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Analysis and inhibition of dysregulated pathways in a mouse model of the motoneuron 

disease Spinal Muscular Atrophy 

 

Niko Hensel  

 

Summary  

Spinal Muscular Atrophy (SMA) is characterized by a degeneration of lower motoneurons within the spinal 

cord, leading to proximal and progressive muscle weakness. The disease is caused by mutations or 

deletions of the human Survival of motoneuron 1 (Smn1) gene, leading to low levels of functional full-

length SMN-protein. Although originally described as a motoneuron disease, other neuronal cell types such 

as sympathetic neurons display defects in SMA. However, morphological phenotypes differ between both 

neuronal subtypes. While motoneurons mainly exhibit synaptic defects at afferent central synapses as well 

as efferent neuromuscular junctions, neuronal outgrowth defects are the main feature of sympathetic nerve 

dysfunction in SMA. Although SMA is well described on the genetical level, the molecular mechanisms of 

degeneration leading to cell specific phenotypes still remain unknown.  

Here we report the cell specific dysregulation of two biochemical signalling pathways, the rho-

kinase (ROCK) and the extracellular regulated kinase (ERK) pathways, leading to distinct outcomes in 

different SMA model systems. In a sympathetic-like in vitro SMA model, neurite outgrowth defects could be 

linked with a specific dysregulation pattern of the ROCK-pathway, an upstream regulator of actin dynamics 

at the neuronal growth cone. We could further elucidate the molecular mechanism where neuronal 

expressed protein profilin2a serves as a molecular bridge between the SMN- and the ROCK-protein, leading 

to ROCK-pathway dysregulations under SMN knock-down. In spinal cords of pre-symptomatic SMA-mice as 

well as in a motoneuron-like in vitro model of SMA we reported an upregulation of the fibroblast growth 

factor receptor 1 (FGFR-1) leading to a subsequent hyper-activation of its downstream kinase ERK. This 

upregulation of ERK-activity was, however, restricted to motoneuron-like cells and resulted in an enhanced 

neurite outgrowth contrasting the behaviour of sympathetic-like cells. Moreover, we showed a general up-

regulation of ROCK activity in motoneuron-like cells, a dysregulation pattern distinct from the pattern 

reported for sympathetic-like cells. We additionally reported a bi-directional information flow between both 

pathways restricted to a mono-directional crosstalk in SMA. As inhibition of ROCK- or ERK-pathway have 

been previously identified as potential SMA-treatment strategies in SMA-model mice, our identification of a 

new ROCK-ERK signalling axis has important implications for future treatment strategies and argues in 

favour of a combinatorial approach of ROCK- and ERK-inhibition in SMA.  
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Analyse und Inhibition dysregulierter Signalwege in einem Mausmodell der Motoneuron-

Erkrankung Spinale Muskelatrophie 

 

Niko Hensel  

 

Zusammenfassung 

Die Spinale Muskelatrophie (SMA) ist durch eine Degeneration der α-Motoneurone im Rückenmark 

gekennzeichnet, welche zu einer progressiv voranschreitenden Atrophie der proximalen Muskulatur führt. 

Deletionen oder Mutationen im Survival of motoneuron1 (Smn1)-Gen und eine dadurch herabgesetzte 

Konzentrationen des SMN-Proteins führen zu dieser Krankheit. Obwohl SMA im Allgemeinen als 

Motoneuron-Erkrankung bezeichnet wird, sind auch andere neuronale Zellpopulationen wie zum Beispiel 

sympathische Nervenzellen betroffen. Auf morphologischer Ebene zeigen sich jedoch zellspezifische 

Unterschiede im degenerativen Muster. Während bei Motoneuronen hauptsächlich die afferenten zentralen 

Synapsen im Rückenmark sowie die efferenten neuromuskulären Endplatten betroffen sind, zeigen 

sympathische Neurone im Wesentlichen Defekte im Neuritenwachstum. Obwohl SMA auf genetischer 

Ebene relativ gut beschrieben ist, sind die molekularen Mechanismen, welche zu neuronalen Defekten 

sowie zu deren zellspezifischen Unterschieden führen, weitgehend unbekannt.  

In dieser Studie beschreiben wir die zellspezifische Dysregulation zweier biochemischer Signalwege, 

dem Rho-Kinase (ROCK)- sowie dem Extracellular Regulated Kinase (ERK)-Signalweg, welche zu 

spezifischen Phänotypen in verschiedenen SMA-Modellen führt. In einem in vitro SMA-Modell 

sympathischer Neurone konnten wir einen Zusammenhang zwischen einem spezifischen 

Dysregulierungsmuster des ROCK-Signalweges, welcher die Aktin-Dynamik am neuronalen 

Wachstumskegel kontrolliert, mit Neuritenwachstumsdefekten herstellen. Darüber hinaus konnten wir das 

neuronal exprimierte Protein Profilin2a, welches sowohl an SMN als auch an ROCK bindet, als molekulare 

Brücke identifizieren, welche die Dysregulierungen des ROCK-Signalweges unter SMN knock-down 

Bedingungen vermittelt. Sowohl im Rückenmark präsymptomatischer SMA-Mäuse als auch in einem in vitro 

Motoneuronmodell der SMA konnten wir eine Heraufregulation des Fibroblast Growth Factor Receptor 1 

(FGFR-1) zeigen, welche in der Folge zu einer Überaktivierung des FGFR-1-Zielmoleküls ERK führte. Diese 

ERK-Hyperaktivierung war auf Motoneuron-ähnliche Zellen beschränkt, was –im Unterschied zu SMA-

Modellen sympathischer Neurone– zu verlängertem Neuritenwachstum führte. Darüber hinaus konnten wir 

in den Motoneuron-ähnlichen Zellen eine generelle Überaktivierung des ROCK-Signalweges zeigen, womit 

sich auch das Dysregulierungsmuster dieses Signalweges von demjenigen sympathischer Neurone 
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unterschied. Interessanterweise bestand zwischen beiden Signalwegen ein bidirektionaler Informationsfluss, 

welcher unter SMN knock-down Bedingungen monodirektional eingeschränkt war. Da sich sowohl eine 

pharmakologische Inhibition des ROCK- als auch des ERK-Weges in vorangegangenen Studien an SMA-

Modellmäusen als potentiell wirksame Therapieansätze erwiesen hatten, sind unsere Erkenntnisse von 

besonderer Relevanz für die Entwicklung zukünftiger SMA-Therapien. Zur Zeit ist noch keine Therapie für 

die SMA verfügbar und unsere Ergebnisse sprechen für eine kombinatorische Gabe von ROCK- und ERK-

Inhibitoren als einen möglichen Behandlungsansatz.  
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Introduction  

 

Spinal Muscular Atrophy – clinical classification and genetical background  

Proximal, autosomal recessive Spinal Muscular Atrophy (SMA) is characterized by a degeneration of lower 

motoneurons within the ventral horn of spinal cord leading to symmetric and progressive muscle atrophy. 

Four clinical subtypes can be discriminated upon disease onset, survival rates and ability of patients 

reaching certain motofunction-milestones (Dubowitz, 1991; Hausmanowa-Petrusewicz et al., 1992; Pearn, 

1980): Severe SMA type I, the most common form, accounting for about 50 % of all SMA patients, is one 

of the main genetic causes for infant death (Crawford and Pardo, 1996). In SMA-type I or Werdning-

Hoffmann disease, named after its discoverers Guido Werdning and Johann Hoffmann (Hoffmann, 1900; 

Werdnig, 1894), patients never reach the ability of sitting without help. In most cases, first clinical 

symptoms like hypotonia appear at birth or within the first three months of life. After a symmetric and 

progressive paralysis of extremities, 68% of the patients die within the first two years of life (Zerres and 

Rudnik-Schoneborn, 1995). Patients suffering from intermediate SMA-type II are able to sit but never 

accomplish walking. First clinical symptoms typically become manifest in muscle weakness between 6-18 

months after birth; about 80% of the patients reach the age of 20 years (Zerres and Rudnik-Schoneborn, 

1995). In juvenile SMA-type III or Kugelberg-Welander syndrome (Kugelberg and Welander, 1956) patients 

reach the ability of walking. Dependent upon disease onset, SMA-type III patients can be subdivided into 

IIIa (onset before 3 years) or IIIb (onset after three years) cohorts with higher probabilities of becoming 

ambulatory for the less severe IIIb form (Zerres and Rudnik-Schoneborn, 1995). 

SMA is caused by mutations or deletions of the Survival of Motoneuron gene 1 (Smn1) (Lefebvre et 

al., 1995) and, with a carrier frequency of about 1:50 and an incidence of at least 1:10000, a common 

autosomal recessive disorder (Smith et al., 2007). Humans possess one or more copies of the Smn2 gene 

coding for the same SMN-protein. Smn2 differs from Smn1 in one translational silent C to T transition 

within exon 7 (Lorson et al., 1999). This transition is located within an exonic splice enhancing sequence 

(Cartegni and Krainer, 2002; Lorson and Androphy, 2000), leading to truncated transcripts lacking exon 7 

(SMN∆7) (Lorson et al., 1999). Therefore, only low levels of full length SMN-transcripts are produced from 

Smn2 in comparison with transcript amounts derived from Smn2 (Monani et al., 1999). SMN∆7-proteins 

fail to oligomerize and are rapidly degraded leading to low overall SMN-protein levels (Lorson and 

Androphy, 2000; Lorson et al., 1998).  
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Interestingly, Smn2 gene copy number correlates with disease severity. While type I patients have a median 

copy number of 2.4 and type II patients of 3.6, type III patients typically possess 4 or more Smn2 gene 

copies (Taylor et al., 1998). If subdivided into IIIa and IIIb forms, however, IIIa patients are genetically more 

similar to type II patients than to IIIb patients with respect to their Smn2 copy number (Wirth et al., 2006). 

Thus, Smn2 gene copy number is limited as a predictive marker for disease severity.  

 

Natural history of neuromuscular degeneration 

A reconstruction of pathogenic events during progression of SMA is crucial for comprehension of disease 

mechanisms. Spinal cord necropsies of type I patients revealed a degeneration of anterior horn cells such as 

interneurons, γ-Motoneurons and α-Motoneurons. While a small fraction of α-Motoneurons is 

morphologically unaffected, most of the cells display a specific chromatolytic phenotype and a network of 

glia cells when located at periphery of the gray matter (Chou and Wang, 1997). Moreover, apoptotic as 

well as undifferentiated and dislocated motoneurons referred to as heterotopic motoneurons have been 

reported. The authors therefore suggested developmental defects with an increased physiological 

motoneuron apoptosis as well as differentiation and migration defects (Simic et al., 2008; Simic et al., 

2000). However, due to inaccessibility of spinal cord tissue, histological evaluations are ineligible for 

longitudinal measurements to reconstruct motoneuron pathogenesis in patients. Alternatively, 

electrophysiological recordings can be applied to access motoneuron function in SMA patients. During 

disease progression, the number of motor units innervating a distal muscle group (MUNE) declined 

dependent upon SMA-type with the lowest values for type I. Interestingly, prenatally diagnosed SMA-type I 

and II children were electrophysiologically unobtrusive, indicating a postnatal initiation of pathological 

events (Swoboda et al., 2005). This is supported by findings in fetuses predicted to develop SMA as no 

morphological changes in spinal motoneurons were detectable. However, a reduced number of neurons as 

well as an enhanced apoptosis have been reported (Soler-Botija et al., 2002). These findings indicate a 

reduced endowment with neuronal cells from birth without any functional consequences in the first place 

and subsequent and progressive motoneuron degeneration. Interestingly, type I fetuses displayed 

developmental defects of neuromuscular junction (NMJ) formation while type II fetuses were 

indistinguishable from controls (Martinez-Hernandez et al., 2013). Thus, the NMJ is the first structure of the 

motoneuron morphologically affected and might therefore be critical for disease progression of SMA.  
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This is supported by findings in motoneuron-specific SMN knock-down mice, where NMJ degeneration, 

terminal branching deficits and motor axon loss occured very prominently while motoneurons in spinal cord 

where only mildly affected (Cifuentes-Diaz et al., 2002). However, in contrast to type I patients, 

electrophysiological recordings in milder affected cases, exhibited an enlarged motor unit size, suggesting 

terminal branching events with re-enervation partially rescuing for denervation events (Galea et al., 2001); 

a process also confirmed on the histological level in mild SMA-mice (Simon et al., 2010). 

 

Pathophysiological mechanisms of motoneuron degeneration in SMA  

The chronological and local origin of SMA on the physiological level is still controversial. It is not clear at 

which time point which tissues and cell types contribute in which amount to the motoneuron degeneration. 

In principle, pathogenic events relevant for motoneuron degeneration can be motoneuron intrinsic or 

extrinsic. As this question can not be addressed by descriptive observations in patients, several groups 

generated conditional SMA-models with tissue specific SMN-knock-outs or rescues. Highlighting the 

motoneuron intrinsic mechanisms, motoneuron specific rescues of SMN in SMA-model mice led to 

morphological rescue of NMJ phenotype and -dependent on SMN-protein concentration- to enhanced 

survival rates (Gavrilina et al., 2008; Gogliotti et al., 2012; Martinez et al., 2012; Paez-Colasante et al., 

2013). 

Concerning motoneuron extrinsic mechanisms, each cell type in the body can in principal play a 

role in motoneuron degeneration. However, cells located in close proximity to motoneuron cell bodies, 

axons or neuromuscular junctions are more likely involved, as their interaction with motoneurons is 

potentially more important for proper function. This includes interneurons, astrocytes and glial cells in spinal 

cord as well as Schwann cells, terminal Schwann cells and muscle cells in the periphery. As alterations at 

the NMJ, precedes degeneration of the cell body, much effort was made to elucidate the role of muscle in 

SMA. In Drosophila, the number of synaptic boutons at the NMJ was reduced under SMN deprivation, while 

a muscular rescue enhanced survival rates in a SMA-model (Chan et al., 2003; Chang et al., 2008). 

Moreover, SMA-patient myotubes have a reduced anti-apoptotic potential towards primary motoneurons in 

vitro, supporting a contribution of muscle to motoneuron pathology (Guettier-Sigrist et al., 2002). 

Experiments in SMA-mice led to ambiguous outcomes of muscle contributing to pathology. Although 

beneficial effects of muscular rescue on survival rates had been reported, the SMN-concentration needed to 

see effects was much higher than in a neuronal rescue (Gavrilina et al., 2008).  
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However, this was not true for a similar study were moderate muscular SMN rescues already led to a 

substantial benefit for survival rates (Martinez et al., 2012). Concerning the NMJ-phenotype, an increased 

muscular SMN expression had no morphological effects compared with a motoneuron specific rescue, 

emphasizing a motoneuron intrinsic induction of NMJ-degeneration(Martinez et al., 2012). Besides NMJ, 

impaired synapse formation at motoneurons seems to be a more general feature of SMA. Severe model 

mice displayed a reduced number of afferent synapses on soma and dendrites of motoneurons preceding 

degeneration. This could be correlated with impaired proprioreceptive reflexes (Mentis et al., 2011). 

However, like for NMJs, motoneuron specific SMN-rescue fully prevented for central synapse loss on 

motoneurons, pointing out the importance of SMN-expression in motoneurons for both post- as well as 

pre-synaptic development (Gogliotti et al., 2012; Martinez et al., 2012). These findings are difficult to 

translate to the patient situation, as impairment of reflexes and motoneuron degeneration can not be 

separately addressed. However, necropsies reported altered synaptic connectivity at the motoneuron soma, 

which is a SMA-specific characteristic of chromatolytic motoneurons at end stage (Chou and Wang, 1997).  

Only little is known about the contribution of other cell types to motoneuron degeneration. 

Although gliosis is a well described feature in type-I, II and III patients (Araki et al., 2003; Chou and Wang, 

1997; Kuru et al., 2009), it has not been studied on the functional level yet. Thus, it is not known whether 

gliosis is a contributing factor or a consequence of motoneuron degeneration. Interestingly, SMA-patients 

displayed an enhanced number of astrocytes (Simic et al., 2008) and astrocytes, differentiated from patient 

derived induced pluripotent stem cells (iPSCs), showed an enhanced activation status which could also be 

confirmed in SMA-mice (McGivern et al., 2013). Moreover, intrinsic defects of Schwann cells lacking SMN 

and perturbations of peripheral nerve myelination in SMA mice have been reported (Hunter et al., 2013). 

Thus, SMN has an intrinsic role in function of central as well as peripheral cells chaperoning motoneurons. 

However, conditional SMA-mice expressing enhanced SMN-levels solely in astrocytes or Schwann cells have 

not been generated so far to evaluate cell specific rescue effects on a SMA-background.  

 

Motoneuron-independent disease pathways  

Although SMA is primarily considered as a motoneuron disease, other tissues and cell types display 

alterations in SMA neither caused by– nor affecting motoneuron degeneration. As this multisystem 

character of SMA –mainly occurring in type I patients and models– has extensively been reviewed 

(Hamilton and Gillingwater, 2013; Shababi et al., 2014), only intrinsic defects in muscle and heart should 

be covered at this place.  
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Although rescue of SMN in motoneurons corrects for NMJ-phenotype, it is not sufficient to fully rescue for 

reduced viability in severe SMA-mice. Moreover, muscular rescue led to enhanced survival, motor function 

and weight gain, independent of improvements in motoneuron degeneration in spinal cord (Martinez et al., 

2012). Thus, SMN might have a muscle intrinsic role in disease progression. Interestingly, SMA-fetuses 

displayed reduced myotube size; a phenotype recapitulating delayed muscle maturation (Martinez-

Hernandez et al., 2009). This is supported by findings in the myoblastoma cell line C2C12 with SMN knock 

down induced defects in myoblast fusion (Shafey et al., 2005). Moreover, severe and intermediate SMA-

mice displayed a reduction in muscle strength in pre-symptomatic stages which was independent of NMJ- 

or motoneuron-soma degeneration (Boyer et al., 2013).  

In many type I patients, a significant comorbidity of congenital heart defects such as ventricular 

septal defects had been reported (Rudnik-Schoneborn et al., 2008) and was also abundant in severe SMA-

mice at embryonic stages (Shababi et al., 2010). Despite that, some type I patients display a severe 

bradycardia (Bach, 2007), which is typically linked with defects of the autonomous nervous system. Such 

defects like impaired cold-induced vasodilatation have also been reported for SMA-type I patients (Hachiya 

et al., 2005). Importantly, reduced sympathetic innervation could be linked to bradyarrhythmia in SMA-mice 

(Heier et al., 2010) which could not be rescued by a motoneuron specific expression of SMN (Gogliotti et 

al., 2012). Moreover, most SMA-model mice display distal necrosis at ear tips and tail while severely 

affected patients suffer from digital necrosis. These defects are linked with vasolidation defects most 

probably caused by autonomic nerve dysfunctions (Rudnik-Schoneborn et al., 2010). Thus, two distinct 

mechanisms might contribute to heart phenotype: A congenital mechanism leading to structural deficits 

and impaired function due to reduced sympathetic innervation (Shababi et al., 2014).  

 

Molecular functions of the SMN protein  

Spinal Muscular Atrophy is caused by low levels of SMN, therefore studying its molecular interaction 

partners and its role in molecular mechanisms is a promising approach to understand disease mechanisms. 

To elucidate the relevance of a molecular function of the SMN protein for SMA, its participation in 

pathophysiological processes must be tested. If SMN causes for instance alterations in a molecular pathway 

relevant for NMJ stability, retrograde manipulation of these alterations should at least partially rescue for 

NMJ-stability defects to show relevance. Because of the inaccessibility of molecular mechanisms in vivo, in 

vitro models are applied, utilizing morphological outcomes in analogy to pathophysiological changes.  
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These morphological analogues must display SMN-dependent alterations as well as a dependence on the 

same molecular mechanism as the pathophysiologically affected structure to be a valid in vitro outcome. For 

example neurite outgrowth alterations in vitro, widely used in SMA-field, is a valid outcome for neurite 

outgrowth defects in autonomic heart innervation in vivo (Heier et al., 2010). As NMJ stability and neurite 

outgrowth both share similar pathways, in vitro-models of neuronal differentiation can provide valuable 

insights into NMJ deficits in SMA.  

However, comprehension of molecular mechanisms demands structural knowledge about the SMN-

protein. SMN comprises 9 exons (1, 2a, 2b, 3-8) and codes for a protein of 294 amino acids with a total 

mass of 32 kDa (Lefebvre et al., 1995). SMN self-oligomerization depends on exons 2b, 6 and 7 (Lorson 

and Androphy, 2000; Lorson et al., 1998; Young et al., 2000). Therefore, SMN∆7 derived from Smn2-gene 

fails in oligomerizing and is rapidly degraded (Burnett et al., 2009). Interestingly, most of the point-

mutations of the Smn1-gene locate within exons critical for oligomerization and lead to severe phenotypes. 

Thus, a crucial role of oligomerization for proper SMN function had been proposed (Burghes and Beattie, 

2009). The N-terminal region of SMN is important for binding of gemin2 (Liu et al., 1997), which together 

with gemins2-8 and unrip forms the “classical” 200 kDa large SMN-complex (Cauchi, 2010). This complex 

is involved in the most intensively studied function of the SMN-protein, the biogenesis of small nuclear 

ribonucleic particles (snRNPs) (Pellizzoni, 2007). snRNPs are the core complexes of the spliceosome, a 

multi-subunit complex within the nucleus, involved in pre-mRNA maturation. However, as splicing is a 

ubiquitous process in all human cells, this function of the SMN-protein is often referred to as the 

housekeeping function of SMN. In accordance with that, SMN-depletion in mice led to early embryonic 

death (Schrank et al., 1997). A hint for involvement of a housekeeping function is the multisystem 

character of SMA which is more prominent for severe type-I patients (Shababi et al., 2014). This indicates 

that SMN levels in severe SMA fall below a critical value, suggesting perturbations in many cell types- 

though it is still not clear, if snRNP-assembly is involved in these processes. However, motoneurons and 

their connectivity are preferentially affected in SMA and the impact of motoneuron degeneration on disease 

progression is of great importance. While multisystem perturbations are type- and severity dependent, 

motoneuron degeneration is a common feature of all types of SMA, uncoupling both processes and 

indicating motoneuron-specific molecular disease mechanisms. Therefore, it has been hypothesized that 

perturbations of snRNP biogenesis in SMA lead to mis-splicing of a subset of transcripts involved in 

motoneuron degeneration (Burghes and Beattie, 2009). However, such mechanism has not been described 

yet, highlighting other molecular functions of the SMN-protein important for neuronal processes.  



  Introduction 

  11 

Emphasizing neuronal functions other than snRNP biogenesis, SMN is not only located within the 

nucleus but also within spinal dendrites, axons and the neuromuscular junction in rodents as well as in 

filopodia and growth cones in vitro (Battaglia et al., 1997; Fan and Simard, 2002). In axons within rat 

spinal cord, SMN localizes in apposition to microtubules and axonal fibres, indicating an involvement in 

axonal transport (Bechade et al., 1999; Pagliardini et al., 2000). Confirming that, SMN is actively 

transported in axonal multimeric protein complexes –called neurite granula (NGs)– which contain some of 

the gemins already described for the classical SMN-complex (Todd et al., 2010b; Zhang et al., 2006; Zhang 

et al., 2003a). In addition, non-classical components involved in RNA-binding such as FBP2 (Tadesse et al., 

2008), HuD (Akten et al., 2011; Fallini et al., 2011; Hubers et al., 2011) and IMP1 (Fallini et al., 2013) 

have been delineated. Moreover, SMN directly interacts with hetero-nuclear ribonucleic particle R (hnRNP-

R) a RNA binding protein. SMN and hnRNP-R mediate axonal transport of β-actin-mRNA resulting in 

reduced β-actin mRNA and protein levels within growth cones of primary E14 motoneurons derived from 

SMA-mice (Rossoll et al., 2003; Rossoll et al., 2002). However, altered total actin levels at NMJ in SMA 

have not been reported so far and a motoneuron specific β-actin knock-out in mice did not lead to any 

phenotype concerning motoneuron degeneration, NMJ stability or muscle strength (Cheever et al., 2011). 

Besides β-actin-mRNA, SMN-complex contains actin binding protein profilin2a as well as mRNA of GAP-43, 

also a direct interactor of actin (Tadesse et al., 2008; Todd et al., 2010b). Thus, SMN-knockdown might not 

only influence absolute actin concentrations at the tip of the axon but also its polymerization status. 

Interestingly, we could show an altered ratio between filamentous (F)- and globular (G)-actin under SMN 

knock down conditions (van Bergeijk et al., 2007). Moreover, SMA-mice displayed a tendency for altered F-

actin accumulation around synaptic vesicles (SVs) at NMJs which co-occurred with a reduced vesicle release 

probability on the functional level (Torres-Benito et al., 2011). Interestingly, Plastin3, an F-actin bundling 

protein (Delanote et al., 2005), had been identified as a disease modifier in discordant families with 

enhanced expression in unaffected siblings and a stronger protective effect for females (Oprea et al., 2008; 

Stratigopoulos et al., 2010). Although a direct interaction was not detectable, SMN and Plastin3 are part of 

a 200 kD complex and co-localize in primary motoneurons where they accumulate in growth cones (Oprea 

et al., 2008). In SMA-zebrafish models, plastin3 is down regulated on the translational level. A 

motoneuron-specific rescue partially corrected for NMJ-defects and motor behaviour (Hao le et al., 2012). 

However, in SMA-mice, motofunction and survival did not improve when Plastin3 was over-expressed and 

NMJ-phenotypes associated with changed F-actin levels could only partially be corrected (Ackermann et al., 

2013). Thus, other mechanisms most likely contribute to F-actin related disease mechanisms in SMA. 
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The neuronal protein profilin2a, an actin binding protein controlling its polymerization (Yarmola 

and Bubb, 2009), is another possible molecular link between SMN deprivation and altered actin dynamics. 

It is not only co-localized with SMN in neurite granula; it had also been chemically cross linked with SMN-

protein, interacts in vitro and was therefore proposed as a direct interactor (Giesemann et al., 1999; 

Sharma et al., 2005). We confirmed this interaction employing different in vivo protein-protein interaction 

systems (Chapter I: Nölle et al., 2011). Interestingly, Bowerman and colleagues reported enhanced binding 

of profilin2a to its upstream activator rho-kinase (ROCK) in SMN knock down cells as well as a partial 

rescue of neurite outgrowth defects by application of ROCK-inhibitor Y27632 (Bowerman et al., 2007). 

Moreover, treatment of intermediate SMA-mice with ROCK inhibitors Y27632 as well as pharmacological 

compound Fasudil® dramatically increased survival, weight gain and partially rescued for reduced NMJ-size 

and motofunctions (Bowerman et al., 2010; Bowerman et al., 2012).  
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Aims and results of the study 

As profilin2a directly interacts with SMN as well as with ROCK, we hypothesized that profilin2a molecularly 

links SMN with ROCK-pathway dysregulations and altered actin dynamics in SMA. In chapter I (Nölle et al., 

2011) we confirmed changed F-actin polymerization in primary E14 motoneurons of SMA-mice as well as 

the interaction of SMN and profilin2a. Moreover, SMA-patient derived point mutation SMNS230L, located 

within exon 5, exhibited disrupted binding to profilin2a, indicating the relevance of this interaction for the 

disease. Despite that, we could elucidate the mechanism of ROCK-pathway dysregulations in sympathetic 

like PC12 cells (Fig. 1, A), where reduced SMN levels led to a release of profilin2a from profilin2a-SMN 

complex resulting in an amplification of profilin2a-ROCK binding and a subsequent sequestration of ROCK 

from other downstream targets like cofilin or myosine ligh chain phosphatase (MLCP). This resulted in 

hyper-phosphorylation of profilin2a and hypo-phosphorylation of cofilin and MLCP (Chapter I: Nölle et al., 

2011).  

In SMA-Drosophila models, altered expression of fibroblast growth factor receptor (FGFR) 

orthologue heartless(htl) at the post synaptic compartment could be linked with NMJ-deficits (Sen et al., 

2011). Moreover, we could previously show a direct interaction of the SMN protein with a nuclear isoform 

of basic fibroblast growth factor (FGF-2) controlling the stability of nuclear gems, a factor correlating with 

disease severity (Bruns et al., 2009; Claus et al., 2004; Claus et al., 2003). In chapter II (Hensel et al., 

2012), we therefore evaluated expression of the FGF-system in muscle and spinal cord at different disease 

stages and found alterations relevant for disease mechanisms. Interestingly, pre-symptomatic up-regulation 

of FGFR-1 in spinal cord also occurred in motoneuron-like NSC34 cells under SMN knock-down, leading to 

an activation of its downstream target extracellular regulated kinase (ERK) (Hensel et al., 2012). This over-

activation turned out to be of high relevance for putative treatment strategies, as enhanced ERK activation 

had also been reported for SMA-mice. Moreover, an inhibition of ERK by pharmacological compound 

Selumetinib® significantly increased survival of SMA-mice (Branchu et al., 2013).  

In chapter III (Hensel et al., 2013) we therefore performed a crosstalk analysis of ROCK and ERK pathways 

to elucidate the potential benefits of a combinatorial treatment strategy applying both Fasudil® as well as 

Selumetinib®. Interestingly, we found an enhanced ROCK activity in NSC34-cells as well as a vice versa 

inhibition of ERK and ROCK which is in accordance with their antagonistic functions (Fig. 1, B). Under 

SMN knock-down, this crosstalk was, however, uni-directionalized by an impairment of the ERK to ROCK 

signalling. On the morphological level we additionally found an ERK-dependent amplification of neurite 

outgrowth but no impact of enhanced ROCK activity. This hints for a mechanistic model, where reduced 
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SMN-levels lead to enhanced ROCK-activity acting upstream of ERK: ERK might be hyper-activated as a 

reaction to enhanced ROCK activity. However, this does not lead to a normalization of ROCK activity due to 

disturbed crosstalk. On the morphological level ERK overcompensates for enhanced ROCK activity 

ultimately resulting in enhanced neurite outgrowth. Concerning putative treatment strategies, our findings 

of a crosstalk indicates potential negative effects of discretely targeting ROCK or ERK and argue for a 

combinatorial approach (Hensel et al., 2013).  

In contrast to PC12-cells, where we could link ROCK-pathway dysregulations with SMN-profilin2a 

interaction on the morphological level (Nölle et al., 2011), reasons for alterations in ROCK pathway in 

NSC34-cells are unknown so far (Hensel et al., 2013). ROCK-pathway- as well as neurite outgrowth 

dysregulations of NSC34 cells were cell-specific (Chapter IV). Moreover, ROCK-pathway dysregulations 

acting upstream of ERK could not be linked with profilin2a-ROCK interaction, indicating a not yet described 

mechanism inducing ROCK-hyper activation in NSC34 cells. The mechanism of compensatory ERK hyper-

activation could be link with altered FGFR-signalling (Hensel et al., 2012; Hensel et al., 2013). Interestingly, 

we could show SMN-dependent alterations in inter-cellular short distance signalling in NSC34 cells. Despite 

its role in promoting neurite outgrowth, ERK is also involved in neurodegeneration. Interestingly, sub-

cellular accumulation of activated ERK in SMN knock-down cells hints for a role in degeneration. Moreover, 

ERK is upregulated in SMA-mice heart at disease onset highlighting the relevance of that pathway for 

disease phenotypes depart from motoneuron-degeneration.  
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Figure 1: Working model for dysregulated pathways in SMA. Dysregulation mechanisms are cell specific and differ 
between sympathetic-like PC12 cells (A) and motoneuron-like NSC34 cells (B). Two different pathways have been 
identified to participate in Survival of Motoneuron (SMN) dependent alterations in neurite outgrowth: The Rho-kinase 
(ROCK)-pathway (green) and growth factor (GF) triggered extracellular signal regulated kinase (ERK) pathway (blue). Note 
that both pathways antagonize with regard to neurite outgrowth regulation (B). Cofilin (Cof) as well as neuronal expressed 
profilin2a (prof2a) are both actin binding proteins which directly bind ROCK and are phosphorylated by it. SMN knock-
down induced changes are depicted in red and symbolize changes in activation or phosphorylation status (small, one 
headed arrows), direct interactions (two headed arrows) induction of expression (broken lined arrow) or disruption of 
information flow (cross). In sympathetic-like PC12 cells (A) SMN knock-down leads to a reduced prof2a-SMN interaction. 
Interestingly, SMA-patient derived SMN point mutation S230L does not display any interaction. Subsequently, released 
profilin2a displays an amplified binding capacity for ROCK which is in turn sequestered from other downstream targets like 
Cofilin or myosin light chain phosphatase (MLCP, not shown). While those proteins are hypo-phosphorylated, SMN induced 
a strong pohosphorylation in prof2a leading to a reduced neurite outgrowth. In motoneuron-like NSC34 cells (B), 
enhanced ROCK activity leads to an enhanced expression of growth factor receptors which in turn activates ERK.  However, 
due to disruption of ERK to ROCK crosstalk in SMN knock-down cells, ROCK activity is not shifted to normal levels by 
enhanced ERK. On the morphological level enhanced ERK activity, however, over-compensates for ROCK-activity 
alterations ultimately leading to enhanced neurite outgrowth. 
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Abstract 

Spinal muscular atrophy (SMA), a frequent neurodegenerative disease, is caused by reduced levels of 

functional survival of motoneuron (SMN) protein. SMN is involved in multiple pathways, including RNA 

metabolism and splicing as well as motoneuron development and function. Here we provide evidence for a 

major contribution of the Rho-kinase (ROCK) pathway in SMA pathogenesis. Using an in vivo protein 

interaction system based on SUMOylation of proteins, we found that SMN is directly interacting with 

profilin2a. Profilin2a binds to a stretch of proline residues in SMN, which is heavily impaired by a novel 

SMN2 missense mutation (S230L) derived from a SMA patient. In different SMA models, we identified 

differential phosphorylation of the ROCK-downstream targets cofilin, myosin-light chain phosphatase and 

profilin2a. We suggest that hyper-phosphorylation of profilin2a is the molecular link between SMN and the 

ROCK pathway repressing neurite outgrowth in neuronal cells. Finally, we found a neuron-specific increase 

in the F-/G-actin ratio that further support the role of actin dynamics in SMA pathogenesis.  
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Abstract 

The monogenetic disease Spinal Muscular Atrophy (SMA) is characterized by a progressive loss of 

motoneurons leading to muscle weakness and atrophy due to severe reduction of the Survival of 

Motoneuron (SMN) protein. Several models of SMA show deficits in neurite outgrowth and maintenance 

of neuromuscular junction (NMJ) structure. Survival of motoneurons, axonal outgrowth and formation of 

NMJ is controlled by neurotrophic factors such as the Fibroblast Growth Factor (FGF) system. Besides 

their classical role as extracellular ligands, some FGFs exert also intracellular functions controlling 

neuronal differentiation. We have previously shown that intracellular FGF-2 binds to SMN and regulates 

the number of a subtype of nuclear bodies which are reduced in SMA patients. In the light of these 

findings, we systematically analyzed the FGF-system comprising five canonical receptors and 22 ligands 

in a severe mouse model of SMA. In this study, we demonstrate widespread alterations of the FGF-

system in both muscle and spinal cord. Importantly, FGF-receptor 1 is upregulated in spinal cord at a pre-

symptomatic stage as well as in a mouse motoneuron-like cell-line NSC34 based model of SMA. 

Consistent with that, phosphorylations of FGFR-downstream targets Akt and ERK are increased. 

Moreover, ERK hyper-phosphorylation is functionally linked to FGFR-1 as revealed by receptor inhibition 

experiments. Our study shows that the FGF system is dysregulated at an early stage in SMA and may 

contribute to the SMA pathogenesis. 
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Abstract 

Rho-kinase (ROCK) as well as extracellular signal regulated kinase (ERK) control actin cytoskeletal 

organization thereby regulating dynamic changes of cellular morphology. In neurons, motility processes 

such as axonal guidance and neurite outgrowth demand a fine regulation of upstream pathways. Here we 

demonstrate a bilateral ROCK–ERK information flow in neurons. This process is shifted towards an 

unidirectional crosstalk in a model of the neurodegenerative disease Spinal Muscular Atrophy (SMA), 

ultimately leading to neurite outgrowth dysregulations. As both pathways are of therapeutic relevance for 

SMA, our results argue for a combinatorial ROCK/ERK-targeting as a future treatment strategy. 
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Introduction 

Spinal Muscular Atrophy (SMA) is characterized by a degeneration of lower motoneurons within spinal cord 

leading to a progressive proximal muscle weakness (Hoffmann, 1900; Werdnig, 1894). The disease is 

caused by mutations or deletions within the Survival of motoneuron 1 (Smn1) gene (Lefebvre et al., 1995). 

However, humans possess two or more copies of the Smn2 gene. Smn2 only differs from Smn1 in one 

translational silent basepair exchange within an exonic splice enhancer region leading to only low levels of 

functional full length SMN-protein (Lorson and Androphy, 2000; Lorson et al., 1999; Monani et al., 1999). 

Thus, Smn2 only partially rescues for Smn1 deficiencies and the disease phenotype correlates with the 

Smn2 copy number (Dubowitz, 1991; Taylor et al., 1998). Although originally described as a lower 

motoneuron disease other neuronal populations came into focus recently. SMA patients also display 

impairments in sympathetic nerve function (Hachiya et al., 2005). Moreover, SMA-mice exhibit defects in 

sympathetic heart innervation, indicating neuronal outgrowth defects for this specific cell type (Heier et al., 

2010). However, outgrowth defects have not been described for SMA-mice motoneurons in vivo so far 

(McGovern et al., 2008); the motoneuron phenotype was preferentially linked to defects in neuromuscular 

junction (NMJ) maintenance as well as defects in central synapses at the motoneuron perikaryon (Martinez-

Hernandez et al., 2013; Mentis et al., 2011). Interestingly, we could previously show outgrowth defects in 

sympathetic-like PC12 cells with SMN knock-down, while a SMA model of the motoneuron-like NSC34 cell 

line displayed enhanced neurite outgrowth (Hensel et al., 2013; Nölle et al., 2011). We could further link 

the outgrowth deficits in PC12 cells with a unique dysregulation pattern of the ROCK pathway controlling 

actin dynamics at the neuronal growth cone. Moreover, neuronal profilin2a, a direct interactor of both 

ROCK- as well as SMN-proteins, served as a molecular bridge causing ROCK dysregulations in SMA (Nölle 

et al., 2011). In motoneuron-like NSC34 cells, however, we identified extracellular regulated kinase (ERK) 

acting upstream of enhanced neurite outgrowth in SMA. ERK was upregulated by an enhanced expression 

of its upstream activator fibroblast growth factor receptor 1 (FGFR-1), a receptor for neurotrophic 

signalling. Although we additionally reported an enhanced ROCK activity, this had no consequences 

regarding neurite outgrowth, indicating that ERK overcompensates for enhanced ROCK activity (Hensel et 

al., 2012; Hensel et al., 2013).  
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Therefore, we further elucidate the dysregulations in ROCK- and ERK-pathways in motoneuron-like 

NSC34 cells. Here, we report that ROCK pathway dysregulations in NSC34 cells are not caused by growth 

conditions but are specific for this cell type. Moreover, neuronal profilin2a was excluded as a molecular 

bridge leading to ERK dependent outgrowth defects in motoneuron-like NSC34 cells. However, concerning 

neurotrophic factor signalling, we found SMN dependent-alterations of short distance signalling controlling 

neuronal differentiation. On the subcellular level, activated ERK became mis-located in SMN knock-down 

cells, a phenotype that is linked with cellular degeneration. Finally, enhanced ERK-activation was reported 

in SMA-mice hearts indicating a mechanism not restricted to neuronal cells and highlighting the exclusion 

of neuronal profilin2a as a molecular link for ERK-pathway dysregulations in SMA.  

 

Results and Discussion 

 

Dysregulation of ROCK-pathway and neurite outgrowth in SMN deprived NSC34 cells is cell 

type specific 

We could previously show that both PC12 cells as well as NSC34 cells display SMN dependent alterations 

of the ROCK pathway. In PC12 cells, SMN reduction leads to a release of profilin2a (prof2a) from SMN-

prof2a-complex and an enhanced activity of ROCK towards the released prof2a, thereby inducing its 

subsequent hyper-phosphorylation. As a consequence, ROCK is sequestered leading to hypo-

phosphorylation of several other downstream-targets such as Cofilin (Cof). This mechanism could be linked 

to a reduced neurite outgrowth (Hensel et al., 2013; Nölle et al., 2011). In NSC34 cells, however, ROCK-

activity is generally upregulated leading to enhanced cofilin-phosphorylation (P-Cof) and an inhibition of 

the ROCK-pathway by ERK is impaired under SMN knock-down. On the morphological level NSC34-cells 

displayed an enhanced neurite outgrowth which was dependent upon ERK-activity. Thus, phospho-ERK 

might be compensationally upregulated as a reaction for enhanced ROCK-activity and impaired ERK to 

ROCK crosstalk. However, in contrast to PC12 cells ROCK inhibition in SMN knock-down NSC34 cells had 

no morphological consequences (Hensel et al., 2013; Nölle et al., 2011), indicating different mechanisms.  
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To check if the different behaviour between NSC34- and PC12-cells is cell intrinsic or dependent upon 

media conditions, we applied PC12-cell differentiation conditions to NSC34 cell cultures (Fig. 1). Next we 

evaluated the ROCK activity by phosphorylation of its downstream target Cofilin (Fig. 1, A, B) and 

measured the neurite outgrowth (Fig. 1, C). 

 
Figure 1: Cell specifity of ROCK-pathway and neurite outgrowth dysregulations under 
SMN knock-down. NSC34 cells were grown under standard differentiation conditions (NSC34-
medium) or in PC12-medium with or without NGF. (A) Cell lysates were blotted with phospho-Cofilin 
(P-Cof), SMN and α-tubulin (α-Tub) antibodies. (B) Densitometrical analysis of phospho-Cofilin blots. 
(C) Sister cultures were grown under same conditions as described in (A), except for a transfection of 
EGFP to trace and measure neurite lengths. n=3, Two Way ANOVA,  ## (p<0.01) and ### (p<0.001) 
with Bonferroni post-test, * (p<0.05), ** (p<0.01) and *** (p<0.001).  

 

Application of PC12-cell medium induced P-Cof levels selectively for SMN knock-down cells, amplifying the 

SMN-dependent increase in ROCK-activity (Fig. 1, B). However, this had no influence on the neurite 

length; magnitudes of enhanced neurite length upon SMN knock-down did not change (Fig. 1, C). 

Interestingly, SMN knock-down had no influence on ROCK-pathway activation as well as neurite outgrowth 

when cells were grown in PC12-medium containing nerve growth factor (NGF), reflecting the standard 

PC12-cell differentiation conditions (Fig. 1, B, C). Among others, the ERK pathway is a common 

downstream target of NGF signalling (Xiao and Liu, 2003). Thus, NGF treatment might mask SMN-

dependent ERK activation leading to equal neurite lengths between knock-down and control cells. 

Supporting this hypothesis, control cells displayed a tendency for enhanced neurite outgrowth when treated 

with NGF (Fig. 1, C). However, growing NSC34 cells under PC12-cell conditions did not induce a PC12-cell 

like behaviour with reduced neurite lengths and phospho-Cofilin levels. Although modulated by growth 

conditions, the observed differences are therefore cell-type specific. 
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SMN-interacting protein profilin2a does not link ROCK- to ERK-dysregulations 

A compensational mechanism of enhanced ERK activity as a reaction to enhanced ROCK activity suggests 

ROCK to act upstream of ERK regarding ERK induced neurite outgrowth in SMN knock-down cells. 

However, ROCK inhibition did not modulate ERK dependent alterations of neurite outgrowth, indicating a 

mechanism independent of kinase activity of ROCK (Hensel et al., 2013). Such a mechanism could be an 

alteration of freely available ROCK dependent upon SMN. As profilin2a SMN dependently controls for 

availability of ROCK for Cofilin in PC12 cells (Nölle et al., 2011), a similar mechanism might induce ERK 

dependent changes in NSC34 cells. We therefore evaluated whether the enhanced neurite lengths in SMN 

knock-down NSC34-cells, could be regulated by over-expression of profilin2a (Fig. 2).  

 
Figure 2: Influence of profilin2a and its phosphosite Serine 137 on neurite outgrowth. NSC34-cells 
were co-transfected with plasmids coding for profilin-2a wild type (Prof2a), profilin-2a non-phospho mutant 
S137A and phospho-mimic mutant S137D with either SMN-siRNA (si) and scrambled control siRNA (scr) (A) or 
SMN-Flag or Flag-control vector (B). Neurites were traced by EGFP-coexpression from IRES-vectors coding for 
the Profilin-2a-constructs. N=5, Two-Way ANOVA, ### p<0.001, # p<0.05 with Bonferroni posttest * p<0.05. 

 

As ROCK downstream target dysregulations in PC12 cells were coupled to hyper-phosphorylation of 

profilin2a (Nölle et al., 2011) we additionally measured non-phospho-mutant S137A as well as profilin2a 

phospho-mutant S137D (Fig. 2, A). However, no modifying changes in behaviour of NSC34 cells under 

SMN-knockdown could be measured. This emphasizes that the effects measured in NSC34 cells are distinct 

from those seen in PC12-cells. As profilin2a and SMN directly interact on the protein level, it is though 

possible that an effect can only be seen when co-expressed in similar concentrations (Fig. 2, B). Indeed, 

under SMN-overexpression profilin2a negatively regulates neurite outgrowth. As this effect could be 

rescued by non-phospho mutant S137A, it seems to be dependent upon S137-phosphorylation. Although 

profilin2a phosphorylation thus is relevant for neurite outgrowth in NSC34-cells, we could only show a 

modulative role when co-overexpressed with SMN. In our NSC34-cell disease model profilin2a does not 

have any effects on neurite outgrowth, which therefore can be excluded as a possible relevant mechanism 

upstream of ERK induced neurite outgrowth.  
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SMN knock-down leads to enhanced susceptibility for cell density dependent neuronal 

differentiation 

Regarding the molecular mechanism for compensational upregulation of ERK-activity, we could previously 

show that NSC34-cells display an enhanced FGFR-1 expression leading to sustained ERK-activation under 

treatment with SMN-siRNA (Hensel et al., 2012). However, these results were obtained by a classical 

signalling approach, leaving the cells in serum free starvation medium 2 h in advance of analysis. On the 

functional level, with regard to neurite outgrowth as well as the number of differentiated cells, we could 

not show any influence of FGFR-signalling. Incubation of the cells for three days with FGFR-inhibitor 

PD173074 had no influence on the enhanced number of differentiated cells under SMN-knock-down 

(Hensel et al., 2013). In principle, receptors for neurotrophic factors display a redundancy in signalling and 

function (Xu et al., 2013). Thus, it is possible that during a three day period of FGFR-inhibitor incubation, 

another receptor, not targeted by PD173074, became upregulated instead. This mechanism would be in 

agreement with the susceptibility of SMN-knock-down induced enhanced number of differentiated cells 

towards ERK-inhibitor treatment (Hensel et al., 2013) and suggests a more general compensatory 

mechanism of ERK activity upregulation as a response to SMN knock-down. However, to verify if paracrine 

signalling might be responsible for enhanced number of differentiated cells, we transfected NSC34 cells 

with SMN siRNA and scrambled control siRNA, respectively. Then, we counted the number of nuclei and 

the number of differentiated cells per frame and performed a correlation analysis between both parameters 

(Fig.3). Although there were no detectable differences between scrambled control and knock-down cells in 

cell density (Fig. 3, A), SMN knock down induced differentiation as shown by the enhanced number of 

differentiated cells normalized by the total number of cells (Fig. 3, B), recapitulating our results reported 

previously (Hensel et al., 2013). However, variations in cell density between experimental repetitions and 

unequal spatial distributions of cells on each coverslip within each experiment provide for a continuum of 

cell density affecting microenvironments (Fig. 3, D-G). This might in turn lead to a continuum of local 

growth factor levels influencing the differentiation. Interestingly, a correlation analysis revealed a positive 

correlation of the number of differentiated cells with the number of nuclei only for cells with a SMN knock 

down (Fig. 3, C). To test, if this correlation behaviour differs between knock-down and control cells, we 

performed a correlation analysis for each biological independent experiment (Fig. 3, H), and statistically 

tested the slopes against each other: Whereas SMN knock down cells displayed a reproducible positive 

correlation between cell density and number of differentiated cells, this could not be observed in control 

cells (Fig. 3, K). 
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Figure 3: Correlation between the number of differentiated cells (#diff’ cells) with the number of nuclei 
(# nuclei). NSC34 cells were transfected with siRNAs against SMN (si) and scrambled control siRNA (scr), as well as 
with an EGFP-plasmid for visualization of cells. After immunofluorescent staining with an anti-SMN antibody, 
microscopical images of the cells were obtained and the number of nuclei per picture (A) and the number of 
differentiated EGFP-positive cells normalized by the number of nuclei (B) was measured for each frame. Thus, two 
values, the number of differentiated cells as well as the number of nuclei could be assigned to one frame and depicted 
as one point in a two-dimensional graph (C). Examples of such frames are given in (D-G) and allocated to their 
respective individual points depicted in the graph (C, D’-G’). For each biological replicate (n) 10 datapoints were 
measured (k) and analyzed for correlation. One representative example is given (H) with the respective slopes derived 
by linear regression. Those slopes were averaged over all biological replicates (K). Correlation analysis was applied to 
cells treated with ROCK-inhibitor Y27632, ERK inhibitor FR180204 and FGFR inhibitor PD173074 against DMSO 
control treated cells. Student’s t-test for A, B, K with * (p<0.05) and ns (non significant), n=3. Correlation analysis and 
linear regression with F-test for C, H with *** (p<0.0001) and ns (non significant), n=3. Two way ANOVA with * 
(p<0.01) and Bonferroni post tests with ns (non significant) for L, n=5.  
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Therefore, NSC34 cells are more susceptible in induction of neuronal differentiation by surrounding cells 

under SMN knock-down, most probably caused by either cell-cell contacts or short distance paracrine 

signalling between neighbouring cells. This is in accordance with previous results demonstrating enhanced 

FGFR-1 expression (Hensel et al., 2013) as this might lead to the observed enhanced susceptibility in 

neuronal differentiation towards cell density: More cells producing secreted FGFs might encounter a cell 

with an enhanced FGFR-expression leading to enforced ERK-activity and ultimately to enhanced neuronal 

differentiation. Although we could not show any influence of FGFR inhibition on the total number of 

differentiated cells (Hensel et al., 2013), the correlation analysis provides a tool to evaluate inter-cellular 

effects such as paracrine signalling or cell-cell contacts. To test if FGFR-1 upregulation is the molecular 

basis for the enhanced susceptibility of SMN knock-down cells for induction of neuronal differentiation by 

surrounding cells, we performed a correlation analysis of already published data (Hensel et al., 2013, Fig. 5) 

where we applied different pathway specific inhibitors to our cells (Fig. 3, K). Importantly, this data set 

recapitulates an enhanced susceptibility for neuronal differentiation dependent upon cell density under 

SMN knock-down. Generally the measured slopes are significantly larger for SMN siRNA transfected cells 

(Fig 3, K). However, due to more restrictive Bonferroni-correction of posttests, compared to a simple t-test 

in figure 1, A, no significant differences between knock-down and control cells within inhibitor treatment 

groups could be observed. Moreover, inhibitors did not influence the enhanced dependency of neuronal 

differentiation upon cell density observed under SMN knock-down. Interestingly, slopes of siRNA 

transfected cells could not be normalized to control levels by either FGFR inhibitor treatment PD173074 or 

ERK inhibitor treatment FR180204 indicating that none of those pathways influenced the enhanced 

susceptibility of SMN knock-down cells for cell density effects on neuronal differentiation (Fig. 3, K). 

Previously, we could show that ERK pathway is responsible for enhanced neurite outgrowth as well as 

enhanced number of differentiated cells (Hensel et al., 2013). Thus, underlying mechanisms must be 

fundamentally different. Whereas changes in neurite outgrowth and neuronal differentiation rely on ERK-

activity this is not the case for changes in cell density dependent induction of neuronal differentiation.  

 

Subcellular localization of activated ERK by quantitative Immunofluorescence 

To further study the consequences of ERK activation in SMA we aimed to analyze its subcelluar localization. 

Therefore, we developed a protocol to stain for phospho-ERK (P-ERK) (Fig. 4). Fixation can have a 

significant influence on signal to noise ratio in quantitative Immunofluorescence (qIF). Interestingly, 

phospho-ERK signal for suspended cells measured in flow cytometry is most intense when fixed with 1.5 % 
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paraformaldehyde (PFA) in medium followed by a methanol fixation step for 10 minutes at room 

temperature (Chow et al., 2005). We therefore tested different fixation protocols like 4% PFA on PBS-

washed cells (Fig. 4, A1-A4), methanol fixation for 15 min at -20°C (Fig. 4, B1-B4) as well as the 

already described protocol using a combination of PFA-in medium fixation followed by a methanol fixation 

step (Fig. 4, C1-C4). To check for specificity of the staining, we included a first antibody negative control 

(Fig. 4, A3, B3, C3). Moreover, cells were induced with FGF-2 for 10 min before fixation (Fig 4, A2, B2, 

C2). To assure the specificity of the antibody towards phospho-site, FGF-2 induced cells were additionally 

treated with shrimp alkaline phosphatase (SAP) after fixation (Fig. 4, A4, B4, C4). In all conditions, the 

first antibody-negative control almost showed no fluorescence independent of fixation protocol indicating a 

low background due to secondary antibody incubation (Fig. 4, A3, B3, C3).  

 
Figure 4: Establishment of a protocol for quantitative phospho-ERK immunofluorescence. NSC34 cells were 
fixed employing three different protocols. 4  % paraformaldehyde (PFA) in PBS for 15 min at room temperature (A1-A4), 
methanol for 15 min at -20°C (B1-B4). And a combination of PFA in medium-fixation with a final concentration of 
1.5 % for 10 min at room temperature followed by a methanol fixation step for 10 min at 4°C (C1-C4). Before fixation, 
cells were incubated with 50 ng/ml FGF-2 for 10 min (A2, A4, B2, B4, C2, C4). After fixation some of those cells were 
incubated with 10 U shrimp alkaline phosphatase (SAP) for 2 h at 37°C (A4, B4, C4). Cells were stained by anti-
phospho-ERK antibody and an Alexa488-conjugated secondary antibody except for A3, B3 and C3 where first antibody 
incubation was omitted. (D, E) Confocal image of NSC34 cells stained with DAPI in blue and for phospho-ERK in green. 
Whole cell regions of interest (D) and nuclear regions of interest (E) automatically determined by ImageJ are shown in 
turquoise.  
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Including an anti-phopho-ERK first antibody, only the combinatorial PFA/methanol-fixation protocol 

displayed a mentionable signal (Fig. 4, C1 compared with A1, B1). When induced with FGF-2, cells 

fixed by the PFA/methanol combination, displayed a very prominent signal (Fig. 4, C2 compared with 

A2, B2), which was almost downregulated to control levels by 2 h incubation with SAP (Fig. 4, C4 

compared to C1) confirming the phospho-site specificity of the signal. Thus, in-medium-fixation of cells 

by PFA followed by a methanol fixation step at room temperature ensures the best signal to noise ratio of 

phospho-ERK staining. In epi-fluorescence microscopy, fluorescent signals from cytosolic cell layers located 

above nuclei, disturb an accurate quantification of nuclear signals. Therefore, we applied confocal 

microscopy to our stained cells (Fig. 4, D, E). To measure the signal intensity in specific regions, we used 

ImageJ software for automatic detection of regions of interest (ROIs) for whole cells (Fig. 4, D turquoise 

labels) and nuclei (Fig. 4, E, turquoise labels). By measuring the sum of all grey values within these 

ROIs (integrated density) the relative amount of P-ERK can be measured for nuclei and –by subtracting 

values for nuclei from those for whole cells– the cytosolic compartment. Normalization by the area of DAPI-

positive staining on a frame equivalent to the number of cells leads to the relative intensity.  

 

Activated ERK transiently accumulates in cytosol of SMA model cells 

The function of activated ERK is dependent upon its subcellular distribution. P-ERK is rapidly transported to 

the nucleus where it promotes cellular survival and proliferation (Sano et al., 1995). In contrast, activated 

ERK triggers non-apoptotic modes of cell death, when sequestered in cytosolic compartements of some cell 

types (Mebratu and Tesfaigzi, 2009; Subramaniam and Unsicker, 2010). In neuronal PC12-cell 

differentiation, NGF treatment of PC12 cells triggers ERK-phosphorylation, which is subsequently 

transported to the nucleus. In consequence the majority of activated ERK locates within nuclei (Sano et al., 

1995). Previously, Parker and collegues reported an enhanced apoptosis of NSC34 cells upon SMN knock-

down (Parker et al., 2008). Thus, it is possible that a SMN induced enhanced ERK activation is not only 

involved in neuronal differentiation processes (Hensel et al., 2013). Besides that, enhanced P-ERK-levels 

might be dyslocated within SMN deprived cells leading to the reported apoptosis phenotype.  
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To test for SMN-dependency of P-ERK localization, we transfected siRNA against SMN (si) as well as a 

scrambled control siRNA (scr) (Fig. 5). Cells were incubated with FGF-2 for either 10 min (Fig 5, C, D) or 

1 h (Fig. 5, E, F), fixed and stained for SMN and P-ERK. Relative intensities for nuclear and cytosolic 

phospho-ERK were calculated from confocal images for the different conditions (Fig. 5, G).  

 
Figure 5: Subcellular distribution of activated ERK and its SMN dependency: NSC34 cells were transfected with 
siRNA against SMN (si), scrambled control siRNA (scr) and differentiated for three days. 10 min (C, D) or 60 min (E,F) 
before staining and confocal analysis, cells were induced with 50 ng/ml FGF-2. Relative intensities of phospho-ERK were 
measured in nuclear (nucl.) or cytosolic compartments (cyt.) and statistically analyzed (G). For that purpose, we performed 
Two-Way ANOVAs with treatment condition (Ctrl., 10 min FGF-2 and 60 min FGF-2) vs. localization (nucl., cyt.) or with 
treatment conditions vs. knock-down (scr, si). n=3, ## p<0.01 and ### p<0.0001 for ANOVA statistic and * p<0.05 and 
** p<0.01 for Bonferroni posttest. 

 
Importantly, induction with FGF-2 for 10 min led to enhanced P-ERK signal intensities in scrambled control 

siRNA transfected cells (Fig. 5, A compared to C). Quantitative analysis revealed that P-ERK 

concentration was generally higher within the cytosol as well as within SMN knock-down cells (Fig., 5, G, 

Two-way ANOVA tests). In contrast to PC12 cells induced with NGF or FGF-2 (Sano et al., 1995), there was 

no translocation of P-ERK to the nucleus. Instead, both compartments displayed a tendency for an 

upregulation (Fig. 5, G). However, P-ERK was selectively upregulated for SMN knock-down cells also 

leading to significant differences in cytosolic compartements of control cells compared to knock down cells 

(Fig. 5, G, 10 min FGF-2). After 60 min of FGF-2 treatment, P-ERK levels declined, but did not reach non 

FGF-2 treatment levels (Fig. 5, A, C, E, G). Interestingly, the effect of cytosolic accumulation of P-ERK in 

knock down cells persisted in tendency for up to 60 min, indicating a low but sustained cytosolic 

accumulation of P-ERK (Fig. 5, F, G).  
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Interestingly, cytosolic ERK retention could be previously linked with apoptosis. In IFNγ-induced apoptosis, 

death associated protein kinase (DAPK) sequesters activated ERK within cytosol. This resulted in DAPK 

activation concerning its pro-apoptotic functions and moreover, to a possible circumvention of nuclear ERK 

translocation and subsequent activation of anti-apoptotic factor expression. Thus, it is possible that relative 

upregulation of active cytosolic ERK not only promotes neuronal differentiation but also degenerative 

processes already reported for NSC34 cells with SMN knock-down (Parker et al., 2008).  

 

Upregulation of ERK activity in SMA-mice heart 

Despite motoneuron degeneration and muscular phenotypes, SMA-mouse models display heart defects 

such as reduced sympathetic enervation and bradyarrythmia (Heier et al., 2010). To test if ROCK- or ERK-

pathways possibly play a role in these processes, we harvested hearts from SMA-mice and controls at 

postnatal day 5 (P5) and blotted whole tissue lysates for phosphorylated forms of ROCK downstream target 

cofilin as well as ERK. While phospho-cofilin blots did not display any obvious differences between control 

and SMA animals (data not shown), ERK blots revealed an enhanced ERK activation in SMA-mice hearts in 

comparison to control animals. (Fig. 6).  

 

Figure 6: ERK activation in SMA mice heart. Hearts from three 
control as well as SMA-mice were analyzed for phospho-ERK (P-ERK) 
levels in comparision with total ERK levels. Densitometrical analysis 
with student’s t test, n=3 with *p<0.05.  

 

Although ROCK pathway dysregulations were previously identified to cause neurite outgrowth defecits in 

sympathetic-like PC12 cells (Nölle et al., 2011) and such outgrowth defects had also been reported for 

SMA-mice hearts (Heier et al., 2010), we could not confirm this in our mouse model.  
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However, total tissue lysates as employed for our analysis (Fig. 6) reflect a mixture of cells and 

dysregulations in sympathetic nerves might therefore be masked by other cell types. However, our finding of 

enhanced ERK activity in SMA-mice heart highlights the relevance of this pathway for non neuronal 

phenotypes in SMA. Interestingly, a co-morbidity of congenital heart defects with severe SMA has been 

reported previously (Rudnik-Schoneborn et al., 2008), which was also confirmed for model mice. Finally, 

the enhanced ERK activation in heart reflects our findings of enhanced ERK activity in NSC34-cells (Hensel 

et al., 2012) and indicates a mechanism not restricted to neurons. This is in accordance with our findings 

that neuronal profilin2a is mechanistically not linked with enhanced ERK-activity and alterations in neuronal 

differentiation under SMN knock-down. As this is the case in sympathetic-like PC12-cells, our analysis 

provide mechanistical evidence for cell specific behaviour in spinal muscular atrophy.  

 
 
Materials and Methods 

 
Cell Culture 

NSC34 cells were maintained at 37 °C under humified atmosphere with 5 % CO2 in proliferation medium 

containing Dulbecco’s modified Eagle medium (DMEM) with 1 g/l glucose and 200 mM L-glutamine 

supplemented with 5 % (v/v) fetal calf serum (FCS) and 100 U/ml penicillin and 0.1 mg/ml streptomycin. 

For differentiation, cells were seeded and maintained for 24 h in proliferation medium before medium was 

changed to differentiation condition with 1 % FCS for 72 h. PC12-cell differentiation conditions were 

applied by the respective differentiation medium with DMEM containing 5 g/l glucose, 200 mM L-

glutamine, 100 U/ml penicillin, 0.1 mg/ml streptomycin and 1 % horse serum. Murine nerve growth factor 

(NGF, Promega) as well as fibroblast growth factor 2 (FGF-2) were employed in a final concentration of 

50 ng/ml. SMN knock-down was induced in parallel, when growth medium was changed to differentiation 

medium, by transfection of different SMN siRNAs as described previously (Hensel et al., 2013). Incubation 

with inhibitors (Calbiochem) was performed during the hole differentiation period with Y27632 (50 µM), 

FR180204 (100 µM) and PD173074 ( 200 nM). 

 

Western blot 

Western blot was performed as described previously employing the following antibodies: α-SMN (BD 

Biosciences, 1:4000), α-α-tubulin (Santa Cruz, 1:2000), α-P-cofilin-Ser3 (Santa Cruz, 1:1000), α-P-

ERK(T202,Y204) (Cell Signaling, 1:1000), α-ERK (Cell Signaling, 1:1000). 
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Neuronal differentiation assays 

For neurite outgrowth assays as well as for evaluation of the number of differentiated cells, NSC34-cells 

were seeded on poly-l-lysine (PLL)-coated coverslips in same densities as employed for biochemical analysis. 

For tracing single cells or neurites cells were transfected with plasmids coding for either Discosoma Red 

(DsRed2) or enhanced green fluorescent protein (EGFP). Plasmids were co-transfected with siRNA as 

described previously (Hensel et al., 2013) ensuring a low transfection efficiency for plasmids needed for 

single cell tracing. Additionally, plasmids coding for full-length SMN (pSMN-3xFlag) and its respective 

backbone control plasmid (p3xFlag) as well as the profilin2a constructs pProfilin2a-IRES2-EGFP, 

pS137AProfilin2a-IRES2-EGFP, pS137DProfilin2a-IRES2-EGFP as well as their control plasmid pIRES2-EGFP 

were transfected (Nölle et al., 2011). Knock-down of individual cells was monitored by immunofluorescent 

stainings after paraformaldehyde (PFA) fixation in phosphate buffered saline (PBS) with an α-SMN antibody 

(BD Biosciences, 1:500) diluted in PBS containing normal goat serum (NGS, 0.3 % (v/v)) and Triton X-100 

(0.03 % (v/v)). Anti-mouse antibodies either conjugated to Alexa Fluor 555 or Alexa Fluor 488 served as 

secondary antibodies (Molecular Probes, 1:400). Neurite outgrowth was measured by ImageJ-based neurite 

tracer NeuronJ (Meijering et al., 2004). The number of differentiated cells per frame was evaluated by 

counting cells comprising a neurite with a minimal length of the cell body diameter.  

 

Automated detection of regions of interests (ROIs) on microscopy images 

For evaluating the number of nuclei per frame, as well as the relative fluorescence intensities of P-ERK 

staining in nuclei and cytosol, respective regions were automatically detected on microscopy images 

employing ImageJ software. Therefore, a macro was written by using the ImageJ macro-generator. The 

macro included a threshold and a subsequent transformation of the image into a binary mask. Particle 

detection was employed to ROIs. To assure comparability of ROI-detection among conditions of each 

biological replicate, staining as well as image acquisition were performed at the same day without 

changing any parameter. ROIs for each image were saved and applied for measurements on the original 

microscopy image. The number of cells per frame was measured by counting the number of ROIs within 

DAPI channel. Relative intensities of P-ERK in nuclei were measured within ROIs derived from images in the 

DAPI channel, whereas cytosolic ROIs were obtained within the fluorescent channel for the P-ERK staining. 
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Analysis and inhibition of dysregulated pathways in a mouse model of the motoneuron 

disease Spinal Muscular Atrophy 

 

Discussion  

 

Dysregulated ROCK pathway in SMA: Linking signalling with actin dynamics and neurite 

outgrowth 

In Chapter I we could show widespread dysregulations of the ROCK-pathway induced by SMN knock-down 

in sympathetic-like PC12 cells. Mechanistically, profilin2a is released from SMN-profilin2a complex under 

SMN knock-down conditions, leading to enhanced profilin2a-ROCK interaction with a subsequent profilin2a 

hyper-phosphorylation. Moreover, ROCK downstream targets cofilin and myosin light chain phosphatase 

(MLCP) become hypo-phosphorylated indicating a sequestration of ROCK by an enhanced availability of 

profilin2a. As a consequence, actin dynamics become altered as indicated by enhanced filamentous (F) to 

globular (G) actin ratio. Finally, neurite outgrowth is reduced (Chapter I: Nölle et al., 2011; Introduction, 

Fig. 1, A). To understand the link between ROCK-pathway dysregulation pattern, altered actin dynamics 

and neurite outgrowth disturbances, knowledge about mechanisms of neurite outgrowth and the 

involvement and regulation of actin dynamics is mandatory. Those mechanisms have been extensively 

reviewed (Gomez and Letourneau, 2013; Lowery and Van Vactor, 2009) and should therefore only be 

described at a glance but with a focus on the regulation by the ROCK-pathway and its downstream targets 

profilin, cofilin and myosin light chain phosphatase.  

The growth cone, the leading tip of a growing neurite, is highly enriched with polymerized, 

filamentous (F-) as well as with monomeric, globular (G-) actin (Pollard and Borisy, 2003). Actin binds both 

ATP as well as ADP and possesses an intrinsic ATP hydrolysis activity controlling its dynamic polymerisation 

and depolymerisation (Lee and Dominguez, 2010). The F-actin-polymer has a structural polarity with 

pointed (-)F-actin and barbed (+)F-actin ends. While ATP-G-actin preferentially binds to (+)F-actin ends, 

ADP-G-actin is released from the (-)F-actin end, resulting in a constant force in direction of the (+)end of 

the filament -a process also called actin treadmilling (Lee and Dominguez, 2010). Profilin binds ADP-G-

actin released from the (-)end, facilitates nucleotide exchange to ATP-G-actin thereby providing monomers 

for polymerization at the(+)end (Lee et al., 2013). Thus, profilin serves as a catalytic converter for actin 

monomer recycling. Cofilin, however, is an F-actin severing protein with ambiguous outcomes concerning 

total F-actin levels. 
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F-actin severing can lead to an increase in barbed (+)ends enhancing the polymerization rate of readily 

available G-actin (Sarmiere and Bamburg, 2004). In contrast, over-activation of cofilin without enhancing 

actin recycling capacity might induce filament breakdown with a reduction of total F-actin levels (Gomez 

and Letourneau, 2013). Thus, a fine co-regulation of profilin- and cofilin-activity is needed for proper actin 

treadmilling. Besides polymerization/depolymerisation, myosin-motorproteins participate in actin-based 

force generation.  

 
Figure 2: Actin dynamics and interaction with extracellular matrix at the growth cone: Actin-
polymerization/depolymerisation leads to a constant force in (+)end direction. ADP-bound actin monomers are 
released from pointed (-)end and recycled by profilin (prof). ATP-bound G-actin polymerizes at barbed (+)end at P-
domain. Moreover, myosin II (myoII) induces a retrograde flow of F-actin, which can be transduced for growth cone 
advance by integrin receptors (blue). Those receptors bind to extracellular matrix. Actin binding proteins that involve 
actin-adhesive connections are depicted in green. Interaction between actin filaments and extracellular matrix can be 
regulated by actin-adhesive proteins providing for a molecular “clutch” controlling traction of the filopodium on the 
extracellular matrix. ROCK-activity on actin-dynamics is mediated by profilin (prof), myosin II (myoII) and Cofilin 
(Cof). ROCK-activity (blue arrows) inhibits actin-recycling as well as actin-severing and production of free barbed(+) 
ends. Myosin II retrograde flow is enhanced by ROCK-activity. Our analysis of ROCK pathway in SMA argues for 
reduced recycling capacity and retrograde flow, wheras actin severing is enhanced (red arrows) (Picture adapted and 
modified from: Gomez and Letourneau, 2013)  
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Myosin II facilitates retrograde flow of actin filaments from periphery of the growth cone (P-domain) 

towards the central part of the growth cone (C-domain) thereby promoting filament breakdown and G-actin 

recycling at the (-)end (Lin et al., 1996; Medeiros et al., 2006). At adhesive sites, F-actin is coupled to the 

extracellular matrix via transmembrane adhesion molecules like integrins (Fig. 2). This catenation 

transduces the myosin-based force of retrograde flow to a force, which pushes the leading edge away from 

the adhesive sites in direction of the (+)end. As a consequence, retrograde flow of F-actin facilitating 

growth cone collapse is reduced in favour of growth cone advance (Mitchison and Kirschner, 1988). Myosin 

V thereby moves vesicles to the (+)end providing a membrane reservoir needed for constant protrusion at 

the leading edge (Brown et al., 2004; Brown and Bridgman, 2004). Actomyosin contractility is controlled by 

ROCK acting upstream of myosin II. ROCK directly phosphorylates the regulatory chain of myosin II (Amano 

et al., 1996). Moreover, ROCK phosphorylates and thereby inhibits myosin light chain phosphatase (MLCP) 

activity (Kawano et al., 1999; Kimura et al., 1996). This leads to an enhanced myosin II activity resulting in 

an increase of retrograde flow and a subsequent growth cone collapse (Jalink et al., 1994; Zhang et al., 

2003b). Cofilin-phosphorylation inhibits its F-actin severing activity and is mediated by LIM kinase, which is 

in turn activated by ROCK (Arber et al., 1998; Edwards et al., 1999; Maekawa et al., 1999; Sarmiere and 

Bamburg, 2004). If actin polymerization is the limiting factor and recycling capacity outbalances 

polymerization, inhibition of cofilin-activity can lead to enhanced F-actin levels with enhanced protrusion 

(Gomez and Letourneau, 2013; Wen et al., 2007). Recycling capacity is provided by profilin, which binds 

ADP-G-actin and facilitates nucleotide exchange to readily polymerizable ATP-G-actin. However, a 

reduction in cofilin severing activity might also lead to a reduced number of barbed (+) ends which may 

serve as nucleation points for actin-polymerization (Gomez and Letourneau, 2013; Marsick et al., 2012). 

Thus, enhanced polymerization by a reduction in cofilin phosphorylation is only possible when recycling 

capacity outreaches polymerization capacity. ROCK-dependent phosphorylation of profilin1 on Ser-138, 

however, inactivates its affinity for G-actin thereby reducing the recycling capacity and actin polymerization 

rate (Shao et al., 2008). Neuronal profilin2a directly binds to ROCK, which regulates its activity. Moreover, 

profilin2a knock-down leads to reduced levels of F-actin indicating a similar role in contributing to actin 

recycling capacity as reported for profilin1 (Da Silva et al., 2003). Taken together, ROCK generally inhibits 

neurite outgrowth by (i) induction of retrograde flow through myosin II phoshphorylation, (ii) reduction of 

free barbed (+) ends by inhibition of cofilin dependent actin severing coupled with (iii) a low recycling 

capacity through profilin inactivation (Fig. 2). Subsequently, F-actin is stabilized and transported to the 
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central domain. Accordingly, total F-actin levels remain unchanged and actin dislocate to the central 

domain in ROCK-dependent growth cone collapse.  

In an SMA model of sympathetic-like PC12 cells, we reported a unique ROCK-pathway 

dysregulation pattern with enhanced phosphorylation of neuronal profilin2a at multiple sites (Chapter I: 

Nölle et al., 2011). Thus, it is possible that SMN knock down inactivates neuronal profilin2a via ROCK 

pathway dysregulations, leading to a reduced actin recycling capacity (Fig. 2). The observed reduction in 

neurite outgrowth is in accordance with enhanced profilin2a-phosphorylation. However, we additionally 

showed an increase in polymerized F-actin seemingly contradicting a reduction in recycling capacity (Nölle 

et al., 2011; van Bergeijk et al., 2007). Moreover, we could show a reduction in cofilin-phosphorylation, 

indicating an enhanced cofilin-mediated actin severing activity (Fig. 2). Together with the reduced recycling 

capacity indicated by profilin2a phosphorylation, this also argues for a reduction in total F-actin levels: An 

enhanced number of free barbed (+)ends would only lead to an enhanced amount of F-actin when coupled 

to an increase in recycling capacity. However, we also observed a reduction in MLCP-phosphorylation which 

hints for reduced myosin II activity leading to a reduction in retrograde flow (Fig. 2). As retrograde flow 

promotes depolymerisation of F-actin in the C-domain of the growth cone, our findings of reduced MLCP-

phosphorylation explain the enhanced levels of F-actin. Thus, the ROCK-dysregulation pattern in SMN 

knock-down PC12 cells argues for less dynamic actin due to a reduction in retrograde flow and recycling 

capacity combined with disorganized actin due to enhanced severing activity of cofilin. Interestingly, our 

staining of SMA-motoneurons revealed a dramatic disorganization of growth cone shapes with dislocated 

filamentous actin (Chapter I, Fig. 1: Nölle et al., 2011). Altered localization of F-acting had been reported 

before (Bowerman et al., 2007), however not with regard to growth cones. In PC12 cells with a SMN 

knock-down, the number of cells with F-actin accumulation around the cell body perimeter was enhanced. 

Most interestingly, enhanced ROCK-profilin2a binding had been reported under knock-down conditions, 

supporting our model of competitive binding of SMN and ROCK for profilin2a (Bowerman et al., 2007). In 

contrast to our results, this study additionally reported enhanced profilin2a-transcript and protein-

expression in SMN knock-down PC12 cells, suggesting an amplification of profilin2a-ROCK binding not only 

by profilin2a release from SMN but also by enhanced total protein abundance. However, the authors made 

no statistical specifications nor did they perform a statistical test. Moreover, results on the protein level 

where only obtained from one biological repetition further limiting the significance of enhanced profilin2a-

expression (Bowerman et al., 2007).  
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We reported altered actin dynamics indicated by SMN dependent changes in F/G-actin ratio. 

Interestingly, we could observe enhanced levels of F-actin in sympathetic-like PC12 cells as well as in 

embryonic E14 motoneurons from SMA-mice. Moreover, SMA-patient derived fibroblasts were negative for 

changes in F-actin content, indicating a mechanism specific for neurons (Nölle et al., 2011; van Bergeijk et 

al., 2007). However, other groups reported altered F-actin levels in cells other than neurons. SMN knock-

down in human astroglioma cells led to enhanced F-actin levels and decreased migration (Caraballo-

Miralles et al., 2012). Increased F-actin levels also had been reported at NMJs of SMA-mice (Ackermann et 

al., 2013). However, as G-actin content had not been measured in this study, alterations in 

assembly/disassembly rates can not be distinguished from expression or transport deficiencies affecting 

total actin concentrations at NMJ. In contrast to enhanced total F-actin levels, another group reported 

reduced diameter of F-actin rings surrounding synaptic vesicles (SV) at the NMJ of SMA-mice. Moreover, 

electrophysiological measurements revealed a reduced quantal content and readily releasable pool as well 

as a reduced vesicle release probability (Torres-Benito et al., 2011). Thus, altered actin dynamics at the NMJ 

might lead to a SV-arrest and a subsequent degeneration rather than outgrowth defects which have not 

been reported for motoneurons in SMA-mouse models so far (McGovern et al., 2008).  

 

Relevance and cell-specificity of pathway dysregulations  

Interestingly, treatment of SMA-mice with ROCK inhibitors did not only led to enhanced survival, weight 

gain and motor functions but also to a partial rescue of the NMJ phenotype indicating a relevance for this 

pathway in NMJ maintenance. Moreover, enhanced ROCK activity was reported in total tissue lysates of 

SMA-mice spinal cords (Bowerman et al., 2010; Bowerman et al., 2012). As NMJ-phenotypes in SMA could 

be rescued by a motoneuron specific SMN-expression (Martinez et al., 2012), this hints for a beneficial 

manipulation of a motoneuron-intrinsic disease pathway. In accordance with that, we could report an 

upregulation of ROCK activity in motoneuron-like NSC34 cells, leading to hyper-phosphorylation of its 

downstream target Cofilin. However, enhanced ERK activity compensated for enhanced ROCK activity 

regarding neurite outgrowth (Chapter III: Hensel et al., 2013; Introduction, Fig. 1B). Interestingly, an 

enhanced ERK activity has been reported for total tissue lysates of SMA-mice spinal cords (Branchu et al., 

2013) while reduced neurite outgrowth has not been reported so far (McGovern et al., 2008). Thus, our 

findings of pathway dysregulations patterns in motoneuron-like NSC34 reflect the in vivo situation.  
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In sympathetic-like PC12-cells we found reduced phosphorylation of Cofilin (Chapter I: Nölle et al., 

2011) and no regulations of the ERK-pathway (Chapter III: Hensel et al., 2013). In accordance with our 

findings of ROCK dependent outgrowth defects in PC12 cells, sympathetic innervation defects of the heart 

had been reported for SMA-mice (Heier et al., 2010). Moreover, SMA-patients display deficits in 

sympathetic nerve function concerning cold-induced vasodilatation (Hachiya et al., 2005). However, an 

evaluation of sympathetic heart innervation under ROCK-inhibitor treatment has not been performed so far. 

Taken together, our ROCK-pathway analysis in SMA-models of PC12 and NSC34 cells in vitro provide 

evidence for different cell specific behaviours in vivo (Introduction, Fig. 1).  

 

Dysregulated ERK-pathway in SMA: Possible roles in neurite outgrowth and cell death  

In chapter II we could show an upregulation of the FGFR-1 in presymptomatic stages of SMA-mice and 

motoneuron-like NSC34 cells under a SMN knock-down. This was coupled with an enhanced activity of 

downstream targets Akt and ERK in an SMA model of NSC34-cells (Chapter II: Hensel et al., 2012). In 

chapter III we further characterized functional consequences of enhanced ERK activity in SMN knock-down 

NSC34 cells and reported an enhanced neurite outgrowth in SMN knock down cells. By application of an 

ERK-inhibitor, we could further show that SMN dependent over-activation of the ERK-pathway fully 

accounts for enhanced neurite outgrowth as well as for enhanced number of differentiated cells (Hensel et 

al., 2013). Despite neurite elongation, an altered number of differentiated cells hints for an ERK-dependent 

enhancement of neurite initiation. Accordingly, ERK-pathway activity in NGF-treated PC12 cells is 

mandatory for both, neurite initiation and elongation while maturation, indicated by neurite branching and 

cell soma growth, is not exclusively dependent on ERK-activity (Xiao and Liu, 2003). Moreover, axon 

elongation of embryonic peripheral neurons is dependent on ERK-upstream activator Raf-1, while Akt-

activity increases axon calibre and distal branching (Markus et al., 2002). Mechanistically, ERK-activation by 

either NGF or FGF leads to its subsequent translocation to the nucleus (Sano et al., 1995). Moreover, a 

nuclear form of activated ERK-2 could induce neurite outgrowth in unstimulated PC12 cells, while a 

constitutively active, cytosolic ERK-2 did not alter neurite lengths (Robinson et al., 1998). In primary 

neurons, nuclear constitutively active ERK induced about 70% neurite lengths if compared to NGF triggered 

cells (Markus et al., 2002). It is thereby important that ERK is constitutively active, as transient activation 

leads to proliferation of PC12 cells (Marshall, 1995). Thus, persistent ERK-activation and subsequent 

nuclear translocation is essential for neurite elongation in many neuronal cells.  
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Within the nucleus, ERK phosphorylates several downstream targets leading to the activation of 

transcription factors controlling neurite outgrowth (Vaudry et al., 2002). However, it is still possible that 

cytosolic ERK activates downstream targets in the cytosol which subsequently translocate to the nucleus 

inducing neuronal differentiation. The transcription factor Elk-1 is a well described ERK-target with cytosolic 

localization in its resting state. When activated by ERK, Elk-1 translocates to the nucleus where it regulates 

transcription finally controlling actin dynamics and neuronal differentiation (Lavaur et al., 2007). In 

accordance with that, we could link enhanced and sustained ERK-activity in SMN knock-down NSC34-cells 

with enhanced neurite outgrowth (Chapter III: Hensel et al., 2013). However, analysis of subcellular 

localization did not reveal an exclusive upregulation of activated ERK within nuclei of SMN knock-down 

cells (Chapter IV). Moreover, ERK transiently accumulates in the cytosol of knock-down cells when triggered 

with FGF. Thus, mechanisms of ERK activation differ between NSC34 and PC12 cells. Interestingly, 

muscular injection of brain derived neurotrophic factor (BDNF) into wild-type rats led to an enhanced P-ERK 

signal of the respective motoneuron cell bodies within spinal cord which was not restricted to the 

motoneuron nuclei (Kishino and Nakayama, 2003). As we could link ERK-activation with neurite outgrowth, 

the specific role of cytosolic ERK in neurite outgrowth needs to be elucidated. Our crosstalk analysis 

revealed an inhibition of ROCK by ERK when transiently activated by FGF-2 (Chapter III: Hensel et al., 

2013). Thus, it is possible that cytosolic ERK influences actin dynamics and therefore neurite outgrowth via 

inhibition of ROCK. Moreover, middle molecular weight neurofilament (NF-M) is a known target of ERK-

phosphorylation, thereby regulating NF-NF interaction, axon calibre, neurite outgrowth as well as 

anterograde NF transport (Chan et al., 2004; Holmgren et al., 2012; Li et al., 2001). Abnormal 

neurofilament accumulation is a common feature of neurodegenerative diseases such as Alzheimer’s 

disease, Parkinson’s disease and the motoneuron disease amyotrophic lateral sclerosis (ALS) (Holmgren et 

al., 2012). Interestingly, enhanced phosphorylation and accumulation of neurofilaments at the NMJ have 

been reported in pre-symptomatic stages of SMA-mice (Cifuentes-Diaz et al., 2002) as well as in post-natal 

samples of SMA-type I patients (Martinez-Hernandez et al., 2013). Enhanced ERK activity in SMA might 

thereby lead to enhanced NF-phosphorylation inducing its anterograde transport and accumulation at the 

neuromuscular junction. Thus, enhanced ERK activity in our motoneuron-like in vitro model leads to 

enhanced neurite outgrowth while it potentially induces disadvantageous neurofilament accumulation in 

vivo. Interestingly, inhibition of ERK-uspstream kinase Mek by U0126 or Selumetinib® significantly 

enhanced survival, body weight and motor-functions in a severe SMA-model. Moreover, motoneuron loss 

was partially rescued indicating an effect on motoneuron-intrinsic disease pathways (Branchu et al., 2013).  
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Highlighting relevance of our in vitro findings, an enhanced ERK-activity in total tissue lysates of the spinal 

cord has been reported in this study. Although the authors suggested a mechanism of enhanced SMN 

expression by inhibition of an ERK-dependent transcriptional suppressor acting on the SMN-gene, it is still 

possible that ERK inhibition corrects for enhanced neurofilament-phosphorylation and accumulation. 

Unfortunately, neuromuscular junction phenotypes and their behaviour under Mek-inhibitor treatment have 

not been evaluated yet.  

Despite its involvement in neuronal differentiation, ERK is a well known effector of cell death. 

Although generally considered as an anti-apoptotic factor, recent studies also suggest a contrubution of 

ERK-activity to cell death of neuronal and non-neuronal cells (Mebratu and Tesfaigzi, 2009; Subramaniam 

and Unsicker, 2010). First evidence came from oligodendroglial-like cells where ERK-inhibition prevented 

oxidative stress induced cell death (Bhat and Zhang, 1999). The differential outcome of ERK activity might 

be related to magnitude, duration as well as localization of phospho-ERK. In hippocampal-like cells a 

transient glutamate induced ERK-activation led to pro-survival signals while a sustained activation resulted 

in pro apoptotic signals. However, transfection of a constitutively active ERK was not sufficient to induce 

apoptosis, indicating the involvement of other pathways (Luo and DeFranco, 2006). In cerebella granule 

neurons, potassium withdraw induced a non-apoptotic, caspase-3-independent cell death induced by ERK 

hyper-activation. This phenotype could be recapitulated by transfection of constitutively ERK upstream 

activator MEK leading to nuclear ERK localization (Subramaniam et al., 2004). Therefore, nuclear 

accumulation of ERK seems to be associated with this specific form of neuronal death. However, other 

studies favour a cytosolic ERK retention leading to pro-apoptotic signals (Mebratu and Tesfaigzi, 2009). 

IFNγ-induced cell death of oligodendroglial progenitor cells was prevented by pharmacological ERK-

inhibition (Horiuchi et al., 2006). Interestingly, IFNγ induced expression of Bcl-2-interacting killer (Bik) 

which supressed ERK nuclear translocation and induced cell death in an ERK-dependent manner (Mebratu 

et al., 2008). Moreover, death associated protein kinase (DAPK) directly interacts with ERK and promotes 

its cytoplasmic retention where it phosphorylates and activates pro-apoptotic DAPK (Chen et al., 2005). 

Thus, DAPK-ERK interaction might induce apoptosis by ERK-sequestration from its nuclear anti-apoptotic 

targets as well as cytoplasmic induction of pro-apoptotic factors. In Chapter IV, we reported an exclusive 

upregulation of ERK in cytosol of SMN knock-down NSC34 cells treated with FGF-2. This upregulation of 

cytosolic ERK in SMA motoneuron-like cells migth lead to enhanced apoptosis already reported for NSC34-

cells under SMN knock-down (Parker et al., 2008).  
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Interstingly, enhanced motoneuron-death has already been reported in early stages of fetuses predicted to 

develope SMA and the authors suggested that this might lead to a reduced endowment with motoneurons 

contributing to the further disease progression (Soler-Botija et al., 2002). As ERK-inhibitor treatment of 

neonatal SMA-mice led to a partial restoration of motoneuron number (Branchu et al., 2013), it is possible 

that ERK induced apoptotic processes persist during post-natal disease progression.  

 

Molecular models of SMA: Links between transport- and cytoskeletal-dysregulations  

Our findings of dysregulated ROCK- and ERK-pathways provide a model for neuron specific alterations in 

SMA. However, axonal transport deficiencies have been additionally suggested as molecular mechanisms 

for neuronal phentoypes in SMA. The SMN-protein forms multimeric axonal protein complexes –called 

neurite or axonal granula– involved in transport processes (Todd et al., 2010c; Zhang et al., 2003a). 

Despite members of the canonical SMN-complex like several gemins binding to SMN, other non-classical 

proteins bind or colocalize with SMN in neurite granula (NG). Those proteins include Coatomer subunit 

alpha (COP1) (Peter et al., 2011), Far upstream element-binding protein 2 (FBP2) (Tadesse et al., 2008), 

Hu-antigen D (HuD) (Akten et al., 2011; Fallini et al., 2011; Hubers et al., 2011), IGF2 mRNA-binding 

protein 1( IMP1) (Fallini et al., 2013), Zinc finger protein ZPR1 (ZPR1), and profilin2a (Todd et al., 2010b). 

Moreover, SMN directly binds to hnRNP-R and co-localizes within axons of primary E14 neurons (Rossoll et 

al., 2003; Rossoll et al., 2002). Additionally, several mRNAs are part of the complex such as β-actin-mRNA 

(Rossoll et al., 2003; Todd et al., 2010a), growth-associated protein 43 (GAP-43) (Zhang et al., 2003a) and 

neuritin (cpg15) (Akten et al., 2011). However, SMN-positive NGs are not homogenous with regard to their 

protein-composition; the highest co-localization of SMN in NGs was reported for gemin5. However, not all 

SMN-positive NGs contain gemin5 in neuronal SH-SY5Y-cells (Todd et al., 2010b). Interestingly, several of 

the proteins and mRNAs binding to or co-localizing with SMN in transport granula, are also involved in 

cytoskeletal regulation suggesting a link between both molecular disease models. IMP1 or ZBP1 facilitates 

β-actin mRNA transport to growth cones (Zhang et al., 2001) where it regulates local actin-translation in a 

Src-dependent manner (Huttelmaier et al., 2005). Moreover, IMP1 promotes actin-polymerization in non-

neuronal cells indicated by an enhanced G/F-actin ratio under IMP1 knock-down (Stohr et al., 2012). As 

reduced IMP1-levels were reported in axons of primary E14 motoneurons from SMA-mice (Fallini et al., 

2013), this argues for a reduced actin-polymerization. However, our findings of an enhanced F-actin level at 

growth cones of SMA E14 motoneurons linked with ROCK-pathway dysregulations argue against a 

reductionist hypothesis involving only a single upstream effector of actin-dynamics.  
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Interestingly, profilin2a colocalizes with SMN in NGs suggesting a reduced profilin2a-content in SMA 

growth cones (Todd et al., 2010b). This would, however, antagonize an enhanced profilin2a-availability 

due to release from SMN-profilin2a complex as suggested by our model (Chapter I: Nölle et al., 2011; 

Introduction, Figure 1, A). However, only approximately 30 % of SMN-positive granules contain profilin2a, 

some profilin2a-positive NGs do not contain SMN and altered total profilin2a-localization at the growth 

cone has not been shown in SMA-conditions yet (Todd et al., 2010b). It is thus possible that SMN-NGs are 

not the exclusive transport-vehicles for profilin2a to the growth cone.  

Despite proteins, SMN-positive NGs contain mRNAs such as β-actin-mRNA (Todd et al., 2010a). In 

accordance with that, β-actin mRNA as well as protein-levels are reduced in growth cones of E14 SMA-

motoneurons (Rossoll et al., 2003; Rossoll et al., 2002). However, it is not known if β-actin levels at SMA 

growth cones are below a critical threshold for proper neurite outgrowth; a rescue experiment 

overexpressing β-actin mRNA in SMA-motoneurons has not been published yet. Moreover, a β-actin knock-

down in mice did not lead to any overt phenotype (Cheever et al., 2011), emphasizing a regulatory role of 

other molecular mechanisms. Among protein products of transported mRNAs, GAP-43 is a well 

characterized upstream effector of actin dynamics (Denny, 2006). Phosphorylated GAP-43 binds and 

stabilizes F-actin (He et al., 1997)  and is bound to the membrane at growth cone (Skene and Virag, 1989) 

suggesting a localized regulation of cytoskeletal dynamics involved in neuronal outgrowth and guidance. 

Interestingly, GAP-43 knock-down in vivo prevented neuronal sprouting of dennervated olivary neurons 

(Grasselli and Strata, 2013), indicating a role in terminal sprouting defects reported for SMA-type I patients 

and model mice (Galea et al., 2001; Simon et al., 2010). However, SMN-knock-down cells exhibit an 

enhanced GAP-43 expression with an enhanced localization at membrane ruffles at the cell body 

(Bowerman et al., 2007). As GAP-43 protein levels as well as its phospho-status has not been evaluated in 

SMA growth cones yet, it is still unknown if and how GAP-43 possibly influences actin-dynamics in SMA.  

Within SMA-disease pathway, transport-deficiencies, however, do not necessarily locate upstream 

of changes in cytoskeletal dynamics. Interestingly, it has been previously shown that depolymerisation of 

actin disturbs movement of SMN-positive neurite granules over short distances, while long-distance 

transport depends upon microtubule-integrity (Zhang et al., 2003a). Microtubule-integrity is, however, 

negatively regulated by neurofilament-proteins which contain tubulin-binding-sites (TBS) and inhibit 

microtubule-polymerization in vitro and in vivo (Bocquet et al., 2009).  
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As ERK induces neurofilament-accumulation by directly phosphorylating NF-M (Chan et al., 2004; Li et al., 

2001), it is possible that ERK acts as a negative regulator of axonal transport. Our findings of enhanced 

ROCK- and ERK-activity might therefore act upstream of already reported transport deficiencies which 

possibly become treatable by ROCK- or ERK-inhibition.  

 

The bi-directional ROCK-ERK crosstalk: Implications for future SMA treatment strategies  

Both, the ROCK and the ERK pathway are potential targets for SMA-treatment as ROCK inhibition by 

Y27632 or Fasudil® as well as ERK-inhibition by Selumetinib® led to enhanced survival in SMA-model mice 

(Bowerman et al., 2010; Bowerman et al., 2012; Branchu et al., 2013). Our finding of a bi-directional 

crosstalk of the ROCK- and ERK-pathways (Chapter III: Hensel et al., 2013) has important implications for 

future SMA-treatment strategies. Both pathways inhibit each other, indicating that a separate ROCK- or 

ERK-inhibition upregulates the respective crosstalk partner. Moreover, ROCK- as well as ERK-pathway were 

both upregulated within motoneuron-like NSC34 cells. Thus, separately applied inhibitors might amplify 

upregulation of the crosstalk partner thereby leading to negative effects in SMA. However, ERK to ROCK 

crosstalk was impaired in SMN knock-down cells resulting in a uni-directionalization of the crosstalk. 

Interestingly, ROCK inhibition only benefits mild SMA-mice while the same treatment had no effect on 

severely affected mice (Bowerman et al., 2010). On the other hand, ERK inhibition demonstrated efficacy in 

severe SMA mice (Branchu et al., 2013). Thus, ERK-inhibition seems to be the more potent treatment 

strategy, possibly due to impaired ERK to ROCK crosstalk leading to less negative side effects if compared 

to ROCK-inhibition. Mechanistically, ERK inhibition led to an enhanced expression of full length SMN from 

SMN2 gene, partially restoring SMN levels in SMA mice (Branchu et al., 2013). This might also lead to a 

partial restoration of ERK to ROCK crosstalk and an induction of non-benefitial ROCK upregulation due to 

ERK inhibition. Concerning a combinatoral treatment strategy, SMN upregulation due to ERK inhibition 

might transform a severe mouse into a milder affected phenotype which then becomes treatable by ROCK 

inhibition. Thus, a combination of Fasudil® and Selumetinib® might exert synergistical effects on SMA-

phenotypes by blocking non-benefitial crosstalk partner upregulation or by employing ERK-inhibition to 

open a severity-restricted treatment window for ROCK inhibition. 
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