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Zusammenfassung 

Die traumatische Rückenmarksverletzung ist eine verheerende Krankheit des 

Rückenmarks, die nach plötzlichem, primärem Einsetzen der Verletzung zu einer 

sekundären Verletzungskaskade führt, welche das Rückenmark weiter schädigt und 

endogene Erholung limitiert. Einer der zahlreichen therapeutischen Strategien zielt auf 

diese regenerativen Kapazitäten ab, indem sie die axonale Reorganisation von 

motorischen Trakten erleichtert. Da sich die bisherige Forschung hauptsächlich auf den 

Tractus corticospinalis richtete, ist deutlich weniger über die regenerativen Kapazitäten 

von extrapyramidalen Trakten bekannt. Aufgrund dessen, dass der 

Tractus reticulospinalis vermutlich an allgemeiner Fortbewegung in physiologischen 

Zuständen beteiligt ist, wird angenommen, dass er von großer Bedeutung in Hinblick auf 

das Wiedererlangen der Gehfähigkeit nach Rückenmarksverletzung beim Menschen ist. 

Deswegen untersuchte ich den physiologischen Beitrag von zwei neuronalen 

Subpopulationen des Nucleus gigantocellularis (NRG), einer der Nuclei des 

Tractus reticulospinalis, zur allgemeinen Fortbewegung in Mäusen. Ich verwendete 

einen viralen Vektor, um cre-abhängige Designer Receptors Exclusively Activated by 

Designer Drugs (DREADDs) in den NRG von zwei unterschiedlichen, transgenen 

Mauslinien zu injizieren, wodurch entweder exzitatorische oder inhibitorische Neurone 

abgeschaltet wurden. Nach Erreichen einer ausreichenden Virusausbreitung testete ich 

das Verhalten der Mäuse vor und nach Abschalten der Zielneurone mit den 

Verhaltenstests rotarod, ladder rung und CatWalk. Meine Ergebnisse zeigen 

übereinstimmend keine Verhaltensveränderungen der Mäuse nach Abschalten von 

neuronalen Subpopulationen des NRG im Vergleich zu Kontrollen. Im Einklang mit 

nachfolgender Forschung anderer Forschungsgruppen scheinen die physiologischen 

Funktionen des NRG in Hinblick auf allgemeine Fortbewegung hauptsächlich von 

supportiver Natur zu sein, während essenzielle Beiträge von anderen Nuclei des Tractus 

reticulospinalis stammen, vor allem von dem Nucleus paragigantocellularis lateralis. Da 

regenerative Kapazitäten nach Rückenmarksverletzung jedoch für mehrere Nuclei 

einschließlich des NRG beschrieben wurden, wird weitere Forschung nötig sein, die die 

Beziehungen zwischen ihren physiologischen und regenerativen Funktionen aufdeckt, 

um Angriffspunkte zur Steigerung der axonalen Reorganisation zu formulieren.  

  



VII 

Summary 

Traumatic spinal cord injury is a devastating disease of the spinal cord, that after its 

primary sudden onset, leads to a secondary injury cascade, which further damages the 

spinal cord and limits endogenous recovery. One of the many therapeutic strategies 

targeting the regenerative capacities is to facilitate axonal reorganization of motoric 

tracts. While research has focused mainly on the corticospinal tract, much less is known 

about the regenerative capacities of extrapyramidal tracts. As the reticulospinal tract is 

supposedly involved in general locomotion in physiologic states, it is theorized to be of 

major importance regarding the recovery of the ability to walk after spinal cord injury in 

humans. Therefore, I investigated the physiologic contribution of two neural 

subpopulations of the gigantocellular nucleus (NRG), one of the nuclei of the 

reticulospinal tract, to general locomotion in mice. Using a viral vector, I injected 

cre-dependent Designer Receptors Exclusively Activated by Designer Drugs 

(DREADDs) into the NRG of two different transgenic mouse lines, in order to silence 

either excitatory or inhibitory neurons. After sufficient viral spread, I tested mice 

behaviorally before and after silencing target neurons on the rotarod, ladder rung and 

CatWalk. My results consistently show no behavioral alterations following the silencing 

of neural subpopulations of the NRG in comparison to controls. In accordance with 

subsequent research from other labs, the physiologic functions of the NRG regarding 

general locomotion seem to predominantly be of supportive nature, while essential 

contributions derive from other nuclei of the reticulospinal tract, especially from the 

lateral paragigantocellular nucleus. However, as regenerative capabilities following 

spinal cord injury have been described for multiple nuclei including the NRG, further 

research is needed to untangle the relationships of their physiologic and regenerative 

functions in order to formulate targets for improved axonal reorganization.  

 

 



 1  

 

1 Introduction 

1.1 Spinal cord injury 

The sudden onset and severity of spinal cord injury changes a person’s life in every 

aspect. The physical, psychological, social and vocational integrity of the patient are often 

compromised for a lifetime, which is reflected by lifelong increased mortality rates and 

decreased quality of life (Dijkers, 1997; Ahuja et al., 2017). Additionally, the total 

financial burden of a patient with spinal cord injury (SCI) for society ranges from about 

1.2 mil to 5 mil US$ (National Spinal Cord Injury Statistical Center, 2012).  

The dogma of the inert, adult central nervous system (CNS), incapable of regeneration, 

has long been dismantled, shedding hope for treatment for this devastating condition. 

Indeed, preclinical research of the last decades has produced an intriguing arsenal of 

potential treatment options, that are now being tested in clinical trials (Kim et al., 2017).  

1.1.1 Definition 

SCI is defined as damage to the spinal cord, which consists of grey matter and white 

matter. It usually is divided etiologically into nontraumatic and traumatic spinal cord 

injury (tSCI). After the primary injury, a complex secondary injury cascade follows, 

which provides a frame for interventional, neuroprotective treatment. Intrinsic 

regenerative and compensatory strategies are potent in the spinal cord, however limited 

by inhibitory mechanisms of the disease, often leaving patients with tetra- or paraplegia 

and a range of neurologic symptoms. 

1.1.2 Epidemiology  

Global epidemiologic data on traumatic SCI is difficult to evaluate, as most studies were 

conducted on a regional or national level showing great variation between developed and 

undeveloped countries (Singh et al., 2014). Concerning Germany, sparsity and 

methodical flaws only allow for estimates based on retrospectively collected data from 

specialized treatment facilities, that can be translated to an incidence of about 10.7/mil 

(Exner et al., 2004).  
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While comparable numbers persist throughout Europe, the incidence in the U.S. with 

40-50/mil is much higher (Figure 1). Reliable data on the prevalence of tSCI is not 

available for Germany. In the U.S. though, calculated prevalence ranges from 

525-906/mil, depending on the data and methods used (Singh et al., 2014). 

Vehicular accidents are the leading cause of traumatic SCI (38.1%), followed by falls 

(31.0%), violence (13.5%) and sports (8.9%; Figure 2; Chen et al., 2016). There is a first 

age peak in the group of 15-30 years old people with a male to female ratio of about 4:1. 

A trend towards a second age peak in individuals over 50 years of age due to falls can be 

observed in more recent studies (Ahuja et al., 2017).  

Making up almost two thirds of all tSCI, lesions at the cervical level remain the most 

common, explaining the high portion of tetraplegia. Thoracic and lumbar lesions 

significantly trail behind (Chet et al., 2016). 

 

Figure 1: Global map of tSCI incidences. Red color illustrates national incidences of tSCI. Blue 

color illustrates regional incidences within a nation. mil: million. Adapted from Singh et al., 2014. 



 3  

 

  
Figure 2: Global distribution of etiology of tSCI. Vehicular accidents and falls make up for 

more than two thirds of all etiologies. After Singh et al., 2014. 

1.1.3 Clinical course 

The clinical features of tSCI vary greatly depending on the level and pattern of the lesion 

within the spinal cord (Figure 3). In general, sensory-motor deficits below the level of the 

lesion, respiratory failure, intestinal and bladder dysfunction, sympathetic dysfunction, 

spasticity and neuropathic pain form the range of frequent symptoms.  

Cervical lesions include motoric outputs of the upper extremities, which leads to 

tetraplegia, while lower lesions cause paraplegia. Respiratory failure to different extents 

might occur if the diaphragm or other respiratory muscles are involved. Decreased 

peripheral vascular tone, due to sympathetic dysfunction, and decreased muscular tone 

with restricted venous return, due to plegia, can result in hypotension. A lesion above T6 

might additionally affect splanchnic nerves and sympathetic cardiac input, which induces 

bradycardia (Ahuja et al., 2017). The maximal variant of this mechanism, neurogenic 

shock, can be seen in about 20% of patients with cervical SCI (Guly et al., 2008). 

Spinal shock 

Spinal shock is the clinical manifestation of temporary flaccid paralysis and depression 

of deep tendon reflexes, that sets in directly after the incident. It is not uniformly defined, 

but recent advances think of it as a four-phase development, that takes weeks to months 

to turn into a state of hyperreflexia and spasticity (Dittuno et al., 2004).  

Chronic symptoms 

Despite successful effects of rehabilitation, in most cases disabling sensory-motor and 

autonomic deficits persist. Additionally, when reaching chronicity, treatment refractory 

38%
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9%

9%
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accidents
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neuropathic pain can be seen in 40% of tSCI patients 1.2 years after onset, often together 

with spasticity, that reaches prevalences up to 75% 1.0 years after onset 

(Adam and Hicks, 2005; Cardenas and Felix, 2009).  

 

Figure 3: Spinal cord tracts and classic lesion patterns. A | Schematic spinal cord section 

showing the anatomy of spinal cord tracts in humans. Blue: sensory tracts. Red: motor tracts. 

B | Examples of the diversity of potential injury patterns and clinical manifestations. Upper: 

Anterior spinal artery syndrome. Middle: Central cord syndrome. Lower: Brown-Sequard 

syndrome. Red area: lesioned area. 

1.1.4 Diagnosis and management 

Due to its etiological nature, tSCI requires in-field medical care consisting of securing 

airways, breathing, circulation and spine immobilization using cervical collars and spine 

or vacuum boards (Ahuja and Martin, 2016). Upon arrival in the hospital, patients with 

suspected tSCI or polytrauma usually undergo specific diagnostic and therapeutic 

algorithms, with the Advanced Trauma Life Support being one of the typical systems 

used in Germany. Within the first steps in these algorithms should be a neurological 

examination, preferably on base of the International Standards for Neurological 
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Classification of Spinal Cord Injury (Kirshblum et al., 2011), which is a standardized 

grading system for sensory-motor function in patients with SCI, that was shown to 

possess high inter-rater reliability and reproducibility (Marino et al., 2018). Clinical 

examination is the most important functional parameter and early assessments can serve 

as baselines throughout the course of the disease (Ahuja et al., 2017). 

Imaging also plays an essential role in the diagnosis of SCI. German polytrauma 

guidelines recommend the full-body CT scan as the initial imaging modality of choice, 

screening for bony spine injuries (Lendemans and Ruchholtz, 2012). These injuries are 

classified with the AOSpine classification system and can give hints about spine stability 

(Vaccaro et al., 2013, 2016). Concerning the evaluation of soft tissue including the spinal 

cord, the MRI remains the superior imaging option and is correlated to the severity of 

SCIs as well as to prognostic outcomes (Lammertse et al., 2007).  

1.1.5 Treatment options 

Surgical intervention 

Surgical intervention for treatment of SCI includes open reduction, decompression of the 

spinal cord and subsequent mechanical stabilization of dislocated structures utilizing a 

variety of different surgical techniques aiming for fusion and fixation (Figure 4). 

However, questions of efficacy and timing of this intervention still remain unclear 

(Fehlings et al., 2017). 

A meta-analysis of preclinical studies showed positive effects of surgical decompression 

in animal models in regard of behavioral outcomes. The negative influence of the amount 

of pressure and the duration of the compression on outcomes hint at early time points 

being favorable (Batchelor et al., 2013).  

Unfortunately, translation to human patients has been conducted inconsistently, as studies 

have used different thresholds for the time of the intervention, which has led to poor 

evidence (Fehlings et al., 2006). Though, more recent studies suggest surgical 

intervention within 24 h of disease onset, since this timeframe holds advantages in terms 

of neurological outcome and complication rate (Fehlings et al., 2012).  
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The German guidelines of the Deutsche Gesellschaft für Neurologie (DGN) merely 

recommend „swift surgical decompression and stabilization“, leaving optimal timing 

open to interpretation („Leitlinien für Diagnostik und Therapie in der Neurologie“, 2012).  

 

Figure 4: Surgical decompression and fusion of the spinal cord after tSCI. A | CT scan of the 

cervical spine shows a C5/C6 fracture with dislocation. B | MRI scan reveals compression of the 

spinal cord. C | Postoperative CT scan after surgical decompression and fusion of C5/C6/C7. 

D | MRI scan demonstrates successful decompression of the spinal cord. Arrows indicate the 

cervical level C5/C6. Adapted from Ahuja et al., 2017. 

Methylprednisolone 

The debate about the use of methylprednisolone in the treatment of SCI has been ongoing 

since the discovery of its promising effects in preclinical experiments, in which it showed 

anti-inflammatory effects and beneficial modulations of several pathophysiological 

mechanisms (Hall and Braughler, 1982, 1984). However, clinical trials that followed, 

including the NASCIS studies (Bracken and Holford, 1993; Bracken et al., 1997), were 

not able to generate conclusive data. Positive effects could not consistently be reproduced, 
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while adverse effects are indisputable (Silva et al., 2014). Furthermore, the use of 

subgroup analysis in order to show effect, has been criticized (Fehlings et al., 2017).  

The debate has led to changing recommendations over the years. Most guidelines do not 

longer recommend methylprednisolone as a standard therapy. Guidelines of the AOSpine, 

an international, renowned organisation of spine surgeons and researchers, suggest the 

application of a 24 h infusion of methylprednisolone as a possible treatment option 

(Fehlings et al.,2017).  

The DGN makes the same suggestion for patients with isolated tSCI and does not 

recommend it for polytrauma patients („Leitlinien für Diagnostik und Therapie in der 

Neurologie“, 2012). Lastly, the decision should always be patient-dependent and is up to 

the attending physician.  

1.1.6 Pathology 

In tSCI, damage to the spinal cord occurs in two phases. Primary injury consists of 

immediate mechanical damage via laceration, distraction, transection or compression, 

which often persists because of dislocation (Dumont et al., 2001). Secondary injury, 

mediated by a cascade of biochemical alterations, starts minutes after the incident and 

involves vascular changes, electrolyte changes, lipid peroxidation, excitotoxicity, 

apoptosis, and inflammation (Sekhon and Fehlings, 2001). It continues over months and 

gradually evolves into a chronic state. While damage through primary injury cannot be 

prevented in most cases, secondary injury offers a convenient time frame for intervention 

and its pathophysiological mechanisms have been intensely studied over the last decades.  

Vascular changes include hemorrhage, vasospasms, thrombosis, and disruption of 

autoregulation, all leading to ischemia and necrosis of neural tissue within hours of onset 

(Silva et al., 2014). Additionally, a large quantity of free radicals, mostly oxygen and 

nitrogen species, is produced causing lipid peroxidation, a process that damages and lyses 

membranes (Oyinbo, 2011). Changes in electrolyte concentrations concern sodium, 

potassium and calcium, with the latter being the main mediator of apoptosis. Calcium 

induces upregulation of apoptosis-related proteases, caspases and calpain, which break 

down the cytoskeleton of the cell resulting in apoptosis (Ray et al., 2003). Furthermore, 

it has been shown, that dying neurons and glia release high amounts of glutamate to their 
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environment. The neurotransmitter binds mostly to NMDA-receptors of intact cells and 

can induce neurotoxicity through excessive excitation (Liu et al., 2010).  

Inflammation 

Disturbance of the blood barrier following primary injury enables infiltration of 

leucocytes including macrophages, T-cells and neutrophils. They release cytokines 

attracting further immune cells and induce inflammation (Bareyre and Schwab, 2003). 

Inflammation and its role in SCI is still nebulous and double edged. On the one hand, it 

has been shown, that inflammatory mechanisms can amplify damage to the spinal cord 

through release of biochemical molecules and enzymes as well as through autoimmunity 

of lymphocytes. On the other hand, leucocytes have the potential to mediate 

neuroprotection and regeneration via trophic support, synthesis of neurotrophic factors 

and axon guidance (Donnelly and Popovich, 2008). The relation of these conflictive 

observations remains obscure. However, it is theorized, that timing plays an important 

role, with early inflammation predominantly causing damage 

(Klusman and Schwab, 1997).  

1.2 Axonal reorganization 

Battling with the pathophysiologic injury cascade, known intrinsic and extrinsic 

possibilities for regeneration or compensation are now diverse and seem promising. 

Therapeutic strategies can roughly be divided into the categories of neuroprotection and 

neuroregeneration. Neuroprotection aims at attenuating the effects of the secondary injury 

cascade, as it is the case in surgical interventions or in the application of 

methylprednisolone. In contrast to that, neuroregeneration aims at promoting intrinsic 

mechanisms of regeneration. Main approaches at the moment include transplantation of 

stem cells, disinhibition of key pathways preventing intrinsic, regenerative capacity and 

promotion of axonal reorganization of motoric tracts (McDonald et al., 1999; 

Liebscher et al., 2005; van den Brand et al., 2012). As this thesis focuses on motoric tracts 

and systems, the following will elaborate on axonal reorganization in SCI. 

1.2.1 Axonal reorganization in SCI 

The dogma of an inert CNS lacking regenerative capacity has been abandoned a long time 

ago. Following SCI, a variety of adaptions on different levels in the CNS, including the 
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cortex, brainstem and spinal cord, occur to different extents depending on the injury 

pattern. True regeneration, in the sense of a restitutio ad integrum, that would require 

neurogenesis or a reconnection of damaged axons as before, has failed to be observed in 

a relevant proportion in the spinal cord. In fact, the CNS mainly relies on axonal 

reorganization to promote functional recovery after SCI (Silva et al., 2014). 

1.2.2 Motor cortex  

The motor cortex is arranged in a topographic system and is crucial for voluntary 

movement. After SCI, cortical representation of deafferented areas below the lesion is 

partly or fully abolished and cortical reorganization takes place in areas projecting both 

rostrally and caudally to the lesion (Brown and Martinez, 2019). Conceptually, it can be 

differentiated between two types of reorganization, depending on which hemisphere of 

the cortex is involved.  

Firstly, motor cortex areas that lose their output following SCI tend to be taken over by 

intact ipsilateral motor cortex areas, which then mediate some regained functionality 

regarding locomotion, probably by using different movement patterns than before 

(Bareyre, 2004; Manohar et al., 2017).  

Secondly, in unilateral lesions, the ipsilesional and therefore mostly unaffected motor 

cortex undergoes plasticity as well, adopting representation of the abolished area of the 

opposite hemisphere. As this reorganization carries function, it appears to support 

recovery (Brown and Martinez, 2018).  

1.2.3 Corticospinal tract  

The corticospinal tract (CST, Figure 6) has been the most extensively studied model for 

intraspinal reorganization. In mammals, it is highly conserved as the main motoric tract 

for voluntary movement (Brown and Martinez, 2019). After SCI, injured as well as spared 

CST fibers are able to sprout and form new synapses (O’Shea et al., 2017). Spared CST 

fibers, e.g. fibers of the ventral CST in a dorsal hemisection model, can sprout, traverse 

the spinal cord and build synapses on deafferented motor neurons, that promote function 

(Weidner et al., 2001; Bareyre et al., 2004; Bareyre et al., 2005).  

The sprouting of injured axons rostrally and caudally to a lesion enables them to contact 

long propriospinal neurons (LPN), which are intraspinal interneurons reaching from the 
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cervical cord to the lumbar cord. In a two-phase process consisting of unguided sprouting 

and selection of beneficial synapses, LPN can be contacted on both sides of the lesion, so 

that injured fibers are able to target their initial outputs (Figure 5; Bareyre et al., 2004). 

The formation of this detour circuit bypassing the lesion site was repeatedly shown to 

support powerful recovery of motoric functions (Bareyre et al., 2004; 

Courtine et al., 2008). 

 

Figure 5: Schematic detour circuit of the CST in a dorsal hemisection model. After dorsal 

hemisection, CST neurons are able to form a detour circuit bypassing the lesion site by sprouting 

and contacting long propriospinal neurons. Dotted line represents deafferented axons. Dashed line 

represents newly sprouted collaterals. CST: corticospinal tract. LPN: long propriospinal neuron. 

Adapted from Jacobi et al., 2015. 
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Figure 6: Anatomy of motoric tracts from the brain to the spinal cord. Origin and course of 

the corticospinal tract and extrapyramidal tracts. Yellow: corticospinal tract. Blue: reticulospinal 

tract. Red: rubrospinal tract. Green: vestibulospinal tract. For clarity, bilateral projections are not 

shown; presented is the major projection of every tract.  
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1.2.4 Extrapyramidal tracts and brainstem 

In rodents, the rubrospinal tract (RT, Figure 6) contributes to skilled movements and thus, 

shares similarities in function with the CST (Whishaw et al., 1998). In humans, however, 

it is developed to much lesser extent and presumably holds much lesser impact on 

movement (Vadhan and Das, 2019). The vestibular tract (VT) and the reticulospinal tract 

(ReST, Figure 6) conceptually and conversely to the CST and RT hold function to 

involuntary movements and therefore to general locomotion. The VT is believed to 

mediate posture, balance and head stability, which are requirements for effective 

locomotion (Markham, 1987; McCall et al., 2017). The ReST is supposed to be directly 

involved in the generation and functionality of propulsive locomotion (Noga et al., 2003). 

Because the latter translates to the general ability of walking in humans, which is a major 

therapeutic goal in SCI, more interest has shifted to the investigation of the ReST over 

the last years. Indeed, several studies were able to demonstrate a high capacity of 

anatomical plasticity of the ReST. After SCI, fibers of the ReST are able to sprout caudal 

as well as rostral to a lesion, forming a detour circuit similar to the one involving the CST, 

by making contact to midline crossing propriospinal neurons. This ReST reorganization 

also held considerable functional recovery (Ballerman and Fouad, 2006; Filli et al., 2014). 

Furthermore, using a hemilesion model in rats, one study addressed the differences in 

anatomical plasticity of extrapyramidal tracts. It not only qualified the ReST as the most 

plastic tract among the extrapyramidal tracts, but also showed, that its intraspinal 

plasticity is paralleled by brainstem reorganization (Zörner et al., 2014). Through 

retrograde tracing, the nucleus mostly involved in this reorganization was determined to 

be the gigantocellular nucleus (NRG) of the reticular formation in the brainstem 

(Figure 7; Ballerman and Fouad, 2006; Filli et al., 2014). 
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Figure 7: The ipsilateral NRG showed the highest increase in labelled neurons following 

SCI. In a unilateral hemisection model in the rat, the number of neurons of different origins in 

the brainstem, retrogradely traced by fibers from the cervical spinal cord C3/4, were quantified 

before and after SCI. The NRG had the highest increase in labelled neurons, which hints at its 

capacity of plasticity. *P < 0.05. **P < 0.01. Adapted from Filli et al., 2014.  
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1.3 The reticulospinal tract 

1.3.1 Anatomy and function  

The ReST originates from a dispersed set of nuclei, namely the gigantocellular nucleus, 

lateral paragigantocellular nucleus, dorsal paragigantocellular nucleus, alpha 

gigantocellular nucleus and ventral gigantocellular nucleus (Figure 8) in the medial 

pontomedullary reticular formation of the brainstem (Wang, 2009). 

 

Figure 8: Different nuclei of the reticulospinal tract in the mouse brainstem. A | Coronal 

section -6,24mm from bregma. B | Coronal section -6,64mm from bregma. Red markings: nuclei 

of the ReST. Gi: gigantocellular nucleus. LPGi: lateral paragigantocellular nucleus. GiA: alpha 

gigantocellular nucleus. GiV: ventral gigantocellular nucleus. DPGi: dorsal paragigantocellular 

nucleus. Adapted from Paxinos and Franklin, 2001. 
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Its axons travel bilaterally, with most of the fibers running diffusely on the ipsilateral side 

in the ventral and lateral parts of the white matter of the spinal cord (Figure 9; 

Nathan et al., 1996; Ballerman and Fouad, 2006). On the one hand, they project directly 

onto motor neurons of the spinal cord, which correlates to the ReST’s contribution to 

skilled forelimb movements (Soteropoulos et al., 2012; Honeycutt et al., 2013). On the 

other hand, the ReST projects onto and modulates central pattern generators of the spinal 

cord, that generate distinct muscle activation patterns for general locomotion like walking 

(Jordan, 1998). Hereby, the ReST acts as a relay and receives its input from upper motoric 

command centers in the brainstem, namely the mesopontine and diencephalic locomotor 

regions (MLR, DLR; Noga et al., 2003). These regions are highly conserved among 

vertebrates and are able to produce walking movements on their own in decerebrated 

lower mammals, if stimulated (Grillner et al., 2017). 

These findings imply a primary role of the ReST and the NRG in general locomotion. 

However, not much is known about the concrete, relative contribution and importance to 

locomotor functions of the ReST in neither physiological states nor following spinal cord 

lesions. Besides, the different nuclei and neural subpopulations might have substantial 

differences in their functions and contributions. As lesion studies of the ReST repeatedly 

highlighted the role of the NRG in anatomical plasticity, as stated above, it appears to be 

the most promising target in the search for recovery mechanisms regarding axonal 

reorganization in extrapyramidal tracts. 

 

 

Figure 9: Anatomical distribution of the ReST in the spinal cord of the mouse. A | Lateral 

and ventral part of the ReST in the spinal cord. B | Anterograde tracing of fibers of the NRG of 

the ReST. Coronal section at C1 of the spinal cord. Left arrow: lateral part of the ReST. Right 

arrow: ventral part of the ReST.  
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1.3.2 Neural subpopulations of the ReST and the gigantocellular nucleus 

Using colocalization of anterograde fluorescent and presynaptic markers, two studies 

examined the composition of the ReST and the NRG. The first study showed, that the 

ReST, in contrast to other motoric tracts, is composed of different neural subpopulations 

with different neurotransmitters mediating excitation as well as inhibition (Figure 11: 

Du Beau et al., 2012). The same approach focusing solely on the NRG provided similar 

results with minor differences (Figure 11). It confirmed the predominant portion of 

glutamatergic efferences (20.6% VGLUT1 positive, 71.6% VGLUT2 positive) with a 

smaller fraction of gabaergic efferences (7.8% VGAT positive; Filli et al., 2014). While 

the excitatory role for movements of VGLUT positive fibers of the ReST was exhibited, 

the specific functions of the different subpopulations of the NRG and its contributions to 

recovery after SCI remain unknown (Hägglung et al., 2010). 

 

Figure 11: Presynaptic marker distribution of motor tracts in the rat. Distribution of stained 

fibers of different tracts with immunoreactive markers for presynaptic transporters. The ReST’s 

proportion of VGAT positive fibers is substantially higher than those of the other tracts, which 

are mainly VGLUT positive. VGLUT1: vesicular glutamate transporter 1. VGLUT2: vesicular 

glutamate transporter 2. VGAT: vesicular GABA transporter. Adapted from 

Du Beau et al., 2012. 
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2 Objectives 

The reticulospinal tract mediates general locomotion and is capable of both 

neuroanatomical plasticity and functional recovery following SCI. Research has only 

begun to dissect the functional contributions of different nuclei and neural subpopulations 

of the ReST. Recently, it focused on the NRG as a potential candidate crucially involved 

in recovery after SCI. However, to date, not much is known about its physiologic 

functions. This study, therefore, aims to characterize the functional contribution of NRG 

nuclei to general locomotion and evaluates the role of the NRG as a potential target of 

interest in SCI research. In detail, this work engages in the following questions:  

 

▪ What is the NRG’s physiologic contribution to general locomotion? 

 

 

▪ What is the contribution of excitatory and inhibitory subpopulations of NRG 

upper neurons to general locomotion? 

 

 

▪ Should future SCI research on the ReST focus on the NRG? 
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3 Material and methods 

3.1 Material list 

Reagent Retailer 

Agarose Sigma-Aldrich® Chemie GmbH, 82024 

Taufkirchen, Germany 

Bepanthen Augen- und Nasensalbe 5 g 

(eye ointment) 

Bayer Vital GmbH, Leverkusen, 

Germany 

Clozapine Sigma-Aldrich® Chemie GmbH, 82024 

Taufkirchen, Germany 

Ethanol 70% CLN GmbH, 85416 Niederhummel, 

Germany 

Forene (Isoflurane) Abbott AG, Baar, Switzerland 

Hydrogen Peroxide Solution (H2O2) Sigma-Aldrich® Chemie GmbH, 82024, 

Taufkirchen, Germany 

Ringerlösung Fresenius KabiPac 

(Ringer’s solution) 

Fresenius KaBI Dtl., Bad Homburg, 

Germany 

Phosphate Buffer (PB) 0,2 M 27,598 g NaH2PO4·H2O; 35,598 g 

Na2HPO4·2 H2O; dH2O ad 1 l 

Paraformaldehyde 4% 8% PFA (Sigma-Aldrich) in dH2O, 

heated up to 55 °C and stirred additional 

10 min, filtrated and mixed in a 1:1 ratio 

with 0,2 M PB (Phosphate buffer), pH 

adjusted to 7,2-7,8 

Phosphate Buffered Saline (PBS), 10x 03,23 mg Na2HPO4·H2O; 26,52g 

Na2HPO4·2H2O; 40g NaCl; H2O bidest. 

added to 1 l. Prepared in house. 
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Sucrose Sigma-Aldrich® Chemie GmbH, 82024, 

Taufkirchen, Germany 

Tissue Tek optimal cutting temperature 

(O.C.T.) 

Sakura Finetek Europe B.V., Alphen aan 

den Rijn, The Netherlands 

Triton X-100 Sigma-Aldrich® Chemie GmbH, 82024 , 

Taufkirchen, Germany 

Vectashield Mounting Medium, 

Fluorescence H-1000Vectashield 

Mounting Medium, Fluorescence H-1000 

Vector Labs, Burlingame, CA 94010, 

USA 

 

Virus Retailer 

AAV-hSyn-DIO-hM4D(Gi)-mCherry Addgene, Watertown, MA 02472, USA 

 

Surgical tools and materials Retailer 

50 ml centrifuge tubes Greiner Bio-One GmbH, Frickenhausen, 

Germany 

BD Plastipak Hypodermic luer slip 

syringe 1 ml (syringe for clozapine 

injection) 

Becton, Dickinson and Company, 

Franklin Lakes (New Jersey), USA 

Dumont Mini Forceps – Inox Style 3 

(Small forceps) 

Fine Science Tools GmbH, Heidelberg, 

Germany 

Dumont Mini Forceps – Inox Style 5 

(Small forceps, smaller tip than Inox 

style 3) 

Fine Science Tools GmbH, Heidelberg, 

Germany 

Feather stainless steel blade (surgical 

blade) 

pfm medical ag, Cologne, Germany 



 20  

 

Hypodermic Needles BD Microlance 3 

30 Gauge (0,3 mm, yellow) for 

subcutaneous injection of Ringer’s 

solution and anesthesia 

Becton, Dickinson and Company, 

Franklin Lakes, (New Jersey), USA 

Microscope cover slips 24x60 mm Gerhard Menzel Glasbearbeitungswerk 

GmbH & Co. KG, Braunschweig, 

Germany 

Microscope slides 76x26 mm Gerhard Menzel Glasbearbeitungswerk 

GmbH & Co. KG, Braunschweig, 

Germany 

Noyes Spring Scissors (Large spring 

scissors) 

Fine Science Tools GmbH, Heidelberg, 

Germany 

Parafilm Brand GmbH & Co. KG, Wertheim 

Germany 

Pipettes, pipette tips and tubes (2ml and 

1,5 ml) 

Eppendorf AG, Hamburg, Germany 

Tissue Tek Cryomold Standard,  

25x20x5 mm 

Sakura Finetek Europe B.V., Alphen aan 

den Rijn, The Netherlands 

Vannas-Tübingen Spring Scissors (Small 

angled spring scissors) 

Fine Science Tools GmbH, Heidelberg, 

Germany 

 

Technical devices Retailer 

Leica CM1850 cryostat Leica Microsystems GmbH, Wetzlar, 

Germany 

Olympus IX71 inverted fluorescence 

microscope 

Olympus GmbH, Hamburg, Germany 

T/Pump (Heating pad) Gaymar Industries, Orchard Park 

(New York), USA 
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Vortex-Genie 2 Scientific Industries, Inc., Bohemia 

(New York), USA 

 

Software Retailer 

Adobe Illustrator  Adobe Systems Inc., San Jose, California, 

USA 

CatWalk XT Noldus, Wageningen, Netherlands 

ClustVis https://biit.cs.ut.ee/clustvis/ 

Graphpad Prism  GraphPad Software, La Jolla, California, 

USA 

Heatmapper http://www.heatmapper.ca/ 

Inkscape The Inkscape Project, 

https://inkscape.org/ 

Microsoft Office (Powerpoint, Excel, 

Word) 

Microsoft Corporation, Redmond, 

Washington, USA 

 

3.2 Experimental animals 

Experiments were performed on male adult animals of the transgenic mouse lines 

Vglut2-Cre (The Jackson Laboratory; 6J.129S6(FVB)-Slc17a6tm2(cre)Lowl/Mwar) and 

Vgat-Cre (The Jackson Laboratory; 6J.129S6(FVB)-Slc32a1tm2(cre)Lowl/Mwar). In 

these mice, the expression of the enzyme cre recombinase is coupled to the expression of 

VGLUT or VGAT. 

Mice were 8-12 weeks old at the beginning of the experiment and had stable weights 

between 22-28 g. They were kept in groups of maximal five mice in Type-II-cages 

(350 cm2 x 14 cm; Tecniplast, Hohenpreißenburg, Germany) on an IVC rack system in 

the animal facilities of the institution. Food (“Maus” from Ssniff, Sost, Germany) and 

water were supplied ad libitum; tubes for activity were placed in each cage. Mice were 

held at a day and night light cycle of 12 h each and were checked regularly by trained 
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caretakers. All procedures were in conformity with institutional guidelines and approved 

by the Animal Study Committee of the Regierung von Oberbayern.  

3.3 Methods 

3.3.1 Pharmacological inactivation of neurons using DREADDs 

In order to temporarily silence neurons of the gigantocellular nucleus, I used Designer 

Receptors Exclusively Activated by Designer Drugs (DREADDs). DREADDs are 

chemically engineered G-protein coupled receptors, that respond exclusively to a 

synthetic agent and trigger intracellular signaling with different effects (Roth, 2017). For 

this experiment, I used the hM4D(Gi)-variant, which induces decreased firing and 

therefore, silencing of neurons. Its ligand was initially thought to be clozapine-N-oxide, 

though it was demonstrated, that it is endogenously metabolized to clozapine mediating 

the effect (Gomez et al., 2017). Thus, I decided to use clozapine (Sigma Aldrich) as a 

drug and chose a concentration of 0.1 mg/kg diluted in saline, based on pharmacokinetic 

data proving its efficacy and safety (Gomez et al., 2017). Using this approach, animals 

served as their own control. After behavioral baseline acquisition, mice were injected 

intraperitoneally with clozapine and then tested again.  

3.3.2 Viral vector for DREADD transmission and labeling 

To express the DREADDs and visualize the coexpressed fluorescence in specific 

subpopulations of neurons, I used the Cre-loxP system in transgenic mice in combination 

with a viral vector. This allowed me to virally silence and label either glutamatergic or 

gabaergic neurons exclusively at the injection site of the virus. When presented with an 

inversed, double floxed gene of interest (GOI), as I used for the DREADDs, 

cre recombinase flips it, so that the GOI is now able to express its protein product. It 

allowed me to express DREADDs and a red fluorescent protein (mCherry) to a specific 

subpopulation of neurons at a specific location (Figure 12). For this, I used the 

rAAV-hSyn-DIO-hM4D(Gi)-mCherry (Addgene). Being an adeno-associated virus, it is 

highly tolerable, non-immunogenic, persistent and rapid in its ability to infect neurons 

(Bedbrook et al., 2018). To ensure a sufficient spread in the region of interest, first trials 

were conducted 14 days post virus injection (dpi).  
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Figure 12: Cre-loxP system. Shown is a part of the plasmid of the 

rAAV8-hSyn-DIO-hM4D(Gi)-mCherry. The inversed GOI (red box) is flanked by two loxP sites 

on each side (arrows). (1) In presence of cre recombinase, facing loxP sites (arrows of the same 

color) lead to an inversion of the GOI. (2) Unidirectional loxP sites lead to a deletion between 

them. (3) The GOI is now steadily expressed in the plasmid. hSyn: human Synapsin promoter.    

3.3.3 Virus injection 

Viral injections of the rAAV8-hSyn-DIO-hM4D(Gi)-mCherry (Krashes et al., 2011) to 

the gigantocellular nucleus to transfer the DREADDs and label the neurons were 

performed under isoflurane anesthesia. After cranial fixation of the mice, stereotaxic 

injections were performed at -6.48 mm caudal to bregma. A volume of 0.5 µl was injected 

to the target area of either side over a time of 10 minutes, before the needle was slowly 

retracted. Success and precision of the injections were later assessed by fluorescent 

microscopy after preparation of the tissue (Figure 13). No animal had to be excluded from 

the experiment due to misplaced injection. However, one animal of the VGAT group was 

excluded because of unknown premature death.  
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Figure 13: Example picture of a virus injection in the NRG. Unilateral injection of 

rAAV8-hSyn-DIO-hM4D(Gi)-mCherry (red) in the NRG, approximately -6.48 mm from 

bregma, 21 dpi. Mice in this experiment received a bilateral injection.  

3.3.4 Tissue processing 

Transcardial Perfusion  

Mice were fully anesthetized using isoflurane (AbbVie, North Chicago, USA). When 

neither movements nor breathing could be detected, they were pinned on their back to a 

platform by their extremities. The heart and abdomen were prepared by cutting open the 

skin, peritoneum and bony thorax with a scissor. Then, a butterfly cannula attached to a 

micropump (20 µl/s; ISMATEC, Wertheim, Germany) was inserted into the left ventricle; 

the right atrium was opened up with the scissor to create an outflow. To prevent 

coagulation, 0.1% Heparin-sodium solution (Ratiopharm, Germany) in 

1x phosphate-buffered saline (PBS) was pumped through the circulatory system, 

until visually no more blood came out of the right atrium. Subsequently, about 25 ml of 

4% Paraformaldehyde (PFA) in 0.1 M phosphate buffer (PB) was applied to the system 

in order to fixate the tissue. Success of perfusion was assessed by decolorization of the 

liver, muscle stiffness and a “dancing” tail. When the criteria were satisfyingly fulfilled, 

the head and part of the spinal cord were dissected en bloc and placed in post fixation 

4% PFA for 24 h at 4˚C. 
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Microdissection 

To isolate the brain and prepare it for cutting, it had to be removed from surrounding 

tissue. Under a microscope, the cranium was opened by a sagittal cut with a scissor. Then, 

using forceps, parietal and occipital bones of the cranium as well as dorsal parts of the 

spine were cautiously broken away to expose the brain and cranial parts of the spinal cord. 

Exposed parts were bluntly freed from connective tissue including the dura mater and 

were extracted as a whole. Finally, the tissue was placed in a 30% Sucrose (Sigma, 

cat-S0389) 1x PBS solution for 48 h. For long term storage, tissue was placed in a 

0.1% sodium azide (NaN3) solution in 1x PBS. 

Cryosection & Tissue Preparation  

To prepare the brainstem for further analysis, it had to be cut into slices and mounted on 

slides. For this, the spinal cord was cut off from the brain with enough space to ensure an 

intact brainstem. The brain was then covered in an optimal cutting temperature medium 

(O.C.T., Tissue-Tek, Sakura, Finetek, USA) and put in the freezer at -20˚C for at least 

20 min. When completely frozen, the brainstem was cut coronally in 50 µm slices with a 

Leica CM 1850 cryostat. Sections were immediately mounted on subbed slides 

(0.5% gelatin and 0.05% chromium potassium sulfate coating) to conserve anatomical 

order. Lastly, they were dried overnight at room temperature.  

3.3.5 Behavioral tests 

For every test, animals were habituated on three days in the week prior to the first trial. 

Behavioral trials were conducted on 14, 18 and 25 days post virus injection (dpi), as the 

timeframe of 2-4 weeks post injection to ensure sufficient viral spread and safety was 

shown to produce reliable data (Krashes et al., 2011; Asboth et al., 2018; 

Bradley et al., 2019). One data point consisted of the mean of one subject on one day of 

testing. On a day of testing, after baseline testing had been completed for every subject, 

clozapine was injected intraperitoneally to mice following a preset time schedule, in order 

to ensure equal doses for the same test considering pharmacokinetics. Testing always 

started at 45 min after i.p. injection and ended at 150 min. 

Rotarod  

To assess locomotor activity, I used the rotarod test (Ugo Basile, Italy; 

Hamm et al., 1994). Mice are put on a rotating rod around 10 cm from the ground. After 
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habituation, they start walking naturally on it to prevent a fall. The measured parameter 

was the time latency to fall. In fixed speed mode, mice are tested with a fixed speed of 

20 rounds per minute until a maximum of 120 s is reached. In accelerated speed mode, 

mice are tested with accelerating speed of 2-40 rounds per minute until a maximum of 

120 s is reached. A total of three rounds with pauses of 2 min in between were tested for 

each day.  

Ladder rung  

For separated measurement of hindlimb and forelimb placement and coordination, I used 

the ladder rung as previously described (Metz & Whishaw, 2009). In this test, mice walk 

on a horizontal metal ladder with rungs 1 cm apart from each other (regular ladder rung) 

or with rungs 1 or 2 cm apart from each other in a random pattern, that is different on 

each day (irregular ladder rung). Walls of plexiglass on both sides force mice to go in one 

direction. Videotaped trials were then watched frame by frame by a blinded observer, 

who scored them. One point was given for a missed or a slipped step and points were 

summed for all limbs. One trial consisted of the mouse walking the ladder back and forth 

with a total of three trials a day.  

CatWalk gait analysis 

Evaluation of gait and interlimb coordination was conducted using the CatWalk XT™ 

system (Noldus; Hamers et al., 2006). In short, the catwalk is a narrow, transparent 

walkway, that is being filmed from beneath. A light source highlights the parts of the 

animal having contact with the platform, mainly the paws. When the mouse walks across 

the walkway, its paw placements are tracked and recorded. For reproducibility, walks 

were only valid, if they fulfilled specific criteria. I set a minimum run duration of 0.5 s, a 

maximum run duration of 4 s and a maximum speed variation of 60% of maximum speed, 

to ensure consistent walking without interruption. For each day of testing, three runs per 

animal were recorded and used for analysis. After acquisition, a blinded observer 

identified the paw prints and ruled out non-paw structures using the custom CatWalk 

software. Based on this data, the software automatically calculates different parameters 

from which I chose the following for best assessment of mentioned functions.  

Regularity Index  

The regularity index (RI, in %) is a measure of interlimb coordination, which analyzes 

stepping patterns based on the sequence of paw placements. It is defined as the number 
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of normal step sequence patterns (NNSP) relative to the total number of paw 

placements (PP).  

Regularity index =  
NNSP x 4

PP
 x 100% (1) 

A NNSP is defined by the software as one of the major step sequences mice use (Table 

1). Therefore, physiological mice have a RI of 100%, as they use physiological step 

sequence patterns, whereas mice with deficits regarding coordination in SCI models tend 

to make steps out of step sequence patterns, resulting in a lower RI 

(Vrinten and Hamers, 2003; Koopmans et al., 2005; Gabriel et al., 2007). An example of 

the analysis is given in Figure 14.  

Table 1: List of normal step sequence patterns recognized by the software.  

Cruciate Pattern Ca RF - LF - RH - LH. 

Pattern Cb LF - RF - LH - RH 

Alternate Pattern Aa RF - RH - LF - LH 

Pattern Ab LF - RH - RF - LH 

Rotate Pattern Ra RF - LF - LH - RH 

Pattern Rb LF - RF - RH - LH 

RF: right forelimb. LF: left forelimb. RH: right hindlimb. LH: left hindlimb. 

 

Figure 14: Exemplary analysis of stepping patterns in the CatWalk software. The animal had 

four normal stepping patterns. All patterns start with the right front paw (blue dot). The first paw 

print and the last three are not taken into account (yellow dots). The number of accounted steps 

is 16. Regularity Index is 100%. RF: right forelimb. LF: left forelimb. RH: right hindlimb. 

LH: left hindlimb. 
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Couplings 

Couplings, sometimes also referred to as phase dispersions or phase lags, is a measure of 

more subtle differences in interlimb coordination. It describes the temporal relationship 

between placement of two paws within a step cycle in percent. One paw serves as an 

anchor, while the other one is the target.  

Couplings =  
anchor to target

step cycle
 x 100% (2) 

anchor to target: minimal time from target to next anchor in s 

step cycle: time of the step cycle between two anchors in s, that includes the interval 

anchor to target 

In order to generate consistent values, a target paw always relates to its nearest anchor 

paw, so that values range from 0%, when paws are simultaneously placed, to 50%, when 

paws are alternately placed. Depending on which paws are anchor and target, physiologic 

Couplings values are either close to 0% or 50% (Batka et al., 2014; 

Caballero-Garrido et al., 2017). An example of a calculation of Couplings is given in 

Figure 15. 

 

Figure 15: Exemplary calculation of Couplings. The temporally closest anchor of the target 

paw is anchor 1. The time from anchor 1 to target is 0.3 s. The step cycle including this interval 

ranges from anchor 1 to anchor 2 with a total time of 1 s. Couplings is therefore 30%. Red lines: 

right forelimb placement. Blue lines: left forelimb placement. 

Base of support 

The base of support (BOS) is the distance in mm between either the forelimbs (BOS-FL) 

or the hindlimbs (BOS-HL) and is measured perpendicularly to the direction of walking 
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(Figure 16). It is an indicator of posture and balance during locomotion. After SCI, 

BOS-FL decreases or remains unaltered, while BOS-HL increases (Hamers et al., 2001; 

van Meeteren, 2004; Petrosyan et al., 2013).  

 

 

Figure 16: Schematic camera view of a mouse on the CatWalk. Arrow indicates movement 

direction. Red lines represent BOS-FL and BOS-HL.  

Principal component analysis 

Principal component analysis (PCA) is a multivariate statistical analysis to reduce 

dimensionality with minimal information loss in large data sets with correlating 

parameters (Courtine et al., 2009). It transforms a given coordinate system with 

n dimensions to a new coordinate system, on which variance between axes is maximized. 

Aim of this mathematical transformation is to analyze few principal components instead 

of all n dimensions or a selection of dimensions. As the CatWalk analyzes 177 different 

parameters (177 dimensions) with high correlations between them, I performed a PCA on 

its data using the online software ClustVis (Metsalu and Vilo, 2015). In every group, 

principal component 1 and 2 together accounted for about 50% of all variance in the data 

sets, demonstrating the high correlations between the CatWalk parameters. Principal 

component 1 and 2 were then statistically analyzed and plotted in a two-dimensional 

coordinate system. Factor loadings, showing the correlation between single parameters 

and a principal component, were visualized using the online software Heatmapper 

(Babicki et al., 2016).  

3.3.6 Data analysis 

All datasets were analyzed and plotted as graphs using Prism 7.00 for Windows 

(GraphPad Software). Considering that some of the tests contain cutoff points and taking 

into account the results of D’Agostino & Pearson normality tests, I assumed a 

non-Gaussian distribution for the following parameters: fixed and accelerated rotarod, 
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regularity index and Couplings. On these parameters I performed non-parametric 

Wilcoxon matched-pairs tests with the method of Pratt. On all other parameters (including 

principal component scores of the PCA), I performed two-tailed paired Student’s t-tests. 

Significance level was set as P < 0.05. Results are either reported in box plots and 

whiskers (calculated after Tukey) or as means ± standard error of the mean (SEM). One 

datapoint represents the mean of three trials of any test of one subject at one time point.  
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4 Results 

4.1 Behavioral analysis of mice after silencing of neural subpopulations of 

the NRG 

To determine the functional contributions of neural subpopulations of the NRG to general 

locomotion in mice, I conducted a behavioral loss-of-function experiment with the usage 

of DREADDs, in order to be able to reversibly silence target neurons by pharmacological 

intervention before behavioral analysis. To transmission DREADDs to the NRG of mice, 

I stereotactically injected the virus AAV-hSyn-DIO-hM4D(Gi)-mCherry bilaterally into 

the NRG of mice of experimental groups (Figure 17). I used four mice of the transgenic 

mouse line Vglut2-Cre and three mice of the mouse line Vgat-Cre to specifically target 

glutamatergic and gabaergic subpopulations, respectively (Table 2). The control group 

consisted of four mice of the mouse line Vglut2-Cre, which received a saline solution 

instead of the virus. On days 14, 18 and 25 post virus injection, animals were behaviorally 

tested on the rotarod, the ladder rung and the CatWalk before and after intraperitoneal 

application of clozapine (Figure 18). As test subjects served as their own baseline and 

results were analyzed by either Wilcoxon matched-pairs tests or paired Student’s t-tests, 

results are presented either as box plots or means together with individual data points. For 

every new pharmacological silencing at different time points represented different 

conditions, I considered every time point a data set on its own, resulting in group sizes of 

12 for the CTRL and VGLUT group and 9 for the VGAT group. Following are the results 

of the different behavioral tests. 

Table 2: Definition of the different groups of the experiment. 

Group Mouse line Virus Drug administered 

after baseline testing 

Effect  

VGLUT Vglut2-Cre Yes Clozapine Inhibition of glutamatergic 

neurons 

VGAT Vgat-Cre Yes Clozapine Inhibition of gabaergic 

neurons 

CTRL Vglut2-Cre No Clozapine None 
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Figure 17: Viral injection sites. The virus AAV-hSyn-DIO-hM4D(Gi)-mCherry was bilaterally 

injected into the NRG of the ReST, -6,48 mm from bregma. Shown is a corresponding coronal 

brainstem section. Gi: NRG. Red circles indicate injection sites. Adapted from Paxinos and 

Franklin, 2001. 

 

Figure 18: Experimental setup. A | Experimental setup. Animals were behaviorally tested 14, 

18 and 25 days post viral injection. B | Time schedule of one day of testing. Subjects were tested 

before administration of clozapine for baseline acquisition and afterwards. -cloz: baseline without 

clozapine. +cloz: after clozapine injection. 
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Rotarod 

Because the rotarod is a widely used method for the assessment of behavior in rodent SCI 

models, I selected it as an indicator of general locomotion in my study. Walking ability 

on a rotating rod is more of an undifferentiated parameter, which evaluates coordination, 

balance and overall walking capacity, which makes it indeed vague in terms of the 

specificity of impaired motor functions. However, for the same reason it is very sensitive 

and a good tool to screen for any deficits regarding locomotion. Testing could only detect 

significant decline in performance in the VGAT group in the fixed rotarod test 

(Figure 19). This could not be seen in the accelerated mode, though. As general 

locomotion per se does not seem to be consistently impaired, one could suspect an 

impairment of speed dependent locomotion control. 

 

Figure 19: Fixed and accelerated rotarod results. A | Fixed rotarod. B | Accelerated 

rotarod. -cloz: baseline without clozapine. +cloz: after clozapine injection. Grey dots and lines: 

paired data points as means of one subject at one time point. Colored box plots and whiskers: 

median as line inside box, 25th and 75th percentile as lower and upper box boundary, whiskers 

calculated after Tukey, median and boundaries might fall together. *P < 0.05. nCTRL = 12, 

nGLUT = 12, nVGAT = 9.  
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Ladder rung 

The ladder rung, regular and irregular, is an assessment of coordinated paw placement 

and voluntary motor control and is therefore often used for CST models. Yet, since 

balance and interlimb coordination also influences paw placement, I applied it to the 

ReST. The results given do not show any significances, indicating no adherent effects of 

NRG silencing regarding mentioned locomotion qualities (Figure 20). It has to be noted, 

that baseline differences among groups are probably attributed to the different mouse 

lines used. The CTRL group and the VGLUT group were of the same mouse line and 

share similar baseline values.  

 

Figure 20: Regular and irregular ladder rung results. A | Regular ladder rung. B | Irregular 

ladder rung. -cloz: baseline without clozapine. +cloz: after clozapine injection. Grey dots and 

lines: paired data points as means of one subject at one time point. Colored bars: means ± SEM. 

*P < 0.05. nCTRL= 12, nGLUT = 12, nVGAT = 9. 



 35  

 

CatWalk 

The Catwalk is an automated gait analysis system that allows the assessment of motor 

function and coordination in rodents. Mice walk across an illuminated glass platform 

while a video camera records from below. Gait related parameters are reported for each 

animal.  

Principal component analysis 

The CatWalk software automatically analyzes 177 different gait parameters with high 

correlations between them. I performed a principal component analysis (PCA) on the data 

set in order to (1) maximize information gain and (2) avoid a selection bias. PCA is a 

multivariate statistical analysis transforming n parameters with a coordinate system of n 

dimensions to a new coordinate system, on which the variance between the axes is 

maximized. Neither principal component 1 nor principal component 2, which account for 

close to 50% of all variance in all of the parameters, show significant differences after 

clozapine injection (Figure 21). This strongly suggests no major gait alterations after 

NRG silencing. Furthermore, after clustering the parameters in three main categories 

(paw print shape, paw placement and interlimb coordination; Figure 22), I selected 

additional parameters, indicating paw placement and interlimb coordination, for further 

analysis based on their correlation with principal component 1 (Figure 22). Thus, these 

parameters, which are regularity index, Couplings and base of support, are highly 

representative of interlimb coordination. 

Regularity index 

The regularity index is a parameter that I chose as an index of interlimb coordination. In 

unaffected mice, its values are close to 100%. In all three experimental groups, there was 

no significant decline of the regularity index detectable after clozapine injection 

(Figure 23). This means, that no major abnormalities in the stepping pattern of subjects 

occurred due to silencing of the NRG. Although the regularity index is a highly consistent 

parameter and susceptible to spinal cord injuries, changes are not gradually quantified, 

but stepwise, which has led me to the conclusion, that slight deficits in interlimb 

coordination might not be detected. Hence, I decided to analyze Couplings, a parameter, 

whose scaling of values allows for more sensible differentiation.  
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Figure 21: CatWalk principal component analysis results. A, C, E | Principal component 1 

and 2 scores of different groups. Notice, that the distance between means is short. Percentage 

value of a component indicates the percentage of variance represented by its component. 

B, D, F | Principal component 1 results of different groups. None of them are significant. Blue 

dots: individual data points, baseline. Orange dots: individual data points, after clozapine 

injection. Big dots: means. Blue and orange bars: means ± SEM. *P < 0.05. nCTRL = 12, 

nGLUT = 12, nVGAT = 9. 
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Figure 22: Factor loadings of PC1 of CTRL. Exemplary demonstration of factor loadings of 

principal component 1 of the CTRL group as colored bar. Every line in the bar represents one 

parameter of the CatWalk; its color represents its correlation to principal component 1. Colored 

gradient on the right shows color code used. The factor loadings show a high relation between 

CatWalk parameters and principal component 1.  

 

 

Figure 23: Regularity index results. Regularity index. -cloz: baseline without clozapine. 

+cloz: after clozapine injection. Grey dots and lines: paired data points as means of one subject 

at one time point. Colored box plots and whiskers: median as line inside box, 25th and 75th 

percentile as lower and upper box boundary, whiskers calculated after Tukey, median and 

boundaries might fall together. *P < 0.05. nCTRL = 12, nGLUT = 12, nVGAT = 9. 
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Couplings 

In contrast to the regularity index, which examines step sequences, Couplings measures 

the temporal relation of single steps towards each other within a step cycle. For this 

reason, it might be able to unmask minor deficits of interlimb coordination, that the 

regularity index was not able to adequately present. I analyzed a total of four Couplings, 

two with an anchor and target from crossed limbs and two with an anchor and target from 

parallel limbs (Figure 24). These are Couplings between left hindlimb and right forelimb 

(LH-RF), right hindlimb and left forelimb (RH-LF), right forelimb and left forelimb 

(RF-LF) and right hindlimb and left hindlimb (RH-LH). Couplings of crossed limbs tend 

to be near 0% in healthy mice, while Couplings of parallel limbs tend to be near 50% in 

healthy mice. The results presented show no significant differences between the control 

group and the test groups, with baseline values within the range of expectance. In 

accordance with the results of the regularity index, inactivation of NRG subpopulations 

does not seem to affect interlimb coordination. 

Base of support 

Base of support, the width of a mouse’s stand, is a measure of posture and balance during 

locomotion and is measured separately for the forelimbs and the hindlimbs ( 

Figure 25). After clozapine injection, it remained unaltered in the test subjects and did 

not demonstrate significance. It can be concluded, that the NRG probably does not play 

a crucial role in posture and balance during general locomotion. 
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Figure 24: Couplings results. A | Couplings between right forelimb and left forelimb. 

B | Couplings between right hindlimb and left hindlimb. C | Couplings between left hindlimb and 

right forelimb. D | Couplings between right hindlimb and left forelimb. -cloz: baseline without 

clozapine. +cloz: after clozapine injection. Grey dots and lines: paired data points as means of 

one subject at one time point. Colored box plots and whiskers: median as line inside box, 25th 

and 75th percentile as lower and upper box boundary, whiskers calculated after Tukey, median 

and boundaries might fall together. *P < 0.05. nCTRL = 12, nGLUT = 12, nVGAT = 9. 

 

Figure 25: Base of support results. A | Base of support of forelimbs. B | Base of support of 

hindlimbs. -cloz: baseline without clozapine. +cloz: after clozapine injection. Grey dots and lines: 

paired data points as means of one subject at one time point. Colored bars: means ± SEM. 

*P < 0.05. nCTRL = 12, nGLUT = 12, nVGAT = 9. 
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5 Discussion  

5.1 Summary 

The aim of this experiment was to (1) to identify the NRG’s physiologic contribution to 

general locomotion, (2) to identify functional differences of neural subpopulations and 

(3) to evaluate whether further SCI research should primarily concentrate on the NRG as 

a major nucleus of the ReST or whether additional nuclei should be investigated in the 

frame of the control of locomotion by the reticulospinal tract. Behavioral analysis of 

different aspects of motor functions involved in general locomotion and gait could not 

show any significant changes after functional silencing of the NRG and thus question an 

essential involvement of the NRG in locomotion. Hence, no conclusion about the relative 

functional contribution of different neural subpopulations of the NRG to locomotion can 

be drawn from this experiment. Concerning future SCI on the ReST, other nuclei of the 

ReST seem to be of higher or at least similar interest as the NRG. 

5.2 Potential and limitations of used methods 

5.2.1 DREADD induced silencing of neural subpopulations 

Chemogenetics is a well-established method and has been used extensively in 

neuroscientific experiments since its discovery. Its efficacy and our usage of it in the lab 

was proven by a previous study (Bradley et al., 2019). Crucial for proper silencing of 

regions of interest is of course proper transfection of target areas. After preparing the 

tissue, I evaluated the accuracy of the viral injections by fluorescent microscopy 

(Figure 13). Checking for labeling outside of the NRG and sufficient rostral to caudal 

expansion, I did not have to exclude any animals. Thus, I ruled out inadequate DREADD 

transmission as a source of error. 

In contrast to previous DREADD experiments in our lab, I introduced clozapine instead 

of clozapine-N-oxide (CNO) as pharmacologic ligand, based on newly found 

observations, that CNO is endogenously metabolized to the more potent clozapine. The 

study suggests a concentration of 0.1 mg/kg clozapine for future experiments, which I 

adopted (Gomez et al., 2017). Concerning efficacy, it equals a concentration of 10 mg/kg 

CNO, which is a widely used concentration of CNO in DREADD experiments 
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(Mahler et al., 2014; Smith et al., 2017). Unspecific effects could only be observed with 

1 mg/kg clozapine (Gomez et al., 2017). However, a more detailed analysis of 

pharmacokinetics in mice in a follow-up experiment revealed a short interval of 15 min 

to reach effective doses and a fast decline, with much lower doses being in effect at 

60 min after i.p. injection of clozapine. The recommended dose here was 0.2-0.5 mg/kg 

clozapine (Jendryka et al., 2019). Another experiment though, that used the same 

approach as I did, could generate sufficient silencing with the hM4Di and 0.1 mg/kg 

clozapine (Zhou et al., 2018).  

I conclude on the one hand, that my choice of concentration was probably sufficient for 

adequate silencing, but on the other hand and in light of very recent publications, that 

were not known at the time of my laboratory work, that my timeframe of testing between 

45-150 min after i.p. injection might have been too long. It is not certain, if adequate 

silencing was still effective at late time points, which could conceivably explain the lack 

of significant changes observed in my behavioral experiments. It should be noted, though, 

that I changed the sequence of behavioral tests with every day of testing, so that if a 

significant impact of clozapine on a test was missed due to low concentrations, it should 

have been observable on a different day with a different sequence (and ergo a different 

concentration). Results of different time points were largely consistent, however.  

As this experiment did not verify the efficacy of the method used and produced solely 

negative results, failure of the method cannot be excluded. Yet, its similarity in set-up as 

previously mentioned studies make it rather unlikely.  

Unspecific effects or interactions of clozapine regarding locomotion were initially shown 

only at much higher concentrations than 0.1 mg/kg (Gomez et al., 2017). A following 

study, however, could detect unspecific alterations of locomotion at a concentration of 

0.01 mg/kg by expanding the time frame (Ilg et al., 2018). This finding and the longer 

duration of efficacy of CNO due to steady conversion has led some researchers to favor 

the usage of CNO again (Mahler and Ashton-Jones, 2018). Yet, rodents exhibit high 

variability in their endogenous CNO to clozapine conversion rates resulting in more 

inconsistent locomotion performances of subjects within groups of the same 

concentration (Malvich et al., 2018). Overall, it can be concluded, that the choice of drug 

should be preceded by a screening for unspecific effects of each drug with a tendency to 

favor CNO, if intervals of more than 60 min are needed, and to favor clozapine, if 

intervals are shorter. Concerning this experiment, unspecific effects of clozapine on 
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locomotion were ruled out by negative controls. For future experiments with similar 

set-up, CNO might be the better choice. In the long term, newly developed drugs for 

DREADD activation like compound 21 and perlapine could represent better solutions, if 

they prove to be inert (Chen et al., 2015).  

5.2.2 Selection of behavioral tests  

Adequate behavioral testing is generally a challenging task, as most motor assessments 

are either very specific, subjective, non-linear or simply not sensitive enough. 

Additionally, motor impairments are diverse in their characteristics and depend on the 

injury model. As this experiment modified motor functions in a way that was not tested 

before, I used a battery of tests evaluating different aspects of motoric assessments in 

order to cover a wide range of impairments. However, it is not guaranteed, that this 

selection of tests would pick up the changes, if any, triggered by the DREADDs. I will 

further elaborate on the choice of the battery of tests and the absence (and possible 

necessity) of the analysis of kinematics, e.g. the tracking of joint angles through a camera 

system, which is a very sensible method for behavioral assessment having made its way 

into SCI research.   

The rotarod is a well-established test for motoric assessment in rodents 

(Hamm et al., 1994; Loy et al., 2018). It is excellent for the analysis of general 

locomotion, locomotion initiation and speed dependent locomotion and was able to pick 

up differences in the accelerated mode. It does not evaluate any movement or stepping 

patterns, meaning that it is possible for mice to perform well despite impairments, through 

compensation. 

The ladder rung is used mostly in CST injury models to assess fine paw placement, but 

also overground locomotion (Loy et al., 2018). It is highly sensitive and covers 

contrasting qualities in comparison to the rotarod, making it a good addition to it 

(Metz and Whishaw, 2009). A drawback is the subjectivity of its analysis, which can 

make it more difficult to compare between observers. 

The CatWalk gives a detailed analysis of gait and movement patterns separating it from 

performance dependent tests like rotarod and ladder rung (Bradley et al., 2018; 

Loy et al., 2018). This enables it to pick up impairments, that are compensated through 

alternative movements and thus, do not result in a decline of specific motor performances. 
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The PCA was able to categorize the correlating parameters into the qualities paw print 

shape, paw placement and interlimb coordination.  

Altogether, the battery of tests covers a broad range of motor functions associated with 

general locomotion and is, therefore, quite suitable for a screening for potential motor 

impairments mediated via the reticulospinal tract. However, as kinematics are widely 

used in SCI models and physiologic locomotion research, the question of its necessity in 

this experiment, particularly whether it can detect alterations not picked up by the other 

tests, arises (Courtine et al., 2008; Capelli et al., 2018). While kinematics could detect 

alterations in gait in experiments with negative rotarod and ladder rung results, the 

CatWalk parameters base of support and Couplings were demonstrated to be correlated 

to kinematic gait analyses (Zörner et al., 2010; Stroobants et al., 2013; 

Fiander et al., 2017). Yet, there is no direct comparison between the sensitivity of these 

parameters and the sensitivity of kinematic joint tracking to this date. It can be theorized, 

that while both methods appear to be suitable for the assessment of motoric functions 

directly involved in locomotion, kinematics cover a broader spectrum of possible 

interfering variables, including functions not directly, but indirectly involved in 

locomotion, like posture or muscle tone. Because of this reason, this study cannot draw 

conclusions concerning these qualities.  

Furthermore, it could be argued, that the threshold of significant behavioral changes 

might be too high to be reached by silencing of single nuclei of a tract. Such concerns are 

easily dissolved, as numerous studies have optogenetically or chemogenetically silenced 

neuron populations, similar in size, of corticospinal or extrapyramidal tracts with 

detectable behavioral changes (Siegel et al., 2015; Asboth et al., 2018).  

5.3 The NRG’s physiologic contribution to general locomotion 

If we assume, that the behavioral tests can pick up differences due to the silencing and in 

consideration of the fact, that nearly all of the behavioral tests show no significant 

alteration after clozapine injection and subsequent neural silencing, there is doubt about 

the NRG playing a crucial role in the elicitation of general locomotion. According to 

several c-Fos experiments (c-Fos is a transcription factor and marker for recent neural 

activity), the NRG is definitely in use in walking mice (Bretzner and Brownstone, 2013; 
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Capelli et al., 2017). Hence, it can be assumed, that its function is either redundant or 

supportive, e.g. regulating muscle tone or posture.  

The effects of stimulation of the NRG on muscle tone were indeed already demonstrated 

in an experiment using EMG recordings (Takakusaki et al., 2015). A more recent study, 

which combined EMG recordings and optogenetics in glutamatergic neurons of the NRG, 

confirmed an effect on muscle tone and additionally showed a phasic modulation of 

locomotion associated rhythms in the EMG. However, ongoing stimulation or inhibition 

was not sufficient to elicit or stop locomotion, respectively (Lemiuex and Bretzner, 2019). 

Another study chose a different approach and quantified c-Fos expression of different 

nuclei of the ReST after treadmill walking. Surprisingly, expression was not only seen in 

several nuclei of the ReST, but was also strongest in the lateral paragigantocellular 

nucleus (LPGi), not in the NRG. Then, the authors differentially stimulated the nuclei 

through optogenetics in Vglut2-Cre and Vgat-Cre mice, the same mouse strains I used in 

this experiment. Interestingly, stimulation of the NRG in Vglut2-Cre mice resulted in 

ipsilateral head-turning, while stimulation of the NRG in Vgat-Cre mice resulted in 

locomotion halt, due to body collapse probably related to spasms. Elicitation of 

locomotion could only be observed by stimulation of the LPGi in Vglut2-Cre mice 

(Capelli et al., 2017).  

These results shift the interest in locomotion eliciting regions more towards the LPGi and 

away from the NRG. In line with the findings of previously mentioned studies as well as 

with the results of this study, the NRG’s physiologic contribution to general locomotion 

is: (1) not essential, (2) mainly supportive through muscle tone regulation, (3) potentially 

involved in head stabilization and (4) functionally divided by its neural subpopulations.  

Following research already focused on neuroanatomical and functional features of the 

LPGi, demonstrating its role in MLR-controlled context-specific locomotion, e.g. escape 

responses or explorative behavior (Caggiano et al., 2018). A loss-of-function experiment 

testing its essentiality in locomotion, analog to this experiment, has not yet been 

conducted. As for the NRG and other ReST nuclei, more research is needed in order to 

further untangle their diverse qualities in motor function. In this pursuit, it is important to 

continue choosing differentiated approaches, considering the functional differences in 

neural subpopulations. In addition to neurotransmitter-based approaches combined with 

precise definitions of regions of interest, as I used in this experiment, approaches targeting 
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cells identified by specific transcription features appear to be promising 

(Bouvier et al., 2015). 

5.4 Future strategies to investigate the ReST’s potential for recovery 

from SCI 

This study investigated physiologic functions of the NRG in order to evaluate possible 

directions of further SCI research. Despite the NRG’s non-essential role in general 

locomotion, it is not contradictive, that it still might hold great capacity for recovery. 

Neuroanatomical plasticity of the NRG has repeatedly been demonstrated, as well as its 

ability to contact long propriospinal interneurons, similar to the CST’s ability to form 

detour circuits (Ballerman and Fouad, 2006; Filli et al., 2014, May et al., 2017).  

In a pioneering work, that used chemogenetics in a contusion model in rats, significant 

functional recovery could, for the first time, be causally traced back to reticulospinal 

contributions (Asboth et al., 2018). It identified the ventral gigantocellular nucleus (vGi) 

as the major nucleus responsible for it and attributed the diverse distribution of the ReST 

in the white matter for its flexible plasticity, as it is highly probable, that spared fibers are 

to be found in any incomplete lesion.  

Of particular interest is, that DREADD induced silencing of the vGi in intact mice did 

not have any behavioral effects, but the vGi still mediated recovery after SCI 

(Asboth et al., 2018). This led me to the following conclusions: (1) the NRG might 

significantly contribute to recovery, if it is spared and (2) multiple nuclei or 

subpopulations of the ReST might possess anatomical and functional regenerative 

capacities, depending on the injury pattern. Possibly the vGi mediated recovery, because 

it was the nucleus with the most spared fibers, meaning in different injury patterns with a 

different set of spared fibers, other nuclei may instead mediate it.  

In conclusion, while it is now evident, that the ReST plays a key role in recovery after 

SCI, it remains elusive, which of its nuclei and tracts holds the highest potential for 

recovery, or if there are any substantial differences at all. Together with recent advances 

in physiologic locomotion research mentioned above, the investigation of the LPGi in 

SCI models appears to be of major interest. Additionally, the distribution of fibers of 

neural subpopulations of the different nuclei of the ReST in intact mice and in SCI models 
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requires a revising examination, as previous experiments often referred to them with 

insufficient precision.  
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