 0.72 Retinoblastoma-like 2  AW526814  NM_031094 

Rbm16 1.21 RNA binding motif protein 16  NM_139094  NM_139094 
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Rdh11_predicted 1.22 retinol dehydrogenase 11 (predicted)  BG374035  NM_001012193 

RGD:1303043 1.26 chloride intracellular channel 1  AI012221  NM_001002807 

RGD:1303071 0.78 A kinase (PRKA) anchor protein 7  AW526264  NM_001001801 

RGD:1303159 0.81 similar to hypothetical protein FLJ22555  BF404452  NM_001004251 

RGD:1303255 1.28 
eukaryotic translation initiation factor 3 
subunit 7  AA891553  NM_001004283 

RGD:1303324 1.29 bromodomain-containing 2  AA946361  NM_212495 
RGD:1359147 ; 
LOC500579 0.65 

similar to CG11206-PA ; similar to kazrin 
isoform A  AA875186  

NM_001014070 
; XM_575947 

RGD:1359148 1.32 

similar to hypothetical protein MGC29875; 
novel putative protein similar to YIL091C 
yeast hypothetical 84 kD protein from 
SGA1-KTR7  BI297073  NM_001013986 

RGD:1359213 1.45 nuclear transport factor 2  BE109988  NM_001007629 

RGD:1359304 1.27 similar to RIKEN cDNA 5830480G12  AI178168  NM_001013917 

RGD:1359365 1.37 
reticulocalbin 3, EF-hand calcium binding 
domain  BI278379  NM_001008694 

RGD:1359407 ; 
LOC500378 1.22 

similar to DKFZP547E1010 protein ; 
similar to Protein HT031 homolog  AI102396  

NM_001014175 
; XM_575736 

RGD:1359474 1.30 similar to C21ORF7  BI297061  NM_001013979 

RGD:1359475 1.22 

similar to DNA polymerase epsilon p17 
subunit (DNA polymerase epsilon subunit 
3) (Chromatin accessibility complex 17) 
(HuCHRAC17) (CHRAC-17)  BI292908  NM_001007652 

RGD:1359585 1.23 similar to 4632419K20Rik protein  BG380701  NM_001005538 

RGD:1359702 1.27 solute carrier family 25, member 30  H35736  NM_001013187 

RGD:69247 1.23 
potassium inwardly rectifying channel, 
subfamily J, member 11  BE113377  NM_031358 

RGD:727882 1.21 putatative 28 kDa protein  AI043694  NM_199083 

RGD1304758_predicted 1.21 
similar to RIKEN cDNA 2010008E23 gene 
(predicted)  AI412948  NM_001031651 

RGD1305526_predicted 0.46 
Similar to Sperm 1 POU-domain 
transcription factor (SPRM-1) (predicted)  BI300082  XM_215438 

RGD1305883_predicted 1.35 
similar to cDNA sequence AF096286; 
pecanex 1 (predicted)  AI502785  XM_226571 

RGD1305898_predicted 1.25 
Similar to hypothetical protein FLJ40283 
(predicted)  BI288939  XM_341560 

RGD1306062_predicted 1.24 
similar to KIAA0372 gene product 
(predicted)  BG379050  XM_226606 

RGD1306774_predicted 1.34 
similar to SPT3-associated factor 42 
(predicted)  BF395639  XM_341150 

RGD1306921_predicted 1.22 similar to mKIAA1107 protein (predicted)  BI300727  XM_223143 

RGD1307124_predicted 1.38 
similar to RIKEN cDNA G431002C21 
(predicted)  AA964250  XM_343139 

RGD1307672_predicted 1.46 hypothetical LOC294390 (predicted)  BG381715  NM_001008308 

RGD1307789_predicted 1.33 
similar to hypothetical protein MGC3207 
(predicted)  BI277596  NM_001010947 

RGD1307826_predicted 1.24 
similar to RIKEN cDNA 1300006L01 
(predicted)  AI407908  NM_001014027 

RGD1308257_predicted 0.70 

similar to intermediate filament-like protein 
MGC:2625 isoform 2; HOM-TES-103 
tumor antigen-like (predicted)  AI411183  XM_342758 

RGD1308293_predicted 0.79 
similar to RIKEN cDNA 2310008M14 
(predicted)  AI233704  XM_217259 

RGD1308414_predicted 
; LOC503211 1.20 

similar to acheron; death-associated LA 
motif protein (predicted) ; similar to 
ribosomal protein L21  AI102304  

XM_236338 ; 
XM_578736 

RGD1308593_predicted 1.77 
similar to RIKEN cDNA 1700073K01 
(predicted)  BI299709  XM_213950 

RGD1308720_predicted 1.22 
similar to Peroxidasin CG12002-PA 
(predicted)  AW531492  XM_343275 

RGD1308823_predicted 0.78 
similar to RIKEN cDNA 2810468K17 
(predicted)  BE111711  XM_236627 

RGD1310199_predicted 0.78 
similar to RIKEN cDNA D030070L09 
(predicted)  BI289482  NM_001017446 

RGD1310651_predicted 1.21 Similar to hypothetical protein MGC20460  BI282077  XM_342610 
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(predicted) 

RGD1310725_predicted 1.30 hypothetical LOC297077 (predicted)  BM388911  XM_216137 

RGD1310757_predicted 1.28 similar to CG3045-PA (predicted)  AA894165  XM_235995 

RGD1310771_predicted 1.31 

similar to GARP protein precursor (Garpin) 
(Glycoprotein A repetitions predominant) 
(predicted)  BM388665  NM_001024995 

RGD1310799_predicted 0.73 
Similar to RIKEN cDNA A930008G19 
(predicted)  BF392359  XM_219439 

RGD1311045_predicted 0.58 
Similar to RIKEN cDNA 4933428G09 
(predicted)  AA848451  XM_341225 

RGD1311169_predicted 1.28 

similar to sorting nexin 21 isoform a; 
sorting nexin L; sorting nexin 21 
(predicted)  BM391278  XM_230844 

RGD1311421_predicted 0.64 similar to Nbr1 (predicted)  BF393724  NM_001024765 

RGD1311484_predicted 1.22 
similar to hypothetical protein 
DKFZp761D0211 (predicted)  AA799854  NM_001009701 

RGD1311517_predicted 
; LOC500599 0.77 

similar to RIKEN cDNA 9430015G10 
(predicted) ; similar to RIKEN cDNA 
9430015G10  AI104367  

NM_001014072 
; XM_575973 

RGD1311568_predicted 1.32 
similar to RIKEN cDNA 4833422P03 
(predicted)  AA946433  NM_001009292 

RGD1311624_predicted 0.83 similar to KIAA0339 protein (predicted)  AI176553  XM_219358 

RGD1311739_predicted 1.23 
similar to RIKEN cDNA 1700037H04 
(predicted)  H31887  NM_001025691 

RGD1311946_predicted 1.23 
similar to RIKEN cDNA 1810055G02 
(predicted)  BM388441  NM_001025683 

RGD1559693_predicted 1.21 
Similar to Hypothetical protein 
6330514E13  BE106971  XM_235476 

RGD1560938_predicted 1.20 Similar to mKIAA1724 protein  AI454224  XM_343031 

RGD1562316_predicted 1.31 Similar to CDNA sequence BC063749  BM390440  XM_574685 

RGD1562597_predicted 1.20 Similar to expressed sequence AA415817  BM389535  XM_222536 

RGD1563597_predicted 1.22 Similar to RIKEN cDNA 0610012D17  BG377335  XM_573301 

RGD1566112_predicted 0.71 
Similar to pleckstrin homology domain 
protein (5V327)  AW521621  XM_576067 

Rinzf 1.45 Zinc finger and BTB domain containing 10  BM385870  NM_024489 

Riok1_predicted 1.21 RIO kinase 1 (yeast) (predicted)  BE096718  XM_214454 

Rnaset2_predicted 1.29 ribonuclease T2 (predicted)  BM391506  XM_214769 

Rnf31_predicted 1.42 ring finger protein 31 (predicted)  BF411972  XM_344409 

Rpl28 0.66 ribosomal protein L28  AW534329  NM_022697 

RT1-CE5 0.54 RT1 class I, CE5  AJ243338  
NM_001008843  
NM_001033986 

S100a4 1.72 S100 calcium-binding protein A4  NM_012618  NM_012618 

Sc65 1.28 Synaptonemal complex protein SC65  BI303187  NM_021581 

Sc65 0.77 synaptonemal complex protein SC65  NM_021581  NM_021581 

Scgf 0.76 stem cell growth factor  AI576758  NM_001012459 

Scrt1_predicted 0.76 
scratch homolog 1, zinc finger protein 
(Drosophila) (predicted)  BF558950  XM_345848 

Sept6_predicted 1.24 Septin 6 (predicted)  BG663067  XM_223227 

Sf3b2_predicted 0.73 splicing factor 3b, subunit 2 (predicted)  BE098910  XM_215182 

Sgta 1.24 
small glutamine-rich tetratricopeptide 
repeat (TPR)-containing, alpha  BG378576  NM_022703 

Slc24a4_predicted 0.81 

solute carrier family 24 
(sodium/potassium/calcium exchanger), 
member 4 (predicted)  AI556625  XM_234470 

Slc25a15_predicted 1.21 

solute carrier family 25 (mitochondrial 
carrier; ornithine transporter) member 15 
(predicted)  BG377383  XM_224969 

Slc39a14_predicted 0.51 
Solute carrier family 39 (zinc transporter), 
member 14 (predicted)  BI294340  XM_224332 

Slk 0.68 serine/threonine kinase 2  BI281936  NM_019349 
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Smc6l1_predicted 1.25 
SMC6 structural maintenance of 
chromosomes 6-like 1 (yeast) (predicted)  AA850777  XM_233970 

Snx27 1.39 PDZ protein Mrt1  BE113239  NM_152847 

Snx4_predicted 1.32 sorting nexin 4 (predicted)  BI280349  XM_340997 

Sox11 0.64 SRY-box containing gene 11  BE104180  NM_053349 

Spag9_predicted 0.72 sperm associated antigen 9 (predicted)  BF559398  XM_340879 

Spata7 1.22 spermatogenesis associated 7  AF094609  NM_138862 

Ss18_predicted 0.81 
synovial sarcoma translocation, 
Chromosome 18 (predicted)  BF418596  XM_341580 

Stat1 1.21 
signal transducer and activator of 
transcription 1  NM_032612  

NM_001034164 
; NM_032612 

Stk10 1.29 serine/threonine kinase 10  NM_019206  XM_577078 

Sts 1.28 steroid sulfatase  NM_012661  NM_012661 

Taf11_predicted 1.24 

TAF11 RNA polymerase II, TATA box 
binding protein (TBP)-associated factor 
(predicted)  BI278688  NM_001008350 

Tcf7_predicted 1.41 
transcription factor 7, T-cell specific 
(predicted)  AW251860  XM_343891 

Tchp_predicted 1.24 
Similar to hypothetical protein MGC10854 
(predicted)  AW915558  XM_222232 

Tcirg1 1.37 T-cell, immune regulator 1  BM392376  XM_574593 

Tef 1.27 Thyrotroph embryonic factor  BF419374  NM_019194 

Tloc1 1.22 Translocation protein 1 (predicted)  AI103194  NM_001034129 

Tlr5 1.23 Toll-like receptor 5  AF023090  XM_223016 

Tm4sf7_predicted 1.44 
transmembrane 4 superfamily member 7 
(predicted)  BF282632  NM_001013070 

Tm9sf4_predicted 0.71 
transmembrane 9 superfamily protein 
member 4 (predicted)  AW531925  NM_001025649 

Tmem16d_predicted 1.28 
transmembrane protein 16D (eight 
membrane-spanning domains) (predicted)  BE107837  XM_235024 

Tnrc6_predicted 1.32 
Trinucleotide repeat containing 6 
(predicted)  BE107197  XM_219297 

Tpd52l2 1.30 tumor protein D52-like 2  BG668434  NM_198744 

Tph 1.44 Tryptophan hydroxylase  BI282847  XM_341862 

Trpm3_predicted 0.76 

Transient receptor potential cation 
channel, subfamily M, member 3 
(predicted)  BF413661  XM_219902 

Trub1_predicted 1.26 
TruB pseudouridine (psi) synthase 
homolog 1 (E. coli) (predicted)  AI145625  NM_001012173 

Tslpr 1.40 
thymic stromal-derived lymphopoietin, 
receptor  NM_134465  NM_134465 

Tssc4_predicted 1.27 
tumor-suppressing subchromosomal 
transferable fragment 4 (predicted)  BI282086  NM_001013194 

Vil2 1.27 villin 2  AA851304  NM_019357 

Vkorc1l1 0.59 
Vitamin K epoxide reductase complex, 
subunit 1-like 1  BE115496  NM_203338 

Wdr21_predicted 1.36 WD repeat domain 21 (predicted)  AI169243  XM_343088 

Wdr33_predicted 0.82 WD repeat domain 33 (predicted)  BI299095  XM_226076 

Zfp100_predicted 1.27 zinc finger protein 100 (predicted)  BF285118  NM_001012105 

Zfp131_predicted 0.76 zinc finger protein 131 (predicted)  BE110637  XM_227104 

Zfp451 0.76 Zinc finger protein 451 (predicted)  BF548514  NM_001033705 
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