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1 Introduction 

1.1 Serum response factor (SRF) 

1.1.1 Discovery and activation of SRF 

SRF was recognized by Treisman in 1986 [144], based on a research by Greenberg 

on cells responding to serum addiction with a rapid activation of c-fos [58]. A short 

deoxyribonucleic acid (DNA) sequence which can be recognized by SRF was 

recognized as serum response element (SRE), at approximately 300bp upstream 

of the transcription starting site (TSS) of the c-fos gene [144]. 

The full-length SRF protein is a 67 kDa protein with 508 amino acids in humans. 

The functions of SRF as a transcription factor are accomplished via three functional 

domains, nuclear localization sequence (NLS), MADS box domain and 

transactivation domain (TAD) as illustrated in Figure 1. The NLS keeps the SRF 

protein localized in nucleus [117]. The DNA binding domain (DBD) of the MADS box 

can bind to some specific DNA sequence, cytosine adenine rich guanine box (CArG 

box) in the promoters of target genes, typically with the following sequence 

CC(A/T)6GG. According to this conserved specific binding motif, SRF is one of the 

proteins to name this kind of transcription factors as MADS family (MCM1, 

Minichromosome Maintenance 1 Homolog, Agamous, Deficiens and SRF) [134]. 

Meanwhile, the dimerization domain (DMD) of the MADS box domain allows SRF 

to form homodimers [105]. TAD interacts directly with the SRF bound DNAs to 

activate the transcription, leading to a transcriptional output of target genes.  

 

Figure 1: Transcription factor SRF and its functional domains: The nuclear localization 

sequence (NLS) is located at 95 amino acids (AA) from the N-terminal end of the SRF protein. The 

MADS box domain consists of the DNA binding domain (DBD) and dimerization domain (DMD). The 

transactivation domain (TAD) is located close to the C-terminal end. 

So far, SRF has been found ubiquitously expressed in most cell types but it has 

been proven to be enriched in gastrointestinal cells [29], skeletal muscles [18], 

cardiac muscles [128] and neurons [78], regulating the cellular function of 

proliferation, migration, differentiation, biogenesis, apoptosis and cytoskeletal actin 

dynamics [18, 29, 78, 128]. 
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In neurons, SRF can be activated by growth factors (e.g. nerve growth factor, NGF, 

or brain derived neurotrophic factor, BDNF), neuronal activity via N-methyl-D-

aspartate receptor (via NMDAR, e.g. glutamate), and voltage-sensitive calcium 

channels (e.g. KCl; see Figure 2) [78]. After signal transduction through mitogen-

activated protein kinases (MAPK) pathways, calmodulin-dependent protein kinase 

(CAMK) pathways and Rho/actin pathways, signal cascades eventually activate 

SRF itself, or its transcription cofactors: ternary complex factors (TCF) and 

myocardin family of transcriptional cofactors (MRTF; see Figure 2). When TCF is 

activated, several immediate early genes (IEGs) would be transcribed such as Egr1, 

Egr2, Egr3, c-Fos and Npas4. When MRTF is activated, several cytoskeletal target 

genes such as Actb, Actg and Arc would be transcribed (Figure 2).  

 

1.1.2 SRF function in neurons 

Several lines of evidence have shown that SRF plays a neuro-protective role in 

some physiological and pathological conditions. Known as direct SRF downstream 

genes, IEGs (e.g. Egr1, Egr2, Egr2, c-Fos) regulate multiple critical physiological 

pathways in neurons. An SRF loss of function mouse model has shown results of 

failing to turn on these IEGs in epileptic seizures, acute stress, and adapting to novel 

environments [87, 114, 160]. Neuronal depletion of SRF leads to an enhanced 

demyelination process in a mouse model of multiple sclerosis [3]. Deletion of SRF 

results in a dysfunction of mitochondria dynamics showing mitochondrial 

vacuolization and reduced trafficking of these organelles outside soma in 

neurons [10]. Overexpression of SRF has been proven to be beneficial to decrease 

vulnerability to DNA damage in neurons [30] and to improve the survival of 

dopaminergic neurons via activation of Beclin 1-dependent autophagy [32]. 

Taken together, SRF is not only a neuron-activity dependent transcription factor, but 

it also has potential protective effects in some pathological conditions in neuronal 

degeneration.  
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Figure 2: Regulation of SRF activation pathways in neurons: SRF is activated in neurons by 

growth factors (e.g. NGF and BDNF) and neuronal activity (e.g. glutamate and KCl). Downstream 

signal primarily involves mitogen-activated protein kinases (MAPKs), CaM kinases and Rho/actin 

signaling cascades. These cascades result in direct SRF activation and/or activation of the SRF 

cofactors MRTF or TCF.  

Shuttling of MRTFs between the cytoplasm and nucleus as demonstrated for fibroblasts remains to 

be further analyzed for neurons (question marks). The major signaling cascades activating SRF, 

namely signaling by Rho/actin, MAPK and Ca2+, are shown in black. Signaling steps indicated in 

blue are not demonstrated unambiguously to target SRF in neurons.   

This is reprinted from [78] with permission from Elsevier. 

1.2  Amyotrophic lateral sclerosis (ALS) 

1.2.1 General information of ALS  

Amyotrophic lateral sclerosis (ALS) was first described in 1869 by French 

neurologist Jean-Martin Charcot. Known as a fatal motoneuron (MN) degenerative 

disease, ALS mainly affects the MNs which control the voluntary muscles. 

Pathological changes are observed in both upper and lower MNs [122].  

Incidence of ALS in the general European population has been reported as 2.16 per 

100,000 person-years (95% CI=2.0-2.3). The incidence was higher in males (3.0 

per 100,000 person-years; 95% CI = 2.8 to 3.3) than in females (2.4 per 100,000 

person-years; 95% CI=2.2 to 2.6) [86]. 
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1.2.2 Risk factors of ALS 

Guam (an island of United States) had 50 times higher prevalence than anywhere 

else [4], indicating that the local environment could contribute to the risk factors. 

Meanwhile, exposure to heavy metals [119] and infections with virus [14] have been 

considered as environmental risk factors of ALS. Another recognized major risk 

factor for ALS is the genetic background. In 90% of ALS cases, no evident familial 

history can be observed, hence the sporadic cases (sALS). 5% ~ 10% of the cases 

have a familial history and disease was inherited at a mendelian rate. Gene 

mutations were identified as a direct cause of ALS [75] (summarized in Figure 3).  

 

1.2.3 Major genetic mutations related to ALS 

The first gene mutation leading to ALS was recognized as mutations in copper/zinc 

superoxide dismutase (also known as SOD1) in 1993 [121]. Sod1 gene encodes for 

copper/zinc ion-binding superoxide dismutase, which converts superoxide radicals 

to molecular oxygen and hydrogen peroxide in physiological conditions to protect 

the cells from oxidative stress [74, 129]. The SOD1 loss-of-function (LOF) model did 

not lead to a neurological disorder in mice [21, 116]. Evidence has shown that the 

enzymatic activity has no relationship with the onset or progression of ALS [40]. In 

opposite, mice overexpressing human mutant Sod1 resulted in both an ALS-like 

phenotype and molecular disorders like oxidative stress and endoplasmic reticulum 

(ER) stress, indicating the pathological results come from a gain-of-toxic-function 

caused by mutant SOD1 protein [109]. The most common mutations in SOD1 is 

G93A (mutation from a glycine to alanine at position 93). Sod1 mutations account 

for approximately 12% of familial ALS (fALS) and 1% of sporadic ALS (sALS) [33]. 

Multiple mechanisms regarding Sod1 mutation have been identified in MNs. Early 

hypothesis favored a hyperexcitability of ALS MNs leading to a chronic death of MNs 

because of ecotoxicity [80, 150]. However, recent data show more evidence that a 

shift into hypo-excitability in a subpopulation of MNs results in MN death (Section 

1.2.5-1.2.6). Misfolded protein formation and aggregation have been reported as 

another major pathology contributing to Sod1 mutation related ALS [145], in which 

mutant SOD1 protein is not only able to convert healthy SOD1 proteins into 

aggregations, but it can also be transmitted intercellularly [56, 57, 97]. 
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Another mutation related to ALS is the 43 kDa TAR DNA-Binding protein (TDP-43). 

It was found as the major component in most ubiquitin-positive neuronal inclusions 

in both ALS and frontotemporal dementia (FTD) [103], followed by the recognition 

of TDP-43 mutations in ALS and FTD families [34, 136]. Although TDP-43 mutations 

only account for ~4% of fALS cases and less than 1% in sALS cases [36], the 

pathological disorders of TDP-43 are present in the majority of both fALS and sALS 

cases [62], with exceptions only in fALS cases with SOD1 mutation [88] and Fused 

in Sarcoma (FUS) mutation [81, 152]. FUS was recognized shortly after TDP-43 as 

another genetic mutation related to ALS, counting for 4% of the fALS cases [81, 

152]. FUS shares similar functions and mutation domains (both at C terminus of the 

protein) with TDP-43. The TDP-43 and FUS mutations prevalence in ALS indicated 

the importance of pathological RNA metabolism in progression of ALS. 

 

Figure 3: Pathogenic mechanisms associated with ALS and some cases of ALS/FTD: 

Mutations in ALS genes were shown to affect nuclear import and export (green box), inflammation 

(yellow box), protein degradation (orange box), mitochondrial dysfunction (pink box), vesicular and 

endosome trafficking (purple box), and RNA processing (light blue box). This is reprinted from [141] 

with permission from Current Medicine Group. 
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Hexanucleotide repeat expansion in chromosome 9 open reading frame 72 

(C9orf72) has been identified as the cause of chromosome 9 related ALS and 

FTD [43, 118]. The GGGGCC repeat in the non-coding sequence accounts for 

approximately 40% cases in fALS and 25% cases in sALS [89], which is remarkably 

higher than the other mutations.  

Apart from the above common mutations related to ALS, mutations in several other 

genes related to protein degradation have been also reported responsible for ALS. 

Valosin-containing protein (VCP) has a main function of segregating protein 

molecules from large cellular structures such as organelle membranes and 

chromatin, and facilitating the degradation of released polypeptides by the multi-

subunit protease. Mutations in VCP has been reported as a cause of ALS, 

accounting for 1~2% of fALS cases [70]. UBQLN2 (Ubiquilin 2) mutations were 

initially recognized as an autosomal dominant inheritance mutation in ALS [45]. 

Although UBQLN2 mutations are not a common cause of fALS [42], UBQLN2 

related pathology remains present in those ALS patient in absence of mutations on 

this gene [45]. SQSTM1 (Sequestosome 1, also known as p62) is known as a 

ubiquitin binding protein and nuclear factor kappa-B (NFκB) activator. Meanwhile, 

p62 is also a critical cargo deliverer in macro autophagy [69]. The mutations in 

SQSTM1 account for approximately 1% of the ALS cases [51, 140]. 

Taken together, those genetic mutations either contribute to protein aggregation or 

are involved in pathways of protein degradation, through ubiquitin-proteasome 

pathway or autophagy. This information indicates that the protein degradation 

mechanisms could play an important role in pathological conditions in ALS.  

 

1.2.4 ALS disease models 

In order to better understand the pathological pathways, disease mechanisms and 

to develop therapeutic approaches, multiple disease models have been established 

to mimic the disease progression of ALS. 

 

1.2.4.1 Rodent models for ALS research 

Rodent models are most widely used to study the disease mechanisms of ALS since 

mice carrying overexpressed human genomic mutant Sod1 became available in 
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1994 [60]. The Sod1 mutant mice became the most classical and popular model 

because it not only mimics the disease progression phenotype in humans, but also 

shares similar pathological disorders which are also found in humans. Most of the 

understandings of mechanisms of ALS pathology were based on this model. Protein 

misfolding and aggregation were observed in MNs from both Sod1 mutant ALS 

patients and mice models [31]. The copy number of mutant Sod1 gene was proven 

to be related to MN degeneration and progression [2]. Meanwhile, the disorders can 

be rescued by antisense oligonucleotides (ASOs) targeting the mutant genes [135]. 

Apart from SOD1-related mutations, more rodent models carrying human ALS gene 

mutations have been established, such as TDP-43 [54], FUS [104] and C9orf72 [43, 

118].  

 

1.2.4.2 Cellular models of ALS research 

In vitro experiments help us to understand the basic pathological pathways in the 

disease progression of ALS and various cell lines have been applied to ALS 

research. Regarding the presence of protein misfolding and aggregation in most of 

ALS-related mutations carriers[15], cell lines overexpressing wild-type or mutant 

protein reveal that most of the disease phenotype come from a gain of toxic function 

behavior.  Primary cell culture of rat or mouse MNs have been used as an approach 

to study MN vulnerability to some factors such as glutamate [148], toxic factors 

released from glia cells (e.g. by activating Bax pathway [98]), and toxic nuclear 

aggregations (e.g. GGGGCC repeat from C9orf72 mutation [155]).  

Nowadays ALS patients-derived induced pluripotent stem cells (iPSCs) can be 

generated as a cellular model carrying ALS related mutant genes [91]. iPSCs can 

be further differentiated into MNs and other specific cell types according to research 

hotspots [92]. On the one hand, the human derived iPSCs take the advantage of 

having the same genetic background as patients, without overexpression of genetic 

mutations, making it possible to simulate sporadic ALS as well. On the other hand, 

those cells are good models to investigate the therapeutic approaches, for example, 

modifying the gene expression with some genetic modification tools like ASOs or 

CRISPR /Cas 9 [113, 125]. 
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1.2.5 Subpopulation of motoneurons 

1.2.5.1 Affected and preserved MNs show differential vulnerability 

Symptoms come in a differential onset in ALS patients. In the majority of cases 

disease originates as asymmetrical limb weakness, hence a spinal onset [122]. 

Patients with spinal cord symptom onset have a better prognosis compared to other 

onset phenotypes. 20% of the cases with onset in bulbar functions lead to dysarthria, 

dysphagia and tongue fasciculations, hence a bulbar onset [35]. ALS patients with 

bulbar onset have a worse prognosis, with a mean survival of 2 years and only 3% 

of them have a long term survival (over 10 years) [35]. Only 3-5% of the ALS cases 

are characterized as respiratory onset showing orthopnoea or dyspnoea as the first 

symptoms. The respiratory onset has the worst prognosis with an average survival 

of only 1.4 years [35, 133].   

Meanwhile, apart from those MNs innervating muscles in the onset phenotypes 

mentioned above, there are also populations of MNs rarely affected by ALS. For 

example, extraocular muscles (EOMs) are well preserved even at later stage of ALS, 

giving ALS patients the possibility to communicate with computer-assisted ocular 

tracking systems [25]. Those muscles are innervated by MNs in oculomotor (CNIII), 

trochlear (CNIV) and abducens (CNVI) nuclei which are located in the midbrain. 

Pelvic floor muscles are less affected by ALS and the corresponding MNs are 

located in the sacral spinal cord [26]. MNs from the autonomic nervous system are 

less affected in ALS [111]. Those findings indicate that muscles innervated by 

different groups of MNs have a differential vulnerability in ALS. 

 

1.2.5.2 Skeletal muscle fibers can be classified according to their contraction 

patterns 

Different types of muscle fibers have been reported to contain various contraction 

characters [22]. Type I fibers display a slow-twitch and fatigue-resistant contraction 

pattern. Type IIb and type IIx fibers have a fast-twitch and fast-fatigable phenotype, 

while type IIa fibers have an intermediate fast-twitch but fatigable-resistant 

phenotype. The combination of a MN and all its innervated muscle fibers is defined 

as a motor unit. Accordingly, slow (S) motor units are formed with type I fibers Those 

muscle fibers provide relatively weak contraction but almost never get fatigue. 
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(summarized in Figure 4).  In a S motor unit, far less than 200 muscle fibers are 

innervated by one MN [23]. Type IIb fibers form fast-twitch fatigable (FF) motor units. 

FF motor units provide a strong contraction however can be easily fatigued. 300-

2000 muscle fibers are innervated by a single MN in an FF motor unit [24]. Matrix 

metallopeptidase 9 (MMP9) is reported as a molecular marker to recognize FF- and 

FR-MNs [73]. Type IIa fibers are composed of fast-twitch fatigue-resistant (FR) 

motor units. FR motor units are an intermediate type between FF and S motor units, 

having similar but not so strong contractions as FF motor units, while not so easily 

getting fatigued. Normally one MN in a FR motor unit innervates several hundreds 

of muscle fibers. S motor units are present in muscles which maintain the postures 

in daily life. S motor units are reported being used for up to 35% of daily duration, 

far more than 0.2% of the daily duration when FF motor units provide powerful 

contraction bursts (e.g. for physical exercise) [65]. The MN degeneration procedure 

displays a dying-back pattern, with the NMJ denervation preceding loss of axons 

and spinal MNs. Furthermore, those fast-twitch muscles had an earlier decline of 

contraction strength than slow-twitch ones [37, 64]. Those data indicate that different 

vulnerabilities of motor units depend on muscle fiber types and contraction patterns. 

 

 

Figure 4 Characteristics of different types of MNs: The ventral spinal cord MN pools are 

composed of gamma MNs (blue) as well as three type of alpha MNs: αFF (light brown), αFFR (dark 

brown), αSFR (green). In the periphery, a muscle is composed of three types of extrafusal fibers: 

fast-twitch fatigable muscle fibers (light brown, IIb) are innervated by αFF MNs, fast-twitch fatigue-

resistant muscle fibers (dark brown, IIa) are innervated by alpha αFFR MNs and slow-twitch fatigue-

resistant muscle fibers (green, I) are innervated by αSFR MNs. Intrafusal muscle fibers (blue) reside 

within a muscle spindle (gray) and are exclusively innervated by gamma MNs. This is reprinted 

from [139] with permission from Frontiers Media S.A. 
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1.2.5.3 Different vulnerability of MNs is related to excitability 

Investigations of the mechanisms of MN degeneration in multiple ALS models, 

revealed that different MN subpopulations display a selective vulnerability to disease. 

High input threshold FF-MNs are reported to be affected earlier in disease, showing 

aggregation of misfolded protein and ER stress even at P28 in the mouse model 

and the neuromuscular junctions (NMJs) denervation begins at P50 in SOD1 

mutation mice. While FR-MNs are affected at around P90, and S-MNs are well 

preserved even at the end stage [126]. Selective vulnerability has also been 

observed in mouse models carrying mutations in FUS [132], C9orf72 [142], TDP-43 

[5] and MATR3 [72].  

The mechanism underlying the selective vulnerabilities remain unclear. However, 

recent investigations suggest that MN vulnerability is strongly related to excitability 

and firing patterns in ALS. FF-MNs have a high-frequency and burst-firing pattern, 

while S-MNs have a relatively low-frequency and tonic-firing pattern [71]. In 

vulnerable MNs, some of the FF-MNs and large FR-MNs have a reduced excitability 

and loss of ability to perform repeated firing in SOD1 [44] and FUS mutant mice [90] 

even before the NMJ denervation. S-MNs are also reported to have a higher 

excitability compared to F-MNs [85], in agreement with the more resistant character 

of S-MN to ALS. 

 

1.2.6 The role of activity induced transcription in neurons 

Neurons can be activated via multiple signal pathways. Extracellular signals from 

voltage-gated calcium channels or neurotransmitters (e.g. glutamate) via NMDAR 

can initiate an action potential in neurons, leading to a Ca2+ influx and followed by 

activations of CaMKII, PKA and Erk-dependent pathways. Upon activation, signals 

can be not only spread to downstream neurons or muscles but also transduced 

intracellularly, leading to activity-dependent gene transcriptions [158]. Those 

transcriptional response can increase cell viability when facing oxidative stress [46] 

and excitotoxity [8, 84]. On the other hand, reduced neuronal firing has been 

observed as a hallmark in MNs both in ALS mouse models [120] and patient-derived 

iPSCs [125]. Taken together, those data suggested that excitability is critical in MN 
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function and survival. Neurons sustaining high excitability and firing ability could be 

a protective factor when MNs face multiple cellular stresses in ALS. 

If loss of MN excitability is pathogenetically involved in ALS, signaling pathways and 

transcriptional regulators of activity-dependent response should be altered as 

secondary changes in disease. In the central nervous system (CNS), activity-driven 

transcription in neurons is a critical response to environmental stimulation including 

development, learning, programmed cell death, and responses to injury and 

drugs [124]. In fact, several genes have been recognized as masters of neuron 

activation related genes, to name a few, cyclic AMP responsive element binding 

protein (CREB), serum response factor (SRF) and myocyte enhancer factor 2 

(MEF2). Following the activation of those transcription factors, several other 

downstream genes can be activated as a second wave of gene expression [12].  

CREB is known as a master transcription regulator upon neuronal activation. CREB 

is a basic region leucine zipper (bZIP) transcription factor. Signals from multiple 

pathways such as protein kinase A (PKA), calmodulin-dependent protein kinase 

(CaMK), mitogen-activated protein kinase (MAPK) can lead to phosphorylation of 

CREB protein at Ser133. pCREB can bind to the cAMP response element (CRE) of 

the promoters of target genes and lead to transcription of downstream genes. It is 

involved in a variety of neuronal biological processes such as proliferation, 

differentiation, survival, long-term synaptic potentiation, neurogenesis, and neuronal 

plasticity [1, 77, 83]. As previously reported, spinal FF-MNs innervating the lateral 

gastrocnemius and S-MNs innervating soleus have been recognized using 

retrograde tracer technique. In wildtype mice, spinal FF-MNs have stronger pCREB 

immuno-staining signal than S-MNs. This phenotype was missing in SOD1G93A mice 

in which FF-MNs showed a similar level of pCREB to S-MNs [127]. Meanwhile, 

higher excitability is recognized as a character of S-MNs [85]. These data indicate 

that CREB activation is modified in FF-MNs in SOD1G93A mice, followed by changes 

regarding activation-induced gene expression. 

On the other hand, SRF is another master transcription factor whose activation is 

following neuronal activity (described in Section 1.1). It is reasonable to speculate 

that SRF level and its transcriptional foot print would be also changed in ALS MNs, 

in which neuronal activity is altered during disease progression. If so, depending on 

its protective function in other neuronal disorders, SRF could play an important role 
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in ALS MNs by regulating the downstream genes in response to multiple cellular 

stress such as oxidative stress and protein aggregation. 

 

1.2.7 Therapeutic approaches to ALS 

To date, treatment for ALS is limited to multidisciplinary care, including nutritional 

and respiratory support and symptom management. Riluzole remains the only 

approved drug for ALS, having a limited but significant effect to prolong patient 

survival by 3 months [13]. The inhibition of glutamate and rescue of excitotoxicity 

are considered as the therapeutic mechanisms of Riluzole [48]. 

Based on the fact that many ALS phenotypes are caused by a gain of toxic function, 

gene therapies trying to downregulate the mutant gene have been investigated. 

Lentivirus vectors (LV), benefiting from its high efficiency to deliver large-capacity of 

cloning without obvious inflammation reaction [99], has been used to deliver siRNAs 

to downregulate the mutant Sod1 expression, leading to a delayed onset, prolonged 

progression and better MN survival in SOD1G93A mice [115]. Adeno-associated-virus 

(AAV) carrying anti-SOD1 microRNA have been administered to patients in clinical 

trials [96]. However, the uncertain efficiency, side effects and small sample size 

remain the barriers to the further investigations into this kind of methods [19, 96]. 

Meanwhile, gene silencing therapy using ASOs targeting SOD1 mutations was 

developed to treat ALS [94, 135, 151], shortly after successfully prolonging survival 

and reversing muscle response in ALS rodents [93]. ASOs targeting GGGGCC 

repeats in C9orf72 mutations have also been tested in clinal trials since the 

preclinical experiments brought exciting and promising results [68, 82]. Depending 

on the fact that loss of excitability of MNs has been observed as a hallmark in 

progression of ALS (see Section 1.2.5.3), multiple approaches have been 

developed to modify the excitability of MNs in ALS models. Using chemogenetic 

tools to increase excitability of MNs is able to decrease the disease burden and on 

contrast, inhibiting the excitability of MNs worsens the disease burden [127]. Similar 

effects have been  also observed in ALS patient-derived iPSCs with gene mutation 

in C9orf72 [47], TDP-43 [47], FUS[102] and SOD1 [102]. 
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1.3 Autophagy 

1.3.1 A brief introduction to the autophagy pathway 

Ubiquitin-proteasome system (UPS) and lysosome dependent autophagy are two 

major pathways mediating the intracellular protein degradation. In the UPS pathway, 

proteins are labelled with ubiquitin proteins, hence ubiquitinated [39, 66]. The 

ubiquitinated proteins are further delivered to proteasomes and degraded [153]. 

Autophagy, literally means self-eating, refers to a physiological cellular reaction to 

environmental stress. During the process of autophagy, cellular components are 

captured into organelles called autophagosomes, followed by delivery to lysosomes 

to be degraded and then recycled for other uses. Autophagy mainly happens in 

some stress condition or environments for cells to overcome difficult periods such 

as starvation [61]. Mutations in autophagy-related genes are sufficient to reduce the 

survival of yeast under starving conditions [95, 106]. 

Depending on the autophagosome formation pathways, autophagy can be further 

divided into micro autophagy, chaperone mediated autophagy (CMA) and macro 

autophagy [55]. In micro autophagy, the procedure is more likely non-selective when 

a small proportion of the cytoplasm is directly delivered to the lysosome. On the 

other hand, CMA is more selective. Some target proteins can be recognized by 

chaperones like HSP-70 (heat shock cognate protein of 70-kDa), followed by 

translocation to lysosomes mediated by a group of lysosome-associated membrane 

proteins (LAMP) such as LAMP2A [41]. In macro autophagy, the target can be either 

specific or unspecific. In starvation, a proportion of the cytoplasm, even organelles, 

will be delivered into a double layered membrane named autophagosome [17].  

Meanwhile, p62 is able to specifically recognize and deliver toxic proteins or 

irregular organelles into autophagosomes. Damaged mitochondria can be also 

degraded through autophagy with PTEN induced kinase 1 (Pink1), followed by 

recruitment of Parkin and p62 proteins [100, 107]. 

The process of macro-autophagy can be divided into five stages where the steps 

were carried out by multiple autophagy related genes (ATGs) as shown in Figure 5.  
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Figure 5: An introduction to macro-autophagy pathway. mTOR and AMPK are the main 

regulators of autophagy, with mTOR acting as an inhibitor and AMPK as an activator. Autophagy is 

a multistep process that includes five steps: 

(1) Initiation: Double layer membranes originate in ER to form a cup-shaped structure, named as 

pre-autophagosome. The ULK1(Unc-51 like autophagy activating kinase) complex is necessary in 

this stage. It consists of ULK1, ATG13, ATG101 and FIP200 (FAK family kinase interacting protein 

of 200 kDa) 

(2) Membrane nucleation and phagophore formation: Beclin 1 is activated by ULK1 through 

phosphorylation. Together with VPS34 (vesicle-mediated vacuolar protein 34) and VPS15, Beclin 1 

complex acts as PI3 kinase (phosphoinositide 3-kinase) which can phosphorylate PIP2 

(phosphatidylinositol-4, 5-bisphosphate) to PIP3 (phosphatidylinositol-3, 4, 5-triphosphate). The 

increase concentration of PIP3 leads to the recruitment of WIPI proteins (WD-repeat protein 

interacting with phosphoinositides) to the pre-autophagosome membrane, forming a phagophore.  

(3) Phagophore expansion: Some proteins (e.g. p62 and NBR1, neighbor of BRCA1 gene 1 protein) 

can recognize and deliver target proteins specifically to phagophore. At the same time, LC3 

(microtubule-associated proteins 1A/1B light chain 3) is cleaved into LC3-I, by a protease-like protein 

ATG4. 

(4) Fusion with the lysosome: After LC3-I is recruited to membrane, it is activated by ATG7/ATG3 

complex, conjugated to PE (phosphatidylethanolamine), and eventually form LC3-II. Once the LC3-

II is formed, the pre-autophagosomes enclose and become a completed mature autophagosome. 

Then autophagosome is fused with lysosome, mediated by SNARE proteins (soluble NSF 

attachment protein receptor), RAB family (RAS-related GTP-binding proteins) and LAMP family 

(5) Degradation: Once the autophagosomes fuse with lysosome and auto-lysosomes are formed, the 

proteins or cellular components will be degraded by the acidic environment, proteases and 

cathepsins.   

This is reprinted from [61] with permission from Nature Publishing Group. 
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1.3.2 The role of motoneuronal autophagy in ALS 

Given the fact that MNs have a complex morphology of long axons and their highly 

demanded firing patterns, it is critical for MNs to maintain efficient energy supply, 

retrograde transport of vesicles along axons, and clearance of damaged organelles 

and abnormal protein aggregates. Most of these procedures involve the autophagy 

machinery. In multiple gene mutations leading to ALS, protein aggregation and 

mislocalization has been observed as hallmarks during disease progression in 

SOD1 and TDP-43 mutant mice [6]. These proteins can trigger pathological changes 

in MNs and the degradation of these proteins relies on the autophagy pathway [101]. 

Furthermore, among the known gene mutations causing ALS, several genes are 

also involved in autophagy, including mutations in TBK1 (TANK binding kinase 1), 

SQSTM1/p62, OPTN, UBQLN2, VCP, and C9orf72 (described in Section 1.2.3). As 

a central mechanism regulating the catabolic and recycling process, autophagy has 

been proven to be impaired in ALS MNs with a downregulated clearance of 

abnormal accumulation of toxic cargos [131].  Those abnormal organelles and 

protein aggregates are mainly present in vulnerable MNs that would be affected in 

disease progression in humans [143]. Taken together, those data suggest that 

autophagy impairment in MNs could be a key pathological mechanism in ALS.  

So far, several lines of evidence have already shown the regulation of autophagy in 

ALS is complicated and the results are dependent on the treatments and models. 

For example, using rapamycin to induce mTOR-dependent autophagy in TDP-43 

mutant mice had an protective effect [154]. However, an accelerated disease 

progression with a shortened lifespan and enhanced induction of MN apoptosis 

were observed when rapamycin was applied to SOD1G93A mice [159]. Interestingly, 

later follow-up research indicates a time-dependent character of autophagy in the 

disease progression. Early induction of autophagy preserved NMJ innervation while 

autophagy played a detrimental role during in the later stage of ALS in SOD1G93A 

mice [123]. Thus, modulating the autophagy pathway has been emerging as a 

potential therapeutic target in ALS. 
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1.4 Aim of this thesis 

ALS is a critical MN degenerative disease in which the pathology remains unclear. 

So far, no other efficient therapies than Riluzole has been developed to treat ALS 

during the last 25 years. A reduction of excitability has been observed as a hallmark 

in ALS MNs, meanwhile, sustaining neuronal activity has been proven critical for 

functional preservation and survival of MNs in ALS. The mechanism underlying the 

neuronal activity and protective effect from ALS has not yet been revealed. 

Together with CREB, SRF is a master regulator of activity mediated transcription in 

neurons. Upon neuronal activation, multiple downstream genes of SRF are 

activated which have beneficial effects in several neuronal disorders. This has 

caught the eyes of researchers in the field of neuronal biology and pathology. The 

role of SRF in ALS remains unknown. However, based on several lines of evidence 

showing a protective function of SRF in multiple neuronal disorders, SRF is a 

promising transcription factor that is predicted to be regulating downstream genes 

that could be beneficial to ALS MNs. Here the hypothesis is proposed: Does 

motoneuronal SRF play a neuroprotective role in MN degeneration in progression 

of ALS? 

In this thesis, the MN expression level of SRF is evaluated in both ALS patients and 

ALS mice. SRF level is further compared in MN subpopulations depending on the 

different vulnerability in a SOD1G93A mouse model. The SOD1G93A mouse model 

with MN-specific knock-out of Srf is established in this thesis. Emphasis of analysis 

is put on the investigation of SRF’s function in MN degeneration at clinical 

phenotypic level utilizing several high-resolution behavior tests. The ALS markers 

of disease progression and potential biochemical molecules that may contribute 

during the disease progression of ALS are also evaluated using 

immunofluorescence and confocal microscopy.  
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2 Materials and methods 

2.1 Materials 

2.1.1 Laboratory equipment 

Table 1: List of laboratory equipment 

Equipment Manufacturer 

-20 ℃ freezer premium no frost Liebherr, Bulle, Switzerland 

4 ℃ refrigerator Liebherr, Bulle, Switzerland 

-80 ℃ freezer HERH freeze HFUB series 
Thermo Fisher Scientific, Waltham, 
USA 

Cryostat Leica CM1900 Leica, Nussloch, Germany 

Electrophoresis Power Supply, E861 Consort, Turnhout, Belgium 

FDR-AX53 video Camera recorder SONY, Tokyo, Japan 

Fume cupboard Wesemann,Syke, Germany 

Gene Touch Thermocycler Bioer, Hangzhou, China 

GenoSmart® Compact imaging system VWR International GmbH, Germany 

Gripstrengh meter Panlab, Harvard Apparatus 

Heraeus Presco 17 centrifuge 
Thermo Fisher Scientific, Waltham, 
USA 

Ice flaker AF 156 Scotsman, Ipswich, UK 

Keyence® BZ-X810 All-in-one fluorescence 
microscope Keyence, Osaka, Japan 

Light cycler 480 II Roche, Basel, Switzerland 

LSM 710 confocal microscope Carl Zeiss AG, Oberkochen, Germany 

Magnetic hotplate stirrer VWR International GmbH, Germany 

Microwave, micromaxx® Medion AG, Germany 

Mini G centrifuge IKA, Staufen im Breisgau, Germany 

Nanodrop 1000 spectrometer 
Thermo Fisher Scientific, Waltham, 
USA 

Oven Memmert, Schwabach, Germany 

Perfusion tubing pump Ismatec, Wertheim, Germany 

pH meter, pH50+ XS instruments,Carpi (MO), Italy 

Pipettes Transferpette® S 10 μl, 20 μl, 100 μl, 
1000 μl Brand, Wertheim, Germany 

Pocket balance, CM 150-1 N 
KERN & SOHN GmbH, 
Balingen, Germany 

Polymax 2040 platform shaker Heidolph, Schwabach, Germany 

Precision balance, PCB 
KERN & SOHN GmbH, 
Balingen, Germany 

Pressure cooker WMF, Geislingen, Germany 

QBD1 heating system Grant instruments, Cambridge, UK 

TissueLyser® II Qiagen, Düsseldorf, Germany 

VORTEX-GENIE® 2 vortex mixer Scientific Industries, Bohemia, USA 

Waterbath Memmert, Schwabach, Germany 
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2.1.2 Consumable materials 

Table 2: List of consumable materials 

Material Manufacturer 

Adhesive clear PCR seal  
Biozym Scientific GmbH, Hessisch Oldendorf, 
Germany 

Eppendorf® Tubes (1.5 ml, 2 ml) Eppendorf, Hamburg, Germany 

Falcon® tubes (15 ml, 50 ml) Falcon, Corning, USA 

Glass Pipettes (5 ml, 10 ml, 25 ml) Brand GmbH, Wertheim, Germany 

ImmEdge® Pen Vector Laboratories, California, USA 

Microscope coverslips 21x 26 mm VWR International GmbH, Germany 

Microscope slides folder VWR International GmbH, Germany 

Microscope slides superfrost Plus R. Langenbrinck GmbH, Emmendingen, Germany 

Microtome blades A35 Seidel Medipool, Munich, Germany 

Multi well plates (24-well, 96-well) Greiner Bio-one GmbH, Germany 

Needles Sterican 27G B.Braun, Melsungen, Germany 

Nitril gloves Franz Mensch GmbH, Eresing, Germany 

Parafilm® Sigma Aldrich, St.Loius, USA 

PCR Plates (96-well) 
Biozym Scientific GmbH, Hessisch Oldendorf, 
Germany 

Peel-A-Way® disposable plastic 
tissue embedding molds Polyscience, Inc. U.S.A. 

Pipette tips 10μl, 100μl, 1200μl Nerbe Plus, Winsen, Germany 

Syringe 1 ml, Injekt-F B.Braun, Melsungen, Germany 

 

2.1.3 Chemicals and drugs 

Table 3: List of Chemicals and drugs 

Material Manufacturer 

3,3'-Diaminobenzidin-tetrahydrochlorid 
(DAB) AppliChem GmbH, Darmstadt, Germany 

Acetic acid Sigma Aldrich, St.Loius, USA 

Agarose AppliChem GmbH, Darmstadt, Germany 

Bovine serum albumin fraction V (BSA) AppliChem GmbH, Darmstadt, Germany 

Chloroform AppliChem GmbH, Darmstadt, Germany 

Citric acid Sigma Aldrich, St.Loius, USA 

D (+) Sucrose AppliChem GmbH, Darmstadt, Germany 

DAPI (4',6-Diamidino-2-phenylindol) AppliChem GmbH, Darmstadt, Germany 

ddH2O (nuclease-free) Gibco, Grand Island, USA 

Dimethyl sulfoxide (DMSO) AppliChem GmbH, Darmstadt, Germany 

DL-Lysine Sigma Aldrich, St.Loius, USA 

DNA gel loading Dye (6x) Thermo Fisher Scientific, Waltham, USA 

DNase I solution Bioline, Memphis, USA 

dNTPs 
Genaxxon BioScience GmbH, Ulm, 
Germany 
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Donkey serum Sigma Aldrich, St.Loius, USA 

DreamTaq™ Green polymerase Thermo Fisher Scientific, Waltham, USA 

DreamTaq™ Green Buffer (10X) Thermo Fisher Scientific, Waltham, USA 

Ethanol absolute (100%) Sigma Aldrich, St.Loius, USA 

Ethidium bromide solution Carl Roth GmbH, Karlsruhe, Germany 

Ethylene glycol Carl Roth GmbH, Karlsruhe, Germany 

Ethylenediaminetetraacetic acid (EDTA) AppliChem GmbH, Darmstadt, Germany 

GeneRuler® 1kb Plus DNA Ladder Thermo Fisher Scientific, Waltham, USA 

Glycerol AppliChem GmbH, Darmstadt, Germany 

HistoClear® National Diagnostics, USA 

Hydrogen chloride (HCl) Carl Roth GmbH, Karlsruhe, Germany 

Hydrogen peroxide(H2O2) Sigma Aldrich, St.Loius, USA 

Immersion oil Zeiss, Oberkochen, Germany 

Isopropyl alcohol Fluka Honeywell, Morris Plains, USA 

Ketamine 100 mg/ml (10%) WDT, Garbsen, Germany 

Methanol 
VWR chemicals, Fontanay-sous-bios, 
France 

MLV-RT 5x buffer Promega, Walldorf, Germany 

M-MLV reverse transcriptase (RT) Promega, Walldorf, Germany 

Natriumhydrogenphosphate (Na2HPO4)  Carl Roth GmbH, Karlsruhe, Germany 

Paraformaldehyde (PFA) AppliChem GmbH, Darmstadt, Germany 

Phosphate-buffered saline (PBS) 
(10X Dulbecco's)- powder AppliChem GmbH, Darmstadt, Germany 

ProLong® Gold antifade reagent Thermo Fisher Scientific, Waltham, USA 

Proteinase K solution 
Genaxxon BioScience GmbH, Ulm, 
Germany 

QIAzol® Lysis Reagent Qiagen, Düsseldorf, Germany 

Random hexamers(dN6) Sigma Aldrich, St.Loius, USA 

RiboLock® RNase Inhibiotor Thermo Fisher Scientific, Waltham, USA 

RNeasy Mini Kit Qiagen, Düsseldorf, Germany 

Sodium chloride (NaCl) Thermo Fisher Scientific, Waltham, USA 

Sodium hydroxide (NaOH) Carl Roth GmbH, Karlsruhe, Germany 

SYBR Green® Premix Ex Taq (2x) TaKaRa, Kyoto, Japan 

Tissue-Tek® O.C.T compound Sakura Finetek, Netherlands 

Tris(hydroxymethyl)-aminomethan Sigma Aldrich, St.Loius, USA 

Triton-X-100 AppliChem GmbH, Darmstadt, Germany 

VECTASTAIN® ABC Kit Vector Laboratories, California, USA 

Xylazine 20 mg/ml (2%) Bayer, Leverkusen, Germany 

Xylene 
VWR chemicals, Fontanay-sous-bios, 
France 
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2.1.4 Software 

Table 4: List of software used in this thesis 

Software Manufacturer 

BZ-X800 Analyzer Keyence, Osaka, Japan 

BZ-X800 Viewer Keyence, Osaka, Japan 

Endnote 20 Clarivate, Philadelphia, USA 

Graphpad Prism 7.0 Graphpad Software, La Jolla, USA 

Illustrator 2021 Adobe Systems, California, USA 

Image J Wayne Rasband, National Institutes of Health, USA 

LC480 1.5.0 SP3 Roche, Basel, Switzerland 

MS Office 2019 Microsoft, Redmond, USA 

Photoshop 2021 Adobe Systems, California, USA 

Zen Black Edition Carl Zeiss AG, Oberkochen, Germany 

 

2.1.5 Antibody list 

Table 5: List of antibodies 

Antibody Dilution Application Source Catalogue No. 

α-Bungarotoxin  
Conjugated AF 555 

1:500 IF Invitrogen B35451 

Chicken anti-GFAP 1:500 IF Abcam ab4676 

Goat anti-MMP9 1:500 IF Sigma M9570 

Guinea pig anti-ChAT 1:300 IF Synaptic Systems 297015 

Guinea pig anti-
VAChT 

1:500 IF Synaptic Systems 139105 

Guinea pig  
anti- Synaptophysin1 

1:300 IF Synaptic Systems 101004 

Mouse anti-β III 
tubulin 

1:2000 IF Eurogentec 
MMS-435P-
200 

Mouse anti-misfolded 
SOD B8H10 

1:1000 IF Medimabs MM-0070  

Mouse anti-P62 1:500 IF Abcam ab56416 

Rabbit anti-Beclin 1 1:500 IF CST 3738 

Rabbit anti-IBA 1 1:500 IF Wako 019-19741 

Rabbit anti-MRTF-A 1:500 IHC Sigma HPA030782 

Rabbit anti-SRF 1:300 IHC Santa Cruz SC-335 

Rat anti-LAMP1 1:500 IF DSHB 1D4B 

Rat anti-SRF  1:500 IF 
Prof. Dr. A. 
Nordheim,  
Tübingen University 

  

Donkey anti-chicken 
 CF 488 

1:500 IF Sigma SAB4600031 

Donkey anti-mouse  
AF 405 

1:500 IF Abcam ab175658 

Donkey anti-mouse  1:500 IF Invitrogen A21202 
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AF 488 

Donkey anti-goat  
AF 568 

1:500 IF Invitrogen A11057 

Donkey anti-guinea 
pig CF 405 

1:500 IF Abcam SAB4600468 

Donkey anti-guinea 
pig CF 568 

1:500 IF Biotium 20377 

Donkey anti-guinea 
pig CF 633 

1:500 IF Biotium 20171 

Donkey anti-rabbit 
 AF 568 

1:500 IF Invitrogen A10042 

Donkey anti-rat 
 AF 488 

1:500 IF Invitrogen A21208 

Goat Anti-Rabbit  
IgG (H+L), 
Biotinylated  

1:200 IHC Vector BA-1000-1.5 

 

2.1.6 Primer list 

Table 6: list of primers for qPCR 

Gene Primer Primer sequence 

Arc Fwd 5' - GCA CAA AAG CCA TGA CCC AT - 3' 

  Rev 5' - TCT CCC TAG TCC CCA GGG C - 3' 

Bdnf Fwd 5´- ACC ATA AGG ACG CGG ACT TG - 3´ 

  Rev 5´- GAG TAG AGG AGG CTC CAA AGG C -3´ 

C1qb Fwd 5'- AGT CGC CTT CTC TGC CCT G -3' 

  Rev 5'- TTC GAA GCG AAT GAC CTG GT -3' 

C3 Fwd 5´- ACC TTA CCT CGG CAA GTT TCT - 3´ 

  Rev 5´- TTG TAG AGC TGC TGG TCA GG - 3´ 

Ccl2 Fwd 5´- CCC AAT GAG TAG GCT GGA GA - 3´ 

  Rev 5´- TCT GGA CCC ATT CCT TCT TG - 3´ 

cFos Fwd 5´- CCT GCC CCT TCT CAA CGA C - 3´ 

  Rev 5´- GCT CCA CGT TGC TGA TGC T - 3´ 

Ctsd Fwd 5´- TCA CTC GAA AGG CCT ACT GG - 3´ 

  Rev 5´- TGC ACA GGG TCA GCT CAT T - 3´ 

Ctss Fwd 5´- GGA GTG AGC ACC ACA CTT CA - 3´ 

  Rev 5´- GCA TCC AAA ACA GCC ATC TT - 3´ 

Egr1 Fwd 5´- GCC GAG CGA ACA ACC CTA T  - 3´ 

  Rev 5´- TCC ACC ATC GCC TTC TCA TT  - 3´ 

Egr2 Fwd 5´- GTT GAC TGT CAC TCC AAG AAA TGG - 3´ 

  Rev 5´- AGC GCA GCC CTG TAG GC - 3´ 

Egr3 Fwd 5' - GAG ATC CCC AGC GCG - 3' 

  Rev 5' - CAT CTG AGT GTA ATG GGC TAC CG - 3' 

Gapdh Fwd 5´- TGG ATC TGA CGT GCC GC - 3’ 

  Rev 5´- TGC CTG CTT CAC CAC CTT C - 3´ 

Gfap Fwd 5´- AGG GAC AAC TTT GCA CAG GA - 3´ 
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  Rev 5´- CAG CCT CAG GTT GGT TTC AT - 3´ 

huSOD1  Fwd 5' - TCC ATG TTC ATG AGT TTG GAG AT- 3' 

  Rev 5' - TCT GGA TAG AGG ATT AAA GTG AGG A- 3' 

Olfml3 Fwd 5´- CTG CTG CTC CTC TTC TTT TTG - 3´ 

  Rev 5´- CTA CTC TGA TCC TGG CAT TGG - 3´ 

Tmem119 Fwd 5´- GTC ACT CCA TCC CAG TTT CAC - 3´ 

  Rev 5´- GGA CCA TGT TGA GCT ATG GAA - 3´ 

Vim Fwd 5´- TGC GCC AGC AGT ATG AAA - 3´ 

  Rev 5´- GCC TCA GAG AGG TCA GCA AA - 3´ 

 

2.1.7 Buffers and solutions 

2.1.7.1 Buffers for genotyping 

Table 7: List of buffers or solutions for genotyping 

Buffer or solution Ingredients Amount 

Tail lysis buffer  
(1000 ml) 

  

Tris pH 8.3; 1 M 100 ml 

EDTA pH 8.0; 0.5 M 10 ml 

10% SDS 20 ml 

NaCl; 4 M  50 ml 

Proteinase K (add before 
use) 0.2 μg/ml 

ddH2O 820 ml 

50X Tris-Acetate-EDTA 
buffer (TAE) 

(4000 ml) 

Tris 968 g 

Acetic acid  228.4 ml 

EDTA 148.8 g 

ddH2O fill up to 4000 ml 

1X TAE buffer 
 (5000 ml) 

50X TAE buffer 100 ml 

ddH2O 4900 ml 

 
2% Agarose gel 

 
 

agarose 3 g 

1X TAE buffer  150 ml 

heat and dissolve in microwave and cool down to 50℃ 

Ethidium bromide solution 6 μl 

 

2.1.7.2 Buffers for mouse perfusion and sample fixation 

Table 8: List of buffers and solutions for mice perfusion and sample fixation 

Buffer or solution Ingredients Amount 

Anesthesia  
solution  
(5 ml) 

0.9% Saline solution 3500 μl 

10% Ketamine 1250 μl  

2% Xylazine 250 μl  

10x PBS 
(2000 ml) 

PBS buffer 10X powder 191 g  

ddH2O 2000 ml 
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1X PBS 
(1000 ml) 

PBS 10X 100 ml  

Distilled water 900 ml  

5mM EDTA in PBS 
(1000 ml) 

0.5M EDTA  10 ml 

PBS 1X 990 ml 

4% PFA  
(100 ml) 

PFA 4 g  

PBS 1X  fill up to 100 ml 

Heat to dissolve (50-60 ℃) 

Adjust pH to 7.4 

Filter before use 

30% Sucrose 
(500 ml) 

Sucrose  150 g 

PBS 1X fill up to 500 ml 

 

2.1.7.3 Buffers for immunofluorescence staining 

Table 9: List of buffers or solutions for immunofluorescence staining 

Buffer or solution Ingredients Amount 

Cryoprotectant solution 
(100 ml)  

PBS 1X  50 ml 

Ethylene Glycol  20 ml 

Glycerol 30 ml 

10% BSA  
(100 ml) 

Albumin Bovine Fract 
V 10 g 

PBS 1X  fill up to 100 ml 

10% Triton solution 
(50 ml) 

Triton-X-100  5 ml  

PBS 1X 45 ml 

Blocking solution for 
Immunofluorescence 

(10 ml) 

10% BSA  3000 μl  

10% Triton solution 300 μl  

PBS 1X 6700 μl  

 

 

2.1.7.4 Buffers for immunohistochemical staining 

Table 10: List of buffers or solutions for immunohistochemical staining 

Buffer or solution Ingredients Amount 

10X Citric acid solution (500 ml) 
citric acid 20 g 

ddH2O 500 ml 

1X Citric acid solution 
pH 6 (500 ml) 

10X citric acid 100 ml 

ddH2O 400 ml 

Adjust pH to 6 

10X TBS 

Tris 30 g 

NaCl 44 g 

ddH2O 500 ml 

Adjust pH to 7.6 

1X TBS 
10X TBS 100 ml 

ddH2O 400 ml 
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Blocking solution 
for IHC 
(10 ml) 

BSA  0.5 g 

Triton-X-100 25 μl 

DL-lysine 182 mg 

TBS 1X 9.98 ml 

ABC solution 

solution A 9 μl  

solution B 9 μl  

TBS 1X 982 μl  

Prepare and incubate at RT 30 min before use 

DAB solution 

1M Tris, pH 7.5 2 ml  

33% H2O2 20 μl  

DAB 100 μl  

ddH2O 20 μl  

Freshly prepare before use, store in dark 

 

2.2 Methods 

2.2.1 Transgenic mouse breeding and housing 

A Cre-loxp system was applied in this thesis to achieve a MN-specific knock out in 

mice. The Cre recombinase was driven by choline acetyltransferase (ChAT) promoter. 

In order to get a triple-transgenic SOD1G93A/ChatCre/Srfloxp/loxp mouse line, ChatCre mice 

were first crossed with high-copy human SOD1G93A males (The Jackson Laboratory) 

to get a SOD1G93A/ChatCre double transgenic mouse line. Double transgenic mice were 

further crossed with Srfloxp/loxp mice to create SOD1G93A/ChatCre/Srfloxp/loxp triple 

transgenic mice, which allowed the MN-specific Srf knock out in an ALS mouse 

model (Figure 6A). Triple transgenic mouse line was maintained by mating 

SOD1G93A/ChatCre/Srfloxp/wt males to SOD1wt/ChatCre/Srfloxp/wt females to get a 

comparable Mendelian ratio of different genotypes in offsprings. Here we got four 

groups as follows, WT: SOD1wt/ChatCre/Srfwt/wt; mSOD1: SOD1G93A/ChatCre/Srfwt/wt; Srf 

KO: SOD1wt/ChatCre/Srfloxp/loxp; mSOD1/Srf KO: SOD1G93A/ChatCre/Srfloxp/loxp. 

Littermates were used as controls. 
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Figure 6: Mouse line set up and breeding strategy.  

A: The Cre recombinase in the mouse line was driven by a MN specific promotor, choline 

acetyltransferase (ChAT). The Exon 1 (Ex1) of Srf gene is clipped by loxP.  

B: The generation of an ALS mouse line with MN-specific deletion of SRF was built in three steps. The 

first step was to cross the hSODG93A males with the ChAT-Cre females to get a ChAT-Cre/hSODG93A 

double transgenic line. In the second step, ChAT-Cre/hSODG93A double transgenic males were crossed 

with Srf-floxed females to get triple transgenic mice.  After genotyping, mice heterozygous for ChAT-

Cre and Srf were selected and hSODG93A males which were further crossed with hSOD- females.  

 

Mice were kept with free access to food and water in a pathogen-free animal facility at 

University of Ulm, with a 12 h day-night shift. Appropriate temperature and humidity 

were monitored and maintained. Health conditions were checked every day. Humane 

endpoints of mSOD1 and mSOD1/Srf KO mice were determined individually according 

to criteria indicated below (see 2.2.3.7). All animal experiments fit the institutional 

guidelines of the local animal facility (Tierforschungszentrum, Ulm University) and EU 

laws. Animal experiments were approved by the Regierungspräsidium Tübingen 

(Tübingen, Germany) with licenses TVA-1357 and TVA-1450. 
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2.2.2 Genotyping strategies 

Mice were weaned at P21 and ear tissue (from hole punch) were collected from each 

mouse. Ear tissue was incubated in 200 μl tail lysis buffer at 60 ℃ overnight. After 

centrifugation with13,000 rpm at RT for 10 min, the supernatant was collected in a 

new tube. Samples were heated up to 99 ℃ for 10 min to inactivate the proteinase K, 

then genomic DNA samples were kept at 4 ℃ for following PCR experiments. Primers 

used for genotyping are listed in Table 11. Genomic DNA samples were added to PCR 

reaction tubes, followed by PCR reaction according to protocols shown in Table 12, 

Table 13 and Table 14. PCR products were used for agarose gel electrophoresis. 

 

Table 11: List of primers for genotyping 

Genotype Primer Primer sequence 

ChatCre 
  

Fwd 5' - GCA GAA CCT GAA GAT GTT CGC - 3' 

Rev 5' - ACA CCA GAG ACG GAA ATC CAT - 3' 

hSOD1 
  

Fwd 5' - CCA TCT GAT GCT TTT TCA TTA TTA GG - 3' 

Rev 5' - ACT AAC AAT CAA AGT GAA AGA TAC ATG AC - 3' 

Srf 
  
  

AW 5' - AGT TCA TCG ACA ACA AGC TGC GG - 3' 

BW 5' - GAG ATT TCC ACA GAA AGC AAC GG - 3' 

CW 5' - TGA TAT TGC TGA AGA GCT TGG CGG C - 3' 

 

Table 12: Pipette protocol and PCR program for ChatCre genotyping 

ChatCre μl/sample PCR program 

ddH2O (nuclease 
free) 37.5 denature template 95 ℃ 3 min 

10x PCR buffer 5.0 denature template 95 ℃ 30 s 

  
cycles: 
  

  
39 

  

dNTPs (10 mM) 1.0 anneal primers 55 ℃ 30 s 

Primer ChatCre 
Fwd (10 pmol/μl) 2.0 extension 72 ℃ 30 s 

Primer ChatCre 
Rev (10 pmol/μl) 2.0 final extension 72 ℃ 5 min 

DNA-template 2.0 hold 8 ℃ ∞ 

Polymerase 0.5 

 total volume 50.0 

 

Table 13: Pipette protocol and PCR program for hSOD1(G93A) genotyping 

hSOD1G93A μl/sample PCR program 

ddH2O (nuclease 
free) 37.5 denature template 95 ℃ 3 min 

10x PCR buffer 5.0 denature template 95 ℃ 30 s cycles:   39  
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dNTPs (10 mM) 1.0 anneal primers 55 ℃ 30 s 

Primer hSOD1 Fwd 
 (10 pmol/μl) 2.0 extension 72 ℃ 30 s 

Primer hSOD1 Rev 
 (10 pmol/μl) 2.0 final extension 72 5 min 

DNA-template 2.0 hold 8 ℃ ∞ 

Polymerase 0.5 

 total volume 50 

 

Table 14: Pipette protocol and PCR program for Srf genotyping 

Srf  μl/sample PCR program 

ddH2O (nuclease 
free) 36 denature template 94 ℃ 2 min 

10x PCR buffer 5.0 denature template 94 ℃ 30 s   
cycles: 
  

  
35 

  

DMSO 2.5 anneal primers 60 ℃ 30 s 

dNTPs (10 mM) 1.0 extension 72 ℃ 30 s 

Primer Srf AW 
 (10 pmol/μl) 1.5 final extension 72 ℃ 7 min 

Primer Srf BW 
 (10 pmol/μl) 1.5 hold 8 ℃ ∞ 

Primer Srf CW  
(10 pmol/μl) 0.5 

 

DNA-template 1.5 

Polymerase 0.5 

total volume 50 

 

Agarose gel electrophoresis was performed to measure the length of PCR products to 

determine the genotype of each animal. 2% agarose gel was prepared according to 

Table 7 and buffered in 1X TAE in a chamber. PCR products were loaded on the 

agarose gel with a DNA ladder by side as a control. A 160V electrical field was applied 

to the agarose gel for 1h. Ultraviolet (UV) light was used to detect the ethidium bromide 

which intercalates into DNA. According to the primer design and DNA sequence of 

transgenic mice, in Chat-Cre PCR, a band at 500bp was considered as positive while 

350 bp as negative; in hSOD1 PCR, a band at 200bp was considered as positive while 

350 bp as negative. In Srf PCR, a band at 530 bp was considered positive for the 

flex1neo band [156] (Srf-exon-1-floxed neo band) while a band at 600bp was 

considered as a wild type band. An example was shown in Figure 7 and the 

corresponding genotyping results for animals were as follows: B942: hSOD1-/Chat-

Cre+/Srfwt/wt, hence WT; B943: hSOD1G93A/Chat-Cre+/Srffl/fl, hence mSOD1/Srf KO; 
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B944: hSOD1wt/Chat-Cre+/Srffl/wt, hence heterozygous for Srf alleles, could be 

included for breeding; B945: hSOD1wt/Chat-Cre+/Srffl/fl, hence Srf KO. 

 

Figure 7: An example for agarose gel and genotyping results.  

A: The agarose gel for hSOD1G93A. B942 and B945 were genotyped as hSOD-; B943 and B944 were 

genotyped as hSODG93A.  

B: The agarose gel for ChAT-Cre. All four animals were genotyped as ChAT-Cre positive.  

C: The agarose gel for Srf, B942 was Srf+/+, B943 was Srf -/-, B944 was Srf +/-, and B945 was Srf-/-.  

A-C: highlight band in control lane, 500bp. 

 

2.2.3 Behavior tests 

2.2.3.1 Overview 

Mice were genotyped at P21 and then handed over blindly to researchers for behavior 

tests. The first cohort was for an exploration approach for which some mice were 

recruited and a small number of timepoints and tests were performed as described in 

Figure 8A. In brief, body weight and grip strength were measured once a week from 4 

weeks until 13 weeks of age. Animals from the exploration cohort were sacrificed at 

13 weeks of age. Lumbar spinal cords and right gastrocnemius muscle were collected 

for RNA isolation and immunofluorescence staining.  

The high-resolution in-depth cohort was analyzed to further investigate the disease 

onset, progression and finally also disease endpoint. In this high-resolution in-depth 

cohort, body weight, grip strength and neurological score were measured twice a week, 

while pole test and inverted grid test were performed once a week (Figure 8B). All 

experiments in the high-resolution in-depth cohort were carried out from 4 weeks until 
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20 weeks. This was followed by the assessment of the humane endpoint for ALS mice 

(see criteria in Section  2.2.3.7). 

 

 

Figure 8: Schedule for behavior tests.  

A: In the exploration cohort, body weight was measured once a week from 4 weeks of age. Grip strength 

was measured at 7th, 9th, 11th and 13th week. Mice were sacrificed at 13 weeks.  

B: In the high-resolution in-depth cohort, body weight, grip strength and neurological score were 

measured twice a week, while pole test and inverted grid test were performed once a week from 4 

weeks until 20 weeks postnatally. Then, body weight and neurological score would be measured every 

day to evaluate the endpoint of each individual mouse. Mice were sacrificed at the defined humane 

endpoint. 
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Behavior tests in the exploration and the in-depth cohort were carried out during the 

same period of a day (early afternoon). Mice were introduced to the researcher by 

handling and training at the age of three weeks to reduce stress in the following 

experiments. Housing materials have been always changed on Tuesday afternoons 

and the next behavior tests would be carried out at least two overnights later, hence 

Thursday. All tests were carried out in the following order based on stress level of the 

tests. In the pole test and inverted grid test, housing materials would be applied at the 

cage bottom to prevent any possibility of injuries from falling (see Figure 10-Figure 11). 

 

2.2.3.2 Body weight 

Body weight is considered a critical measurement to evaluate the disease progression 

and overall condition of ALS mice. It was measured twice a week. On the day of 

behavior tests, body weight has been always taken before the other behavior tests. A 

pocket balance with accuracy of 0.1 g was used and an average value of three tries 

was recorded. 

 

2.2.3.3 Neurological score 

Neurological score (NS) [63] was applied to investigate the clinical stage and disease 

progression of mice. It was determined twice a week by tail suspension test, 25 cm 

walking test and righting reflex as shown in Figure 9. In brief, holding 2 s for completely 

spreading of hindlimbs was considered NS=0 (Figure 9A-B), while partially collapsing 

and a normal gait were considered NS=1 (Figure 9C-D); partially collapsing, slower 

walking with no more than twice toe-mistakes during walking test were considered 

NS=2 (Figure 9E-G); total collapsing or more than twice toe-mistakes in walking test, 

but a righting reflex less than 10 s were NS=3 (Figure 9H-J); at least one hindlimb 

paralysis or righting reflex over 10 s were considered NS=4 (Figure 9K-M). Mice 

reaching a NS=4 were considered as having reached the humane endpoint.  
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Figure 9: Protocol for neurological score evaluation.  

A-B: Mice with NS=0 could fully spread their hindlimbs holding it for at least two seconds without 

collapsing in the tail suspension test (A) and walking normally with a fast gait in walking test (B).  

C-D: Mice with NS=1 show partial collapse of hindlimbs in tail suspension test (C) and a normal gait, 

which could be a little bit slower (D).  

E-G: Mice with NS=2 show a total collapse and partial paralysis in the tail suspension test (E) and toes 

bent backwards for no more than two times over the 25 cm walking test (F). From this point, righting 

reflex would be needed to determine the neurological score. A mouse with NS=2 can right itself within 

10 s. 

 H-J: Mice with NS=3 show rigid paralysis in tail suspension test (H); their hindlimbs could not be 

properly used and toes bent backwards for at least three times in the walking test. However, moving 

forward was still possible (I). The mice could still right themselves in 10 s (J). 

 K-M: Mice with NS=4 reach the humane endpoint and show a total paralysis in hindlimbs in tail 

suspension test (K). At least one side of the hindlimbs provides no more sufficient power to move 

forward (L). When put on either side, it could not right itself in 10 s (M).  

This is adapted from [63] with permission from MYJoVE Corporation. 

 

2.2.3.4 Pole test 

The pole test gave an overview of the motor ability of ALS mice and it was carried out 

once a week. Mice were put heading up on the top of a vertical pole (rough wood, 

30 cm high, Ø 1 cm) as shown in Figure 10. In healthy conditions, mice would make 

a turn to head downwards and walk along the pole to reach the cage bottom. In 

disease condition, mice walk slower, fail to turn or even fall from the pole. Time 
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between starting to turn and reaching the bottom was considered the total time to finish, 

while 2 min would be recorded as a result if the mouse failed or fell. Five tries were 

performed for each mouse on the test day, and the best performance would be 

recorded. 

 

Figure 10: Experimental set-up for pole test.  

A-C: A wooden pole (30 cm high, Ø 1 cm) was fixed vertically at the bottom of mouse cage. A rubber 

band (green) was fixed at 5 cm away from the top to help the mouse turn the body. Wooden housing 

material was put at the bottom to protect the mouse in case of falling.  

A: A mouse was put head up on the top of a pole and the mouse was holding itself; time of turning 

started here.  

B: The mouse turned itself to head downwards and all limbs were in the correct position, ready to walk 

down the pole; time of turning finished here and time of walking down started here.  

C: The mouse walked along the vertical pole and reached the bottom of cage; time of walking down 

ended here. 

 

2.2.3.5 Inverted grid test 

Inverted tests were performed once a week to measure the overall body strength. Mice 

were hung on a grid (barbed wire with 1 cm in between) to see how long it could hold 

itself before dropping (as shown in Figure 11). A maximum time (until 3 min) within 

three tries was recorded. A healthy mouse is strong enough to hold itself for at least 

3 min. 
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Figure 11: Experimental set-up for the inverted grid test.  

A mouse was hung upside-down on a metallic wire grid during the inverted grid test. Time before 

dropping (or until 3 minutes) was recorded. A cage with housing material would be prepared below the 

grid to protect the mice when falling from the grid. 

 

2.2.3.6 Grip strength 

Forelimb grip strength was measured twice a week using a grip strength meter at 

maximum strength mode (Panlab, Harvard Apparatus); the highest value within 3 tries 

was recorded. Grip strength would be the last test of the day in order to avoid stress 

influencing the other behavior tests. Mice were immediately put back to the home cage 

after grip strength to reduce the stress. 

 

2.2.3.7 Determination of endpoint and survival analysis 

Health conditions, motor ability, righting reflex and neurological score were checked 

every day when mSOD1 and mSOD1/Srf KO mice reached NS=3; meanwhile, water 

and wet soft food were provided on the cage bottom. A loss of 30% of the peak body 

weight or NS=4 would be considered a humane endpoint. WT and Srf KO mice would 

be sacrificed at P200. After the endpoint, the individual body weight trend line would 

be drawn and disease onset was determined depending on the age of peak body 

weight [16]. 
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2.2.4  Perfusion and sample fixation 

Mice were anesthetized with 5 mg/kg ketamine and 5 mg/kg xylazine by intraperitoneal 

injection, then perfused with ice-cold PBS (2 ml/g) followed by 4% FPA in PBS 

(2.5 ml/g) via left ventricle. After being properly perfused and fixed, mice were 

immediately dissected; spinal cords and right gastrocnemius muscles were collected. 

Lumbar enlargements of spinal cords were harvested and further fixed in 4% PFA in 

PBS at 4 ℃ overnight, while gastrocnemius muscles were only fixed in 4% PFA for 2h 

to avoid over-fixation. Then, they were both cryopreserved in 30% sucrose in PBS 

until sinking, embedded in OCT compound (TissueTek) and kept at -80 ℃ before 

cryostat section. 

 

2.2.5 Immunofluorescence staining  

Spinal cord samples were re-balanced at -20 ℃ from -80 ℃ overnight, and cross-

sectioned on a cryostat microtome (Leica CM 1900) at a thickness of 40 μm. Free-

floating fluorescence staining was performed on spinal cords as previously reported 

by colleagues [108]. In brief, spinal cord sections were blocked with 3% BSA and 0.3% 

Triton in PBS for 2 h, followed by 1st antibodies (shown in Table 5) incubation at 

appropriate concentration in blocking solution on a shaker at 4 ℃ for 48h. After 

washing steps (in PBS 30 min for 3 times), 2nd antibodies (shown in Table 5)  were 

incubated protected from light at RT for 2h on a shaker. Samples went through 

washing steps before mounting with ProLong Gold Antifade Reagent (Invitrogen). 

Gastrocnemius muscles were sectioned longitudinally at 30 μm and directly mounted 

to Super Frost Plus microscope slides; muscle samples were blocked with 6% BSA, 

10% Donkey Serum and 0.9% Triton in PBS. First antibodies were incubated for 16h. 

The other steps of neuromuscular innervation analysis were the same as for spinal 

cord staining. 

 

2.2.6 Immunohistochemistry 

This part of study was performed in compliance with university ethics committee 

guidelines and German state law governing human tissue usage. The human tissue 

used for this study originated from the Braak Collection (Goethe University, Frankfurt 
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am Main). Informed written consent for autopsy was obtained previously from the 

patients or their next of kin. Lumbar and thoracic spinal cords from stage 1-2 (TDP-43 

pathology) ALS patients [20] were immune stained for SRF and MRTF-A. In brief, 

spinal cords were fixed with formalin, embedded in paraffin and cross-sectioned at 50 

μm and followed by a free-floating immunohistochemistry staining. Sections were 

washed in xylene to remove paraffin, and followed by rehydration with an alcohol 

series. Endogenous peroxidase was inactivated by 3% H2O2, then heat induced 

antigen retrieval with citrate buffer (pH 6.0) was performed in a microwave for 20 min. 

Samples were blocked in 5% BSA, 0.25% Triton-X and 18.2% DL-lysine, then 

incubated with 1st antibodies overnight (shown in Table 5), biotinylated 2nd antibodies 

2 h, ABC-kit (Vector Laboratory) 1.5 h and followed by a 10 min DAB chromogen 

reaction. Sections went through alcohol series for dehydration and Histo-Clear 

(National Diagnostics) before being mounted to microscope slides.  

 

2.2.7 Image acquisition 

All fluorescence pictures were acquired on LSM-710 confocal microscopy (Carl Zeiss). 

Multi-channel acquisitions were set up using the smart set-up and best signal function 

in Zen Black Edition software. Channels were set independently according to the 

excitation and emission spectra to get saturated and non-crosstalk images. A z-stack 

project every 1 μm apart was scanned continuously. Spinal cord images were acquired 

at the ventral horn while gastrocnemius samples were acquired at  the lateral 

branch (l1) as previously reported [112]. Human spinal cord immunohistochemistry 

images were acquired at the ventral horns on a brightfield microscope (Keyence BZ-

X810) using a Z-stack mode and followed by a full-focus using BZ-800 Analyzer 

software (Keyence). 

 

2.2.8 Image analysis 

Fluorescence pictures were processed with ImageJ (FIJI) and z-projection with 

maximum intensity was performed. MN cell bodies were traced manually with a 

freehand selection tool recognized by VAChT or ChAT, followed by measurement of 

grey values of individual MNs. A threshold was set to avoid the background signal if a 

positive area would be measured. MN numbers were counted frame by frame in the 
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original z-stack series images. In the same staining, MNs from at least five ventral 

horns per mouse would be analyzed and an average value would be taken. The NMJ 

innervation analysis was performed using the colocalization plugin of ImageJ (FIJI) 

and more than 70% overlapping area of pre- and post-synapse was considered 

innervated, while below 70% as denervated. At least 100 NMJs from l1-branch 

gastrocnemius were measured per mouse. 

 

2.2.9 RNA isolation 

Mice from the exploration behavior cohort were sacrificed with carbon dioxide at 90 

days of age, lumbar enlargement of spinal cords were harvested after dissection and 

samples were immediately frozen in liquid nitrogen then transferred to the -80 ℃ 

freezer for long-term storage. Upon RNA isolation, 500 μl QIAzol (trizol, QIAGEN) was 

added to each sample. After adding a stainless-steel bead (Ø 2 mm), samples were 

lysed on TissueLyser at 20 Hz in a pre-cooled chamber (-20 ℃) for 4 min. Homogenate 

was centrifuged at 13,000 rpm for 15 min at 4 ℃ to remove the insoluble tissue and 

the supernatant was moved to a new tube. 100 μl chloroform were added to each 

sample and vortexed for 15 s, followed by a centrifuge at 11,500 rpm at 4 ℃ for 15 min. 

The top water phase (out of 3 phases) was collected. Samples went through RNA 

purification with RNeasy Mini Kit (QIAGEN) according to manufacturer protocols. Then 

DNase 1 (10X) and DNase 1 buffer(10X) were added to each sample at 1:10, 

incubated at 37 ℃ in a water bath for 30 min. Samples were then heated to 65 ℃ on 

a heating block for 20 min. RNA concentration was determined on a Nanodrop 1000 

spectrophotometer. 

 

2.2.10  cDNA synthesis 

Complementary DNA (cDNA) synthesis is a procedure using reverse transcriptase to 

build cDNA based on mRNA templates. cDNA can be further used for qPCR analysis 

to determine the expression level of each gene. In short, initial primer/RNA mix (see 

detail in Table 15) was prepared for each sample, mixed on vortex and briefly 

centrifuged. Samples were pre-denaturized at 70 ℃ for 10 min. Followed by adding 

buffer/dNTPs/enzyme mix (see detail in Table 15)  to each sample, the reaction mix 
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was incubated at RT for 10 min, 42 ℃ on water bath for 45 min. Eventually, samples 

were heated to 99 ℃ for 3 min to inactivate the enzymes, cooled down on ice and 

frozen in -20 ℃ for storage. In parallel, non-template control and non-reverse 

transcriptase control were used as negative controls all along the procedure of cDNA 

synthesis. Relevant amount of ddH2O was added instead of RNA template or reverse 

transcriptase. 

 

Table 15: Protocol of cDNA synthesis 

initial primer/RNA mix buffer/dNTPs/enzyme mix 

Ingredient Volume/sample Ingredient Volume/sample 

random hexamer 
primer (dN6) 5 μl 5X RT buffer 12 μl 

RNA sample 1 μg dNTPs 2 μl 

ddH20 (nuclease 
free) add to 40 μl Rnase Inhibitor 0.5 μl 

    
Reverse 
transcriptase 0.5 μl 

 

2.2.11 Quantitative polymerase chain reaction (qPCR) 

The gene expression was measured by qPCR. cDNA products were used for qPCR 

to measure the DNA concentration, which indicates the gene expression on mRNA 

level. The target DNA sequence could be recognized specifically with corresponding 

small DNA sequences named primers. With the polymerase working at appropriate 

temperatures, the DNA template could be further copied into enormous amounts so 

that it can be detect with fluorescence signals by introducing fluorescence chemicals 

(e.g. SYBR Green I), which shows fluorescence only when interacting with double 

stranded DNA. qPCR has an advantage of real-time measurement of fluorescence 

level during the procedure of PCR. SYBR Premix Ex Taq (TaKaRa) was used as 

source of SYBR Green I fluorescence and Taq polymerase during qPCR experiments. 

Samples were added to 96 well plates according to Table 16, qPCR was performed 

on a Light Cycler 480 from Roche programmed as Table 16, and the threshold cycle 

value (Ct) was calculated on LC480 software. The house-keeping gene 

glyceraldehyde-3-phosphate dehydrogenase (Gapdh) has been used as internal 

control for gene expression. Samples were repeated as duplicates; qPCR would be 

repeated if Ct values of duplicates differed over 0.5 cycles; average Ct values of 
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duplicates were taken into analysis. Relative gene expression level was calculated 

using ΔCt method. Calculation was performed as the equation below with Power 

function in Excel 2019: 

Rel. mRNA leveltarget gene = 2- ΔCt; ΔCt=Cttarget gene - CtGapdh 

Table 16: Pipetting protocol and LC480 program for qPCR 

Ingredient μl/well 
 

Program 
Cycle

s 
Ramp rate 

(℃/s) 
Temperature 

(℃) 
Time 
(s) 

Fwd-primer 
(10 pmol/μL) 1.5 

 
heating 1 4.4 95 ℃ 30 

Rev-primer 
(10 pmol/μL) 1.5 

 
denaturation 

40  

4.4 95 ℃ 5 

SYBR 
Premix Ex 
Taq  5.0 

 
annealing and 
extension 2.2 60 ℃ 20 

cDNA 2.0  denaturation 1 4.4 95 ℃ 10 

     final extension 1 2.2 60 ℃ 60 

     melting curve 1 0.11 95 ℃  - 

     cool down 1 2.2 40 ℃ 10 

 

2.2.12 Bioinformatic analysis for promotor binding site prediction 

As a transcription factor, SRF binds to some specific non-coding DNA sequences at 

promoters in the target genes, so-called CArG boxes, to start gene transcription. The 

bioinformatic analysis provides an efficient shortcut for screening genes of interest 

which are potentially regulated by specific transcription factors. The bioinformatic 

analysis was performed using Eukaryotic Promoter Database (EPD, 

https://epd.epfl.ch//index.php) to find potential SRF transcription binding sites in 

autophagy related genes. In brief, autophagy related genes were screened in Mus 

Musculus looking for SRF as motif, Transcription Factor Motifs (JASPAR CORE 2018 

Vertebrates) as library, from -1500 to 100 bp relative to transcription start site (TSS), 

and a cut-off P value of 0.001 was applied. After screening, DNA sequence at the 

binding site was confirmed manually to see if it contains the classical CArG box 

sequence: CC(A/T)6GG.  

 

2.2.13 Statistics 

All data were calculated in Excel (Microsoft Office 2019) and further compared in 

GraphPad Prism Software (v. 7.0). All values are expressed as mean + SD unless 
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otherwise indicated. Student t-test was applied to compare mean values in two groups. 

Paired t-test was applied to compare the difference of ALS thoracic and ALS lumbar 

spinal cord results from patients. One-way ANOVA was applied to compare values in 

multiple groups at a single time point. Paired two-way ANOVA with Tukey correction 

was carried out to compare the multi-timepoint behavior test results. Survival and 

onset analysis were performed by Kaplan-Meier method using the Mantel-Cox test. 

Significance was assessed as follows: * P<0.05, ** P<0.01, *** P<0.001, **** P<0.0001. 
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3 Results 

3.1 SRF expression analysis and mouse line set-up 

3.1.1 SRF was detected in MNs and enriched in vulnerable MNs in the spinal cord 

Spinal cord lumbar enlargement sections from WT and mSOD1 mice were co-stained 

for ChAT for MNs, MMP9 as a marker for vulnerable MNs [73] and evaluated for their 

SRF level. SRF displayed a strong nuclear localization in both WT and mSOD1 spinal 

cord ventral horn MNs (Figure 12A-B). At P50, WT and mSOD1 MNs had a similar 

percentage of SRF+ MNs (52.42 ± 1.27% vs. 52.44 ± 8.89%). The percentage of SRF+ 

MNs did not change in WT (46.55 ± 4.20%) at P90. However, it was significantly 

reduced in mSOD1 (32.13 ± 6.11%) mice at P90 (Figure 12A-D, E). SRF abundance 

was further compared in vulnerable (MMP9+) and non-vulnerable (MMP9-) MNs. A 

tendency of more SRF+ expression in MMP9+ MNs than in MMP9- MNs was observed 

in WT (P50, P90). At earlier stage (P50) of mice with mutant SOD1, the SRF+ MNs 

were enriched, and there was a significant decrease of SRF+ in MMP9+ MNs at P90 

(Figure 12A-D, F). Thus, SRF was enriched in a MN subpopulation which was 

vulnerable to ALS disease progression. At the same time, the number of SRF+ MNs 

declined during the disease progression in mSOD1 mice (Figure 12E).  Taken together, 

those data indicated that SRF levels were present and enriched in a vulnerable 

subpopulation of ALS MNs.  
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Figure 12: Immunofluorescence confirmation of SRF abundance in vulnerable MNs and 

impairments in mSOD1 MNs.  

A-D: Expression of ChAT (blue), MMP9 (red) and SRF (green) were stained in spinal cord ventral horn 

MNs at both P50 and P90.  

A: SRF was positive as a nuclear staining in some but not all of the ChAT positive cells, and MMP9 was 

positive in some of the ChAT positive cells in WT at P50.  

B: In mSOD1 mice at P50, the number of SRF and MMP9 positive MNs were comparable to WT.  

C: In WT at P90, the SRF and MMP9 positive MNs were comparable to P50.  

D: Both MMP9 and SRF positive MNs decreased dramatically in mSOD1 mice at P90.  

E: Percentage of SRF positive MNs were comparable in WT and mSOD1 at P50. At P90, mSOD1 had 

lower percentage of SRF positive MNs comparing to WT. In mSOD1, SRF positive MNs were decreased 

at P90 comparing to P50.  

F: A co-staining with MMP9 showed a tendency of more SRF positive cells in ChAT+/MMP9+ cells than 

ChAT+/MMP9- cells in WT, but significant in mSOD1 at P50. SRF positive MNs in MMP9 positive 

population was significantly decreased at P90 in mSOD1 group.  

Scale bar: 30 μm. Animal numbers: n=3 (P50), n=4 (P90). Statistical analysis method: two-way ANOVA. 
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3.1.2 SRF but not MRTF-A were changed in human patient spinal cord samples 

In order to check if the changes of SRF level in MNs was only limited to SOD1G93A 

mouse model, human ALS spinal cord samples were immuno-stained with SRF and 

its co-factor MRTF-A. Lumbar cords from patients who died from non-nervous system 

diseases were used as healthy controls, while in ALS patients, both lumbar cords 

(vulnerable) and thoracic cords (less vulnerable) were used as internal control. In the 

control case, SRF showed a uniform nuclear signal in around 50% of all spinal cord 

ventral horn MNs (Figure 13A, D, M). In ALS thoracic spinal cord, most MNs showed 

uniform nuclear signals while in ALS lumbar cord, some MNs showed a rod-like 

aggregates of SRF staining (Figure 13A, D, M). There was a tendency of a lower 

percentage of SRF positive MNs in both ALS thoracic and lumbar spinal cords 

compared to the control case. By analyzing the percentage of MNs displaying SRF 

signal as rod-like filament structures (hereon described as irregular) in all SRF positive 

MNs, results showed that there were significantly more MNs with irregular SRF in ALS 

lumbar than ALS thoracic spinal cord (Figure 13B-C, N). However, MRTF-A staining 

showed a clear uniform nuclear staining in control cases, ALS thoracic and lumbar 

cords. None of the conditions showed irregular pathological staining as seen for SRF. 

All three conditions shared a similar percentage (approximately 50%) of MRTF-A 

positive MNs (Figure 13G-I, M).  

Taken together, these data indicated that the pathology of SRF was present in human 

ALS samples. The pathological phenotype was limited to SRF and not observed in its 

cofactor, MRTF-A. 
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Figure 13: Immunohistochemical staining shows a higher percentage of pathological SRF 

structures but not MRTF-A in human ALS lumbar spinal cords.  

A-C: Immunohistochemistry staining of SRF in human healthy control and ALS thoracic and lumbar 

spinal cord ventral horns.  

D-F: Corresponding higher magnification images of MNs of A-C.  

A&D: Uniform SRF signal was observed in around 50% of the MNs in healthy control lumbar ventral 

horns.  

B&E: ALS thoracic cord ventral horn staining of SRF showed mostly a uniform nuclear staining and 

around 15% irregular structures of the SRF signal.  

C&F: ALS lumbar cord ventral horn staining of SRF showed some rod-like filament structures (arrows) 

in MNs and the signal was not limited to the nucleus.  

G-I: Immunohistochemistry staining of MRTF-A in spinal cord ventral horns of healthy control (G), ALS 

thoracic (H) and ALS lumbar (I). MNs from all groups showed a uniform nuclear signal and no difference 

of the MRTF-A positive MNs was observed between groups.  

J-L: Corresponding high magnification images of G-I. No morphology change of MRTF-A signal in the 

nucleus was observed.  

M-N: Statistical comparison of SRF and MRTF-A positive MNs (M) and pathological MNs (N) in all 

groups.  

All data were shown as mean + SD. Each symbol represented one patient. Scare bar: Scale-bar (A-C; 

G-I) 50 μm; (D-F; J-L) = 25 μm. 
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3.1.3 SRF can be specifically deleted in MNs 

In order to investigate the role of SRF in MNs in the disease progression of ALS, a 

transgenic mouse line taking advantage of the Cre-loxp approach has been used to 

generate a MN-specific Srf deletion. A Srf loxp/loxp mouse line was crossed to a ChATCre 

mouse line, which led to a MN specific knock out of SRF (as described in Figure 6A). 

Spinal cord sections were stained for VAChT and SRF to document the deletion 

efficiency. In WT spinal cord ventral horns, 43.26 ± 10.77% of MNs had an SRF signal 

in the nucleus while in Srf KO spinal cords, none of the VAChT+ ventral horn MN 

showed any SRF signal, with the surrounding VAChT- cells remain expressing SRF 

(Figure 14A-B). As a second MN abundant region, the facial nucleus in the midbrain 

was also immuno-stained for analyzing a specific Srf knock out. Most of the MNs 

(recognized by size and morphology) in the facial nucleus were SRF positive in WT 

mice (Figure 14C, E-F), while none of the MNs showed SRF signal in Srf KO mice 

(Figure 14D, G-H).  Those data indicated that SRF was successfully removed in MNs. 
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Figure 14: Immunohistochemical confirmation of specific SRF knock-out in MNs.  

A-B: Immunofluorescence staining of spinal cord ventral horn at P90. Nuclear signal of SRF (green) 

was recognized in both VAChT (blue) positive and negative cells. Among VAChT positive cells, 43.26 

± 10.77% were SRF positive in WT while none of the VAChT positive cells in Srf KO were SRF positive 

(n=4 each group).  

C-H: Immunohistochemistry staining of SRF in brain sections. The facial nucleus in the midbrain was 

recognized by anatomical location and MNs were recognized by their larger and triangle-shaped 

morphology compared to the surrounding cells.  

C: In the WT facial nucleus, most MNs were SRF positive. Squares: positions of E and F. 

D: In Srf KO facial nucleus, none of the MNs was SRF positive.  Squares: positions of G and H 

E-F: Higher magnification image of WT.  

G-H: High magnification image of Srf KO.  

A&E: scale bar: 30 μm. 
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3.1.4 Mouse line was set up and maintained successfully 

A tribble transgenic line of hSOD1G93A/ChatCre/Srfloxp/loxp mice was set up successfully. 

In order to maintain the mouse line and get an approximately similar number of 

different genotypes, hSOD1-/ChatCre/Srfloxp/wt females were mated with 

hSOD1G93A/ChatCre/Srfloxp/wt males. Apart from those four experimental genotypes (WT, 

Srf KO, mSOD1 and mSOD1/Srf KO, see detail in Section 2.2.1), the other possible 

heterozygotes were used for breeding to maintain the line. The theoretical distribution 

of offspring is shown in Table 17. However, number of mice genotyped as those four 

genotypes from the offspring was slightly lower than expected, mainly in 

mSOD1/Srf KO females (Table 17).  

Table 17: Breeding production and efficiency calculation of mouse line 

Breeding Production 

Total pups: 401 

Male 205 

Female 196 

Ratio(M/F) 1.045 

 Breeding efficiency   
Theoretical breeding 

efficiency  

  Male Female     Male Female 

  Number % Number %    % % 

WT 19 4.74% 19 4.74%  WT 6.25% 6.25% 

Srf KO 21 5.24% 14 3.49%  Srf KO 6.25% 6.25% 

mSOD1 21 5.24% 23 5.74%  mSOD1 6.25% 6.25% 

mSOD1/ 
Srf KO 19 4.74% 5 1.25%  

mSOD1/ 
Srf KO 6.25% 6.25% 

 

 

3.2 Behavior analysis and ALS marker evaluation  

3.2.1 Exploration cohort showed faster disease progression upon Srf deletion. 

To get a brief overview of the clinical outcome of the Srf deficiency in ALS mice, an 

exploration behavior cohort was carried out to evaluate the disease progression. All 

four genotypes went through a series of behavior tests from P28 to P91, including 

body weight and grip strength (as shown in Figure 8). The WT and Srf KO group kept 

gaining body weight during the time span while mSOD1 and mSOD1/Srf KO males 

reached a plateau from P56 onwards (Figure 15A-B). Interestingly, mSOD1/Srf KO 
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males showed a significantly lower body weight compared to WT animals from P63 

onwards. However, the mSOD1/Srf KO males showed a significantly lower body 

weight only at P63 and P70 compared to the mSOD1 group (Figure 15A). A similar 

tendency was observed in females but did not show significance between the mSOD1 

and mSOD1/Srf KO group (Figure 15B). 

 

 

Figure 15: SRF deletion further decreases body weight of males in the exploration cohort.  

A-B: Body weight of both male (A) and female (B) mice showed a continuous increase in WT and 

Srf KO group, while mSOD1 and mSOD1/Srf KO stopped to gain weight and reached a maximum from 

P56 onwards.  

A: From P63 until P93, males from mSOD1/Srf KO group had a significantly lower body weight than 

WT, and mSOD1/Srf KO group also had lower body weight comparing to mSOD1 group at P63 and 

P70.  

B: mSOD1/Srf KO females had significantly lower body weight than WT at P56, and from P70 to P90.  

Each symbol represented the value of one animal. Statistical analysis: one-way ANOVA. 
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Another behavior test in the exploration cohort was the grip strength to evaluate the 

muscle strength of the mice. WT and Srf KO mice had a stable forelimb grip strength 

(male ~100 g, female ~70 g) from P49 to P91 (Figure 16 A-B). Meanwhile, mSOD1 

and mSOD1/Srf KO mice had a reduction of grip strength during this time, from 

approximately 75 g to 50 g both in males and females. Interestingly, mSOD1/Srf KO 

males showed a significantly lower grip strength than mSOD1 mice at P63 and P77 

(Figure 16 A-B). This significance vanished at P91 when grip strength of mSOD1 mice 

decreased to a similar level to mSOD1/Srf KO mice, indicating that the mSOD1/Srf KO 

mice could have a faster progression of grip strength loss and were later caught up by 

mSOD1 males. Furthermore, in males, a lower grip strength in mSOD1/Srf KO mice 

than in mSOD1 animals was already been observed at P47, while in females it was 

from P63 (Figure 16 A-B). 

Taken together, the exploration cohort suggested a more pronounced body weight 

loss and a further decreased grip strength when Srf is absent in SOD1G93A mice. 
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Figure 16: SRF deletion further decreases grip strength of males in the exploration cohort.  

A-B: Forelimb grip strength at four different timepoints were measured both in males and females. WT 

and Srf KO animals had a stable grip strength while mSOD1 and mSOD1/Srf KO mice had a continuous 

decrease of grip strength in both male and females.  

A: mSOD1 mice had significantly lower grip strength than WT at P49, P77 and P91. mSOD1/Srf KO 

mice had significantly lower grip strength than WT at all four timepoints. At P63 and P77, 

mSOD1/Srf KO mice had a significantly lower grip strength than mSOD1 mice.  

B: Both mSOD1 and mSOD1/Srf KO females showed lower forelimb grip strength than WT from P63 

until P91. No difference between mSOD1 grip strength and mSOD1/Srf KO was observed in females. 

Each symbol represented the value of one animal. Statistical analysis: one-way ANOVA. 
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3.2.2 A high-resolution behavior cohort further illustrated an earlier disease onset 

after SRF ablation 

3.2.2.1 Overview 

Following the exploration cohort, a further detailed high-resolution behavior cohort was 

carried out to assess both the disease progression and endpoint. Mice from four 

groups (WT, Srf KO, mSOD1 and mSOD1/Srf KO) went through a series of behavior 

tests. Body weight, neurological score and grip strength were taken twice a week. Pole 

test and inverted test were carried out once a week. All the above tests were carried 

out from P28 until P140, followed by a survival analysis to determine the endpoint 

individually, shown as schedule in Figure 8B.  

 

3.2.2.2 SRF deficiency led to a more pronounced body weight loss in ALS males 

but not in females 

Body weight of WT and Srf KO mice increased steadily both in male and females 

(Figure 17A-B). Male mSOD1 mice reached a maximum at around P77 and started to 

decrease from P108; meanwhile, the mSOD1/Srf KO mice reached a plateau at 

around P59, and then kept at a lower level (approximately 20 g) until P140. From P63 

until P119, mSOD1/Srf KO showed a significantly lower body weight compared to 

mSOD1 mice in males. Interestingly, at latest stages, i.e. at P140, mSOD1 mice and 

mSOD1/ Srf KO mice had a similar body weight in males (Figure 17A).  

In females, mSOD1 and mSOD1/Srf KO showed approximately the same body weight 

over time. Both reached the maximum at around P84 and did not show a decrease 

thereafter (Figure 17B). 

Taken together, the SRF deletion in MNs resulted in a decreased body weight in males 

but not in females in SOD1G93A mice. 

  



 
 

Results   51 

 

 

Figure 17: A more pronounced loss of body weight was observed in mSOD1/Srf KO males but 

not in females in high-resolution in-depth cohort.  

A-B:  Body weight of WT and Srf KO mice had a continuous increase from P28 until P140 in both male 

and female mice and had similar body weight in the same gender respectively.  

A: mSOD1 males stopped gaining weight and reached a peak at P77 and started to decrease from 

P108 while mSOD1/Srf KO mice reached the peak at P59 and stayed at lower level until P140. 

mSOD1/Srf KO males had a significantly lower body weight than mSOD1 mice from P63 until P112.  

B: mSOD1 females shared similar body weight with mSOD1/Srf KO mice all along the cohort and they 

both reached a plateau from P84.  

Data were shown as mean + SD. Animal numbers: Male: WT=9, Srf KO=8, mSOD1=8, 

mSOD1/Srf KO=6; Female: WT=8, Srf KO=9, mSOD1=9, mSOD1/Srf KO=3. Statistical method: two-

way ANOVA. 

 

3.2.2.3 The neurological score indicates a faster progression of clinical stages 

in absence of SRF in ALS mice 

The neurological score was measured by performing the tail suspension test, walking 

test and righting reflex to judge the phenotype and disease progression of ALS 

mice (Figure 9). The neurological score of WT and Srf KO mice remained zero (NS=0) 

in the whole cohort in both male and female mice (Figure 18A-B). In males, most of 

mSOD1 mice remained with an NS=0 at P59, while all mSOD1/Srf KO had a higher 

score (NS=1). At later time points, both mSOD1 and mSOD1/Srf KO mice revealed an 

increase of the neurological score and mSOD1/Srf KO mice had a significantly higher 

neurological score than mSOD1 mice. (Figure 18A). In females, a tendency of a higher 

neurological score in mSOD1/Srf KO than in mSOD1 mice was also observed with 

fewer timepoints of significance (Figure 18D). 
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Taken together, the neurological score showed a more obvious phenotypic disease 

onset and a faster progression in SOD1G93A mice when Srf is MN specifically deleted.  

 

 

Figure 18: Faster progression of neurological score was observed in mSOD1/Srf KO males 

comparing to mSOD1 mice in high-resolution in-depth cohort.  

A-B: Neurological score of WT and Srf KO mice kept at NS=0 for the whole cohort. Both male and 

female mice of mSOD1 and mSOD1/Srf KO had an increase of NS during disease progression.  

A: All 6 mSOD1/Srf KO males started to get an NS=1 from P59, while only 1 out of 8 mSOD1 mice got 

an NS=1. The average NS of the mSOD1/Srf KO group kept increasing by age while mSOD1 mice 

reach a stage from P84 to P98 with 7 mice with an NS=1 and one mouse with an NS=2. The NS had 

been significantly higher in the mSOD1/Srf KO compared to the mSOD1 group from P59 until P140 in 

males.  

B: All SOD1 females had an NS=1 at P80, while all mSOD1/Srf KO females had such an NS=1 already 

earlier, at P70. Female mSOD1/Srf KO mice had a significantly higher NS than mSOD1 at P63-P77, 

P122, P126, P129 and P140.  

Data were shown as mean + SD. Animal numbers: Male: WT=9, Srf KO=8, mSOD1=8, 

mSOD1/Srf KO=6; Female: WT=8, Srf KO=9, mSOD1=9, mSOD1/Srf KO=3. Statistical method: two-

way ANOVA. 

 

3.2.2.4 Grip strength was further declined with SRF deficiency in early stages of 

ALS mice 

Grip strength was measured as the maximum strength using both forelimbs of mice. 

The grip strength of WT and Srf KO mice increased steadily by age at a similar level 

both in male and female (Figure 19A-B). In males, both mSOD1 and mSOD1/Srf KO 

mice started to decrease at P56; however, the mSOD1/Srf KO mice trended to have 

a faster decrease than mSOD1 mice and significance was shown from P70 until P84 

(Figure 19A). At later time points from P70 onwards, both groups had similar levels of 

grip strength (Figure 19A).  Meanwhile, the grip strength of females had the same 
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tendency but the significance was shown only at P80 (Figure 19B), partially due to the 

low animal number (n=3 in mSOD1/Srf KO females).  

Taken together, the deletion of Srf in MNs resulted in a faster decrease of grip strength 

in an ealier phase of in SOD1G93A males. 

 

 

Figure 19: A more obvious loss of grip strength was observed in mSOD1/Srf KO mice in high-

resolution in-depth cohort.  

A-B: Forelimb grip strength of WT and Srf KO animals was increasing by age in both male and females. 

A: Grip strength of both mSOD1 and mSOD1/Srf KO males started to decrease from P56 in males. 

mSOD1/Srf KO mice had a faster decrease of grip strength than mSOD1 mice and a statistical 

significance of a lower grip strength was seen from P70 until P84.  

B: mSOD1/Srf KO females had a tendency of overall lower grip strength than mSOD1 and a significantly 

lower grip strength was observed at P80.  

Data were shown as mean + SD. Animal numbers: Male: WT=9, Srf KO=8, mSOD1=8, 

mSOD1/Srf KO=6; Female: WT=8, Srf KO=9, mSOD1=9, mSOD1/Srf KO=3. Statistical method: two-

way ANOVA. 

 

3.2.2.5 Inverted grid test showed a decline of holding time in absence of SRF 

during an early phase but not late phase of disease in ALS mice 

In the inverted grid test, a mouse was hung upside down on a grid. The time it could 

hold itself before dropping was recorded to compare the overall muscle strength of 

mice. WT and Srf KO mice could mostly hold themselves until 180 s both for male and 

females (Figure 20A-B). In males, all mSOD1/Srf KO mice did not finish the inverted 

grid test at P56 with an average holding time of approximately 75 s. In contrast, most 

of the mSOD1 mice did not drop until P63, leading to an average holding time of 

approximately 130 s. Different from a gradual decrease of holding time in mSOD1 

mice, the holding time of mSOD1/Srf KO mice decreased dramatically at P56 and 

stayed at a lower level from P77. This phenotype was caught up by mSOD1 mice at 
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P98 and both genotypes kept similar level at later timepoints (Figure 20A). A similar 

tendency was observed in female mSOD1/Srf KO mice but not in mSOD1. mSOD1 

females displayed a higher variability and a tendency of overall slower progression 

compared to mSOD1 males. However, mSOD1/Srf KO female mice still had a 

significantly lower holding time from P63 to P112 compared to mSOD1 females 

(Figure 20B). 

Taken together, the Srf deletion in MNs resulted in a shorter inverted grid holding time 

in both males and females at an earlier phase of ALS disease in SOD1G93A model. 

 

3.2.2.6 Pole test showed an earlier motor disability upon SRF deficiency in ALS 

mice 

The pole test was applied to evaluate the motor ability of mice. Mice were put with 

head up on a vertical pole. A mouse with normal motor ability would be capable of 

turning itself and walking down on the pole to reach the cage bottom (Figure 10). 

Failure in the pole test or taking more than 120 s would be considered 120 s as a final 

result. Most WT and Srf KO mice could finish the pole test within 30 s in both male 

and females (Figure 20C-D). In males at P77, four out of five mSOD1/Srf KO mice 

could not finish the pole test while only two out of eight mSOD1 mice failed. At both 

P77 and P84, mSOD1/Srf KO mice took a significantly longer time in the pole test 

(Figure 20C). At later timepoints after P98, the majority of both mSOD1 and 

mSOD1/Srf KO male mice failed in pole test (Figure 20C). Female mSOD1/Srf KO 

mice also showed an earlier disability than mSOD1 in pole test, significant from P56 

until P112 (Figure 20D). 

Taken together, Srf deletion in MNs resulted in a longer time and more failures in pole 

test in SOD1G93A mice during an earlier phase in disease progression, indicating an 

earlier onset of motor disability in those mice. 
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Figure 20: Inverted test and pole test showed a faster disease progression when SRF was absent 

in the high-resolution in-depth cohort.  

A-B: Results of Inverted grid test. In WT and Srf KO, almost all male and female mice could hold 

themselves for 180 s from P28 until P140 in the inverted grid test.  

A: Both mSOD1 and mSOD1/Srf KO males started to drop from the grid from P56. Significance of a 

shorter holding time in mSOD1/Srf KO than mSOD1 was shown from P56 until P91.  

B: Most mSOD1/Srf KO females started to drop from the grid from P56 while mSOD1 from P91. The 

significant difference between mSOD1 and mSOD1/Srf KO females was shown from P63 until P112.  

C-D: Results of pole test time. In WT and Srf KO mice, both male and females could finish the pole test 

within 30 s from P28 until P140 in pole test.  

C: Two out of eight mSOD1 while four out of six mSOD1/Srf KO mice failed in pole test at P77. A 

significant longer time to finish pole test in mSOD1/Srf KO than in mSOD1 was observed at P77 and 

P84. From P91, most mice in both groups fail to finish the pole test.  

D: Female mSOD1 mice and mSOD1/Srf KO mice showed an increase of pole test time from P42 and 

failed in pole test starting from P56 (mSOD1) or P63 (mSOD1/Srf KO). A significant longer pole test 

time was observed in mSOD1/Srf KO than in mSOD1 mice from P112. 

Animal numbers: Male: WT=9, Srf KO=8 mSOD1=8, mSOD1/Srf KO=6; Female: WT=8, Srf KO=9 

mSOD1=9, mSOD1/Srf KO=3. Data were shown as mean + SEM. Each symbol represented a value of 

one animal. Statistical method: two-way ANOVA. 
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3.2.2.7 SRF deficiency led to an earlier disease onset but did not change overall 

survival 

A loss of 30% of the peak body weight or neurological score reaching 4 would be 

considered a humane endpoint. After the endpoint, the individual body weight trend 

line would be drawn and disease onset was determined depending on the peak body 

weight [16]. The overall survival was similar in mSOD1 and mSOD1/Srf KO group in 

both male and female mice (Figure 21A-B). However, the males had a median onset 

age of 58.5 days in mSOD1/Srf KO compared to 92.5 days in mSOD1 mice; 

meanwhile, mSOD1/Srf KO females had a median 91 days onset age compared to 

SOD1 mice at 101days (Figure 21C-D). 

Taken together, the deletion of SRF in MNs resulted in an earlier disease onset but no 

difference in overall survival in SOD1G93A mice. 

 

 

Figure 21:  Kaplan-Meier curve showed a faster disease onset when SRF was absent but not a 

difference in survival in SOD1G93A mice. 

A-D: Kaplan-Meier curve for overall survival and disease onset of both male and female mSOD1 and 

mSOD1/Srf KO mice.  

A: In males, the first mSOD1/Srf KO died at P77. The medium survival of male mSOD1/Srf KO mice 

was 150 days. In mSOD1 mice it was 146 days, without any significance.  

B: Female mSOD1 had a medium survival of 151 days while mSOD1/Srf KO mice had 139 days. No 

significant difference was observed.  

C: Male mSOD1 mice had a medium onset age of 92.5 days while mSOD1/Srf KO mice had a 

significantly earlier medium onset age of 58.5 days (P=0.0009).  

D:  Female mSOD1 medium had onset age of 105 days while mSOD1/Srf KO had a medium onset age 

of 91 days, without any significance.  

Animal numbers: Male: mSOD1=8, mSOD1/Srf KO=6; Female: mSOD1=9, mSOD1/Srf KO=3. Data 

were shown as Kaplan-Meier curve. Statistical method: Mantel-Cox test (A-D). 
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3.2.2.8 Conclusion of behavior test of high-resolution in-depth cohort 

In summary, those behavior test in high-resolution in-depth cohort indicated that Srf 

deficiency led to an earlier onset, a lower muscle strength and a worse motor ability in 

ALS mice, but not a difference in overall survival. The change of behavior phenotypes 

resulted from motoneuronal Srf deletion mainly came from an earlier phase in 

SOD1G93A mice. 

 

3.2.3 Altered gene expression was shown in lumbar spinal cords upon Srf deletion 

As a transcription factor in neurons, SRF has been known to regulate multiple 

genes [78]. In order to have an overview of the changes of genes which might be 

involved in the disease progression of ALS in absence of SRF, lumbar enlargement 

spinal cords were freshly harvested when animals were sacrificed from the exploration 

cohort from males. After RNA isolation and reverse transcription, qPCR was 

performed to analyze the gene expression level. huSOD1 was the marker for human 

transgenic SOD1G93A mutation. It was significantly upregulated in mSOD1 and 

mSOD1/Srf KO and mice in those two groups shared a comparable level of transgene 

hSOD1 expression (Figure 22A). The Bdnf level did not change with Srf deletion, but 

it was upregulated in mSOD1/Srf KO lumbar cords (Figure 22B). Arc is a regulator of 

synaptic plasticity and known as a downstream gene of SRF. It was at similar level in 

all four groups (Figure 22C). As direct targets of SRF, immediate early genes such as 

cFos, Egr1 and Egr3, were induced to similar levels in mSOD1 and mSOD1/Srf KO 

(Figure 22D-E, G).  However, Egr2 was downregulated in mSOD1/Srf KO compared 

to mSOD1 (Figure 22F). Astrogliosis markers such as Gfap (Figure 22H) and 

Vim1 (Figure 23A) were significantly induced in mSOD1 lumbar cords, and 

downregulated in mSOD1/Srf KO group. Known as microgliosis markers, Tmem119 

did not change between groups (Figure 23B) while Olfml3 was significantly induced in 

mSOD1 and downregulated respectively in mSOD1/Srf KO(Figure 23C), indicating 

that microglia were proliferating in a resting microglia from in mSOD1 however turning 

into activated phenotype when SRF was specifically deleted from MNs. The next group 

of genes compared were inflammation markers involved in the NF-κB pathway. C1qb 

and C3 were induced in mSOD1 and significantly downregulated in mSOD1/Srf KO 

group (Figure 23E-F). Similar tendency was observed in Ccl2 (Figure 23D). Ctsd and 
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Ctss are cathepsins which encode genes responsible for degrades intracellular 

proteins. They were seen clearly induced in mSOD1 group; in mSOD1/Srf KO, Ctsd 

was significantly downregulated while Ctss showed a lower tendency (Figure 23G-H). 

Taken together, those data indicated that gene expression level in lumbar spinal cords 

was changed upon huSOD1G93A transgene and motoneuronal Srf deletion at P90 in 

some aspects of immediate early genes, gliosis and inflammation. 

 

Figure 22: Gene expression levels were altered upon huSOD1 overexpression and Srf knock out 

in lumbar spinal cord at P90.   

A-H: Relative gene expression level to Gapdh in lumbar spinal cord in WT, Srf KO, mSOD1 and 

mSOD1/Srf KO at P90.  

A: Human transgenic SOD1 (huSOD1) was overexpressed at an identical level in mSOD1 and 

mSOD1/Srf KO group, comparing to WT and Srf KO relatively.  

B: Bdnf expression level was comparable in WT, Srf KO and mSOD1 but significantly upregulated in 

mSOD1/Srf KO.  

C: Arc expression level was similar in WT, Srf KO, mSOD1 and mSOD1/Srf KO. 

D-E, G: cFos (D), Egr1 (E) and Egr3 (G) are immediate early genes directly regulated by SRF, were 

induced in mSOD1 group comparing to WT. Knock-out of Srf did not further change the expression 

level of these three genes.  

F: Egr2, as another immediate early gene, was induced in mSOD1 group, but had a tendency of 

reduction in mSOD1/Srf KO group.  

H: Gfap (H), a gene standing for level of astrogliosis, were induced in mSOD1 group but were 

significantly downregulated in mSOD1/Srf KO group.  

Each symbol represented value of one animal. All data were shown as mean + SD. Statistical 

significance: * WT v.s. X; # Srf KO v.s. X; § mSOD1 v.s. X. n≥5 each group.  
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Figure 23: Gene expression levels were altered in lumbar spinal cord at P90.   

A-H: Relative gene expression level to Gapdh in lumbar spinal cord in WT, Srf KO, mSOD1 and 

mSOD1/Srf KO at P90.  

A: Vim1 (A), another gene for astrogliosis, was induced in mSOD1 group but were significantly 

downregulated in mSOD1/Srf KO group.  

B-C: Tmem119 (B) and Olfml3 (C) were both markers for microgliosis. Tmem119 did not change if 

compared between groups, but Olfml3 was induced in mSOD1 group and significantly downregulated 

in mSOD1/Srf KO.  

D: Ccl2 as a gene involved in the NF-κB pathway, was induced in mSOD1 group but had a reduction to 

normal level in mSOD1/Srf KO group.  

E-F: C1qb (E) and C3 (F), another 2 genes involved in the NF-κB pathway, got a clear induction in 

mSOD1 group but downregulated in mSOD1/Srf KO group.  

G-H: Ctsd (G) and Ctss (H) were two genes regulating the intracellular protein degradation and were 

induced in mSOD1 group. Ctsd was significantly downregulated in mSO1/Srf KO group and Ctss had 

a tendency.  

Each symbol represented value of one animal. All data were shown as mean + SD. Statistical 

significance: * WT v.s. X; # Srf KO v.s. X; § mSOD1 v.s. X. n≥5 each group. 

 

3.2.4 Astrogliosis and microgliosis were observed in lumbar cord ventral horns both 

at P50 and P90 

To investigate the mechanism leading to the behavior outcomes at a molecular biology 

level, mice from all four genotypes were perfused with 4% PFA at P50 and P90. Spinal 

cords were collected for cryoprotectant sectioning and immunofluorescence staining. 
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Astrogliosis and microgliosis are known as critical hallmarks in the process of 

neurological disorders [146]. The first markers investigated were IBA1 and GFAP in 

the MN areas (VAChT-positive areas) of the ventral horn of spinal cords. In WT spinal 

cords, both astrocytes and microglia had small somata, with long but slim branches, 

known as residence microglia (Figure 24A). In Srf KO spinal cords, the morphologies 

of astrocytes and microglia did not change compared to WT, as well as the IBA1 and 

GFAP positive area (Figure 24A-B, M-N). This phenotype remained the same in WT 

and Srf KO at both P50 and P90. In opposite to this, in mSOD1 spinal cords, 

astrogliosis and microgliosis had been already obvious at P50, showing a higher IBA1 

and GFAP positive area. Both, astrocytes and microglia showed a bigger soma and 

thicker branches indicating an activated phenotype (Figure 24C, G, M-N). In 

mSOD1/Srf KO spinal cords, the GFAP positive area was similar to mSOD1, while the 

IBA1 positive area was significantly higher at P50 (Figure 24C-D, N), showing even 

larger somata compared to mSOD1 animals (Figure 24D). A similar tendency was 

observed in GFAP positive areas comparing mSOD1 and mSOD1/Srf KO animals at 

P50 (Figure 24G-H, M). However, this significance vanished at P90 with both mSOD1 

and mSOD1/Srf KO mice sharing a similar level of GFAP and IBA1 positive areas 

(Figure 24M-N). 

Those data indicated a more pronounced microgliosis, but not astrogliosis when Srf is 

motoneuronal deleted in SOD1G93A mice at P50. 
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Figure 24: Immunofluorescence staining shows microgliosis and astrogliosis in both mSOD1 

and mSOD1/Srf KO lumbar spinal cord ventral horns.  

A-L: Immunofluorescence images from P50 lumbar spinal cord ventral horn stained red for IBA1, green 

for GFAP and blue for VAChT. Scale bar: 30 μm.  

A-B: IBA1 staining showed a small soma with slim branches representing residence microglia in WT (A) 

and Srf KO (B).  

C: IBA1 staining showed bigger somata and more positive area in mSOD1 compared to WT animals.  

D: mSOD1/Srf KO showed much larger morphology of IBA1 positive cells.  

E-F: GFAP staining showed no difference between the WT (E) and Srf KO (F) group.  

G-H: An increased GFAP signal was observed in both mSOD1 and mSOD1/Srf KO mice at P50. There 

was a tendency of more GFAP positive area in mSOD1/Srf KO mice but no significance was reached 

compared to mSOD1.  

I-J: Merged images of GFAP, IBA1 and VAChT of A-H. All images were acquired at the area where 

VAChT positive cells gathered.   

M-N: Statistical analysis of GFAP and IBA1 positive area in lumbar spinal ventral horn at both P50 and 

P90. Each symbol represented value of one animal. All data were shown as mean + SD. n=4 animals 

each group.  
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3.2.5 Higher misfolded protein burden but no further MN loss was observed in 

absence of SRF in ALS mice 

Increased abundance of misfolded SOD1 protein is a hallmark in neurons with a SOD1 

mutation related ALS. In order to analyze the misfolded SOD1 accumulation, all four 

groups (WT, SrfKO, SOD1 and SOD1/Srf KO mice) were immuno-stained with VAChT 

and misfolded SOD1. As expected, misfolded SOD1 was absent in WT and Srf KO 

spinal cords, while both mSOD1 and mSOD1/Srf KO animals showed positive signals 

for misfolded SOD1 in VAChT positive cells (Figure 25A-D). A higher misfolded SOD1 

signal intensity in spinal cord MNs in mSOD1/Srf KO was observed than in mSOD1 

MNs (Figure 25C-D, I). MN numbers, recognized by VAChT staining, were counted in 

ventral horns of all four groups at P50 and P90 (Figure 25E-H). WT and Srf KO had a 

stable high MN number at P50 and P90, while mSOD1 and mSOD1/Srf KO mice 

already started to lose MNs at P50, and MNs were even further lost at P90; however, 

similar levels of MN loss were identified in ALS spinal cords respectively (Figure 25J).  

Those data indicated that Srf deletion increased misfolded protein burden in MNs but 

did not further influence the survival of MNs in SOD1G93A mouse model (Figure 25G-

H, J). 
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Figure 25: Immunofluorescence staining shows misfolded SOD1 burden and MN loss in both 

mSOD1 and mSOD1/Srf KO lumbar spinal cord ventral horns.  

A-D: Immunofluorescence staining of VAChT (blue) and misfolded SOD1 (grey) at P50. Scale bar: 

30 μm. 

A-B: Misfolded SOD1 did not show any signal in VAChT positive cells in WT (A) and Srf KO (B) mice.   

C-D: Misfolded SOD1 was present in both mSOD1 (C) and mSOD1/Srf KO (D) lumbar ventral horns. A 

higher level of misfolded SOD1 intensity was observed in mSOD1/Srf KO MNs than in mSOD1 group. 

Statistical comparison was shown in I. 

 E-H: Immunofluorescence staining of VAChT in lumbar spinal cord ventral horns at P50. MNs were 

counted in 40 μm-thick Z-stack series of confocal images. WT and Srf KO shared same numbers of 

VAChT positive cells both at P50 and P90. A decrease of VAChT positive cells was observed both in 

mSOD1 and mSOD1/Srf KO group at P50 and P90. However, no difference of VAChT positive cell 

numbers between mSOD1 and mSOD1/Srf KO.  

I-J: Statistical analysis of misfolded SOD1 intensity in VAChT positive cells and MN numbers at both 

P50 and P90. All data were shown as mean + SD. N=4 each group. Each symbol represented value of 

one animal. 
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3.2.6 Innervation rate of NMJs was altered in ALS mice, and further denervation 

was observed with Srf deficiency 

In ALS, innervation disorders of the NMJs of the vulnerable muscles is observed [52]. 

In order to compare the MN innervation in the four different groups, gastrocnemius 

muscles from all four genotypes were stained with Bungarotoxin to label post-synaptic 

terminals, Synaptophysin 1 for pre-synaptic terminals and β-III tubulin for axons. In 

order to find out the potential reason for an earlier disease onset and earlier motor 

disorders in mSOD1/Srf KO mice, the lateral part of the gastrocnemius (l1), in which 

muscle fibers were only innervated by fast-fatigable MNs [112], was taken for 

quantification. In WT and Srf KO lateral gastrocnemius, around 90% of the NMJs were 

innervated at both P50 (Figure 26) and P90 (Figure 27), showing a Brezel-like 

morphology (Figure 26A-B, E-F). In mSOD1 mice, some of the NMJs started to 

degenerate and showed a partially denervated phenotype (Figure 26C, G, K). The 

overall innervation rate of mSOD1 showed no difference compared to WT at P50 

(Figure 26M), but was significantly lower at P90 (Figure 27M). At P50, the 

mSOD1/Srf KO animals showed a large variability between individual animals and 

three mice had over half of the NMJs denervated (Figure 26D, H, L), resulting in a 

significant lower innervation rate compared to mSOD1 mice (Figure 26M). At P90, 

most of the NMJs in both mSOD1 and mSOD1/Srf KO were denervated and there was 

a tendency of a lower innervation rate in mSOD1/Srf KO group but without statistical 

significance (Figure 27K-M). 
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Figure 26: Immunofluorescence staining of NMJs showed partially denervation in mSOD1 and a 

further lower innervation rate in the absence of SRF at P50. 

 A-L: Immunofluorescence colocalization of pre-synaptic terminals stained by Synaptophysin 1 (SYN1) 

in grey, post-synaptic endplate stained by Bungarotoxin (BTX) in red, and axons stained with βIII tubulin 

(βIII Tub.) in green in lateral gastrocnemius (l1) at P50. Scale bar: 30 μm. 

A-D: Bungarotoxin staining showed a Brezel-shaped post-synaptic endplate in all four groups and the 

morphology of NMJs had no obvious change within the groups.  

E-H: Synaptophysin 1 fully colocalized with Bungarotoxin in WT and Srf KO NMJs. In mSOD1 mice, 

some of the NMJs showed a partial denervation, indicated by arrows in G. In mSOD1/Srf KO animals, 

some of the NMJs were partially denervated (arrows) and some other NMJs showed a total denervation 

(arrowheads).  

I-L: Merged images with βIII tubulin of A-H.  

M: Statistical analysis of all four groups at both P50. All data were shown as mean + SD. N=4 each 

group and N=7 in mSOD1/Srf KO at P50. Each symbol represented one animal.  
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Figure 27: Immunofluorescence staining showed decreased NMJ innveration in mSOD1 and a 

tendency of further decrease in the absence of SRF at P90. 

A-L: Immunofluorescence colocalization of pre-synaptic terminals stained by Synaptophysin 1 (SYN1) 

in grey, post-synaptic endplate stained by Bungarotoxin (BTX) in red, and axons stained with βIII tubulin 

(βIII Tub.) in green in lateral gastrocnemius (l1) at P90. Scale bar: 30 μm  

A-D: Bungarotoxin signals showed that the post-synaptic endplate morphology did not change in all 

four groups at P90.  

E-H: WT and Srf KO NMJs remain innervated at P90, while most of the mSOD1 and mSOD1/Srf KO 

NMJs were fully denervated (arrow heads).  

I-L: Merged images with βIII tubulin of A-H.  

M: Statistical analysis of all four groups at P90. All data were shown as mean + SD. N=4 each group. 

Each symbol represented one animal.  

 

3.3 Potential mechanisms investigation 

3.3.1 Proteins in autophagic pathway were upregulated in mSOD1 MNs and altered 

in SRF-deficient mice at P50. 

Since autophagy is a critical physiological mechanism when MNs face stress and the 

protein aggregation in the MN cytoplasm relies mainly on the autophagy pathway for 

degradation [147], markers for different stages of autophagy were immuno-stained in 

lumbar spinal cords at P50. This was the timepoint when differences in behavior were 
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about to emerge (Figure 17-Figure 21). Beclin 1 showed some weak uniform signals 

and rarely strong signals in WT and Srf KO MN soma (Figure 28A-B). In contrast, 

Beclin 1 was strongly induced as inclusions in a proportion of mSOD1 MNs (Figure 

28C). In absence of SRF, mSOD1/Srf KO MNs showed a significant reduction of 

Beclin 1 inclusion signal (Figure 28C-D and Q).  

SQSTM1/p62 has been known as a protein to recognize the misfolded protein as 

cargos to be delivered to autophagosomes in the stage of elongation [69]. In WT and 

Srf KO animals, p62 showed a smoothly, well-distributed signal in MNs (Figure 28E-

F). In mSOD1 MNs, p62 was significantly induced showing round-body inclusions in 

the cytoplasm as previous reported [123]. In mSOD1/Srf KO mice, p62 was still 

present but at a significantly lower level compared to mSOD1 (Figure 28G-H, R).  

LAMP1, as a key protein managing the fusion of lysosome with autophagosomes [50], 

was stained to estimate the later stage of autophagy. In mSOD1, MNs had a tendency 

of slightly higher intensity of LAMP1 fluorescence signal than WT and Srf KO with high 

LAMP1 signal gathered around the Beclin 1 and p62 inclusion areas. However, this 

phenotype was absent in mSOD1/Srf KO and showed a significantly lower LAMP1 

signal compared to mSOD1 animals (Figure 28I-L, S). Taken together, these data 

indicated that autophagy was clearly induced in mSOD1 MNs, and multiple steps of 

autophagy were disturbed in SOD1G93A MNs when Srf was absent. 
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Figure 28: Immunofluorescence staining of proteins involved in different stages of autophagy 

showed an induction in mSOD1 but were down-regulated when SRF was absent.  

A-P: Immunofluorescence staining of BECLIN 1 (red), P62 (grey), LAMP1 (green) and VAChT (blue) in 

lumbar spinal cord ventral horn in the four groups at P50. Scare bar: 30 μm. 

A-D: BECLIN 1 showed uniform signals in the cell body of MNs in WT and Srf KO (A-B). It was clearly 

induced in mSOD1 MNs showing strong intensity dot-like signals in the cell body (arrows, C). Similar 

strong signals were observed in some of the MNs in mSOD1/Srf KO animals but it was reduced 

compared to SOD1 animals(D).  

E-H: P62 showed a uniform signal in WT and Srf KO MNs cell bodies (E-F). P62 round-body inclusions 

were induced in mSOD1 MNs and clearly aggregated in MN cell bodies (G, arrows). P62 inclusions 

were reduced in mSOD1/Srf KO MNs (H).  

I-L: The LAMP1 signal was distributed uniformly in WT and Srf KO MNs (I-J). In mSOD1 MNs, LAMP1 

was positive in those MNs which were also strongly positive for BECLIN 1 and P62 (K, arrows). The 

overall signal intensity in MNs was significantly reduced in mSOD1/Srf KO comparing to mSOD1 

animals (K, L). 

M-P: Corresponding VAChT staining in the same samples showing the outline of MNs in four groups.  

Q-S: Statistical comparison between groups. All data were shown as mean + SD. Each symbol 

represented one animal.  
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3.3.2 Prediction of SRF-binding sites in autophagy related genes. 

As a transcription factor, SRF regulates several important biological pathways in 

neurons [78]. So far, a connection of SRF and autophagy was not investigated into 

great detail. In order to analyze a potential SRF function in autophagy regulation in the 

disease progression of ALS, autophagy related genes went through an online data 

base to search for potential SRF binding sites in the promoter regions in front of 

transcription starting sites (TSS). Egr1, known as an immediate early gene directly 

regulated by SRF [11], contains 5 CArG boxes from -480 to 84 bp of TSS (Figure 

29A).In those gene pools, Atg5 Atg7, Atg10, Atg9a, Map1lc3a contained CC(A/T)6GG 

sequences (CArG box) from -2000 bp to 100 bp (comparing to TSS) in the promoter 

area of the genes. The exact locations of the CArG boxes were illustrated below 

(Figure 29 B-F). Other autophagy genes went through the database search but no 

SRF binding site was retrived as shown in Table 18. 

Table 18: Autophagy related genes that went through SRF binding site prediction. 

Gene name 
 

CArG box position 

 (bp before TSS) Gene name 
 

CArG box position 

(bp before TSS) 

Atg5 1459 Atg12 none 

Atg7 538 Atg13 none 

Atg9a 835 Atg 101 none 

Atg10 378 Beclin1 none 

Map1lc3a 1522 Lamp1 none 

Atg3 none Lamp2 none 

Atg4 none Lamp3  none 

Atg14 none Sqstm1 (p62) none 

Atg16 none Ulk1 none 
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Figure 29: Potential target genes contain SRF binding site in their promoters.   

A: In Egr1, 5 CArG boxes with different sequences were recognized from -408 bp to -84 bp away from 

transcription start site of Egr1 gene.  

B: Atg7 had a CArG box at -538 bp to TSS.  

C: Atg9a had a CArG box at -835 bp to TSS.  

D: Atg10 had a CArG box -378 bp to TSS.  

E: Atg5 had a CArG box at -1459 bp to TSS.  

F: Map1lc3a had a CArG box -1522 bp to TSS.    
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4 Discussion 

4.1 MNs highly expressing SRF are decreased in a mouse model of 

ALS 

As a neuronal activity dependent transcription factor, SRF is reported for the first time 

as a modulator of MN vulnerability in ALS. The comparison of SRF intensity between 

MMP9+ vs. MMP9- MNs indicated that SRF expression was decreased in SOD1G93A 

MNs (Figure 12). Furthermore, SRF positive MNs were decreased in SOD1G93A spinal 

cords (Figure 12) at P90, when MNs mainly started to die away. These data indicate 

that SRF expression is more strongly localized to vulnerable MNs in a mouse model 

of ALS. Vulnerable MNs which fail to sustain SRF expression degenerated firstly. Thus, 

it appears critical for ALS associated MNs to maintain a sufficiently high SRF level in 

vulnerable MNs.  

Indeed, SRF has been recognized as a protective factor in multiple neuronal 

physiological conditions associated with neuronal activity. For instance, SRF is critical 

for the survival of  MNs in injury conditions such as facial nerve transection [137] and 

axon regeneration [138]. Deletion of SRF in the perinatal hippocampus resulted in 

abnormal synapses [79]. Loss of SRF leads to higher mortality and hyperactivity in 

traumatic brain injury mice [53]. In multiple sclerosis, another neurodegenerative 

disease, neuronal SRF was proven to be beneficial to improve the myelination [3]. 

Interestingly, overexpression of ATF3, one transcriptional target of SRF, was also 

shown to be beneficial and improved motor function in the SOD1G93A ALS mouse 

model [130]. Depending on its multiple beneficial function in neurons and abundance 

in vulnerable MNs, there is a high chance that SRF could contribute as a beneficial 

neuroprotective transcription factor in MNs to reduce the vulnerability in ALS. 

The IHC staining of SRF and its cofactor MRTF-A not only revealed the presence of 

SRF and MRTF-A signal in human ALS MNs but also indicated a pathological 

morphology that was limited to SRF but not its co-factor MRTF-A (Figure 13). Actually, 

although the SRF signal in ALS MNs was reported for the first time, a rod-like SRF 

structure has been previously reported for actin/cofilin rods in neurodegenerative 

disease such as Parkinson’s disease, Huntington’s disease [9], as well as a TDP-43 

mislocalization to the cytoplasm in ALS [149]. This abnormal nuclear SRF localization 

suggests the possibility that SRF could not bind properly to the DNA sequence of 
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target genes to initiate the downstream transcription in pathological conditions. 

Furthermore, previous research showed that SRF regulates mitochondria stability 

through an actin/cofilin interaction in neurons [10]. Thus, SRF could also modulate 

ALS disease progression through an actin/cofilin pathway which needs to be further 

validated. 

 

4.2 Behavior tests revealed an earlier symptomatic onset upon 

motoneuronal Srf deletion in ALS mice 

In this thesis, an exploration behavior cohort was used to evaluate whether there could 

be phenotypic changes when SRF was MN specifically knocked out in an ALS mouse 

model. After recognizing there was a significant but a short time-window dependent 

difference (between P63-P77) in body weight and grip strength (Figure 15Figure 16), 

a further high-resolution in-depth endpoint cohort was carried out to dig deeper inside 

the disease progression, phenotypic onset and survival upon SRF deletion (Figure 17-

Figure 21). Interestingly, the SRF deletion worsened behavior outcomes only at an 

early phase of disease (around P56-P77), showing a decrease of the holding time in 

the inverted grid test and a faster progression of the neurological score. However, this 

was not observed at a later phase of disease progression (later than P100). Thus, both 

mSOD1 and mSOD1/Srf KO mice revealed a similar motor disability at later disease 

stages and showed no difference in overall survival. These data indicate 

mSOD1/Srf KO mice progress faster progression in in the earlier phase than mSOD1 

mice; during later phase, the progression was caught up by mSOD1 mice. Overall, 

behavior data suggest that motor disability and decreased body strength come earlier 

when SRF is deleted. Thus, transferred to the wildtype situation where SRF is present, 

the high-resolution behavior data suggest that SRF has beneficial neuroprotective 

effects in an earlier phase of disease and SRF loss-of-function resulted in a faster 

disease progression (Figure 30A).  

Similar to SRF, multiple genes and physiological pathways have been reported to be 

involved in ALS MNs in a phase-dependent manner. For instance, astrocytic activation 

of the NFκB pathway in early stages of a mouse ALS model led to a later onset and 

prolonged survival in ALS mice while the later activation resulted in an opposite result 

[108]. Induction of autophagy during early phase preserved NMJ innervation while 
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autophagy played a detrimental role during the later stage of ALS in SOD1G93A 

mice [123].  

 

 

Figure 30: Summary and model: SRF connects neuronal activity mediated gene transcription 

with autophagy in ALS MNs 

(A) In mSOD1 mice, ALS associated phenotypes such as body-weight loss and impaired motor 

function appeared at around P90. This disease onset was shifted to approximately P50 in mSOD1 

mice with SRF deletion (mSOD1/Srf KO; red curve). At the disease endpoint both cohorts were 

similar. 

(B) In mSOD1 mice, neuronal activity drives SRF mediated gene transcription resulting in autophagic 

gene induction in MNs. This might facilitate removal of inclusions and thereby improve neuronal 

survival. 

(C) In mSOD1 mice, loss of SRF limits the induction of an autophagy program by neuronal activity, 

thereby precipitating the vulnerability of these MNs. This contributes to impaired MN function and 

thereby premature disease onset. 

 

 

4.3 Altered NMJ denervation, neuronal inflammation and misfolded 

SOD1 level were observed upon SRF deletion in ALS mice 

It is well known that microgliosis and astrogliosis are strongly upregulated in SOD1G93A 

mice spinal cords [146]. In this thesis, more pronounced microgliosis was observed in 

mSOD1/Srf KO spinal cords than in mSOD1 mice (Figure 24A-D, N). Here, activated 

microglia with larger soma were recognized (Figure 24D) surrounding the MNs at the 

ventral horn. Gene expression levels from P90 lumbar cords indicated a reduction of 

Olfml3 (Figure 23C), a marker for resident and non-activated microglia, in 

mSOD1/Srf KO. Those data point to a direction of a more severe microgliosis level 

and a shift into activated detrimental form of microglia when SRF is deleted in MNs. 

However, the astrogliosis level was induced to similarly high level in SODG93A positive 

mice regardless of motoneuronal Srf knock-out (Figure 24E-H, M). Interestingly, the 

gene expression level of astrogliosis markers such as Gfap (Figure 22H) and 
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Vimentin (Figure 23A) were significantly reduced in mSOD1/Srf KO lumbar cords 

compared to mSOD1 at P90 The gene expression level of the inflammation related 

genes involved in NFκB pathway were decreased upon MN-specific Srf deletion 

(Figure 23D-F). A similar decrease of cathepsins (Figure 23G-H), which participate in 

intracellular protein degradation [157], was also observed at mRNA level. Those data 

suggest a decreased inflammation level at P90 upon Srf deletion, when behavior 

results in mSOD1 group were getting worse to a similar level as mSOD1/Srf KO group, 

suggesting a detrimental role of inflammation at later phase in hSOD1G93A mice. This 

is in line with previous research in which NFκB was genetically modified in astrocytes 

at multiple timepoints showing a detrimental effect of inflammation a later 

timepoint [108]. 

The huSOD1 mRNA level was comparable in both mSOD1 and mSOD1/Srf KO 

lumbar cords (Figure 22A), indicating a stable transgene expression in both mouse 

lines. The misfolded SOD1 level characterized by immunofluorescence was further 

upregulated upon Srf deletion in SODG93A positive mice (Figure 25C-D). In parallel, 

muscle innervation analysis in the lateral gastrocnemius, which is mainly innervated 

by FF-MNs, showed a significantly more pronounced denervation in mSOD1 mice 

upon Srf deletion at P50 but not P90 compared to mSOD1 mice (Figure 26Figure 27). 

This was in accordance with the behavior tests showing likewise more pronounced 

effects in earlier compared to later disease stage. Furthermore, many more NMJs in 

the lateral gastrocnemius muscle of mSOD1/Srf KO animals were denervated while 

the overall MN numbers were still comparable to mSOD1 mice (Figure 25E-H, J). 

Those data indicate that denervation came earlier than MN loss when SRF was absent 

in MNs. 

 

4.4 Impaired autophagy might account for earlier disease onset in ALS 

mice with SRF deficiency 

It has been well noted that autophagy plays a critical role in rodent ALS models 

involving mechanisms with intracellular protein aggregation and clearance [27, 38, 

123]. Given that SRF deficiency affected the behavior outcomes in SOD1G93A positive 

mice at an earlier phase only, P50 lumbar spinal cords were immuno-stained for 

proteins involved in different stages in autophagy. A clear induction was seen in both 
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BECLIN1 and P62 (Figure 28C, G, Q-R), referring to initiate stage and elongation 

stage of macro-autophagy, in mSOD1 MNs. In contrast this pathway was more 

dampened in mSOD1/Srf KO mice (Figure 28D, I, Q-R). A significant reduction of 

LAMP1 was also observed in mSOD1/Srf KO MNs compared to mSOD1 mice (Figure 

28I-L, S), suggesting an impairment of lysosomes fusing with the autophagosomes. 

Those data indicated that Srf deletion in SOD1G93A mice led to an impairment in 

multiple steps of autophagy. This could be a hint towards a mechanism connecting 

SRF and autophagy. In ALS mice, a wt SRF might regulate autophagy which protects 

the MNs from pathology (Figure 30B), while SRF deficiency MNs fail to turn on 

autophagy related genes resulting in a faster disease progression (Figure 30C). In fact, 

some gene expression analysis has shown that Srf deletion in MNs resulted in a 

significant down regulation of autophagy related genes (e.g. Atg7, Map1lc3a and 

Beclin1) that were induced by huSOD1G93A transgene in the same mouse line at 

P50 (unpublished data, Natalie Dikwella). Furthermore, bioinformatic analysis 

revealed SRF biding sites (CArG boxes) in the promotors of five autophagy related 

genes (Figure 29 & Table 18). Those transcriptional binding motifs existed in multiple 

genes involved in autophagy pathway, which suggested SRF might be able to regulate 

the autophagy-related genes by directly binding to DNA.  

 

4.5 SRF could be the bridge linking phase-dependent excitability and 

autophagy 

The role of neuronal activity in ALS is still under debate. High levels of 

neurotransmitters like glutamate are detrimental to ALS MNs and are sufficient to drive 

MN cell death [59, 76]. These data support the excitotoxicity theory in ALS. However, 

more recent reports have pushed the field in the other direction. Rather than being 

generally hyperexcitable, MNs only displayed a hyperexcitability during an early phase 

of disease and this was followed by a hypo-excitability in vulnerable MNs during later 

phase in mouse models of ALS [44, 49, 85, 90]. Furthermore, this is supported by 

impaired synaptic function and reduced synapse numbers in both ALS mice and iPSC-

derived MNs [7, 28, 67, 110]. Thus, it is possible that during the hyperexcitability phase, 

SRF is more activated and it further initiates the transcription of autophagy related 

genes; during a later phase when MNs shift from hyperexcitability to hypo-excitability 
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with a reduction of synaptic activity, reduced SRF transcriptome might facilitate MN 

death by impairing the autophagy pathway.  

 

4.6 Limitations of this thesis and future directions 

In this thesis, the disease progression in ALS mice was compared between wt and Srf 

mutant mice. Significance was reached in several behavior results at multiple 

timepoints for both genders, however, there also seem to be differences between male 

and female mice (e.g. body weight and grip strength, shown in  Figure 17 and Figure 

18. This might be explained by the animal number of females in the mSOD1/Srf KO 

group (N = 3). Here animal numbers should have been higher to draw more conclusive 

points regarding the difference between genders. Based on the few mSOD1/Srf KO 

females that were obtained by breeding, it is possible that the survival rate of female 

embryos or pups was changed upon MN specific Srf knock out in huSOD1G93A line 

(see Mendelian ratio calculated in Table 17). Further experiments need to be 

performed in this direction. 

This thesis follows the hypothesis that SRF may affect the disease progression by 

modulating the MN vulnerability by impinging on neuronal activity related transcription. 

Thus, it might be beneficial to perform further chemogenetic, for instance, to 

pharmacologically increase the excitability of MNs with pharmacologically selective 

actuator module (PSAM) during hypo-excitability in huSOD1G93A mice [127]. The 

outcomes following those chemogenetic approaches can answer if the knockout of Srf 

would abolish the beneficial outcome of sustaining neuronal excitability in SOD1G93A 

mice. 

Thirdly, impaired autophagy was identified in mSOD1/Srf KO MNs at protein level at 

an earlier phase. Here, the hypothesis was proposed that SRF may regulate some 

autophagy related genes by directly binding to the CArG boxes in their promoters as 

further predicted by bioinformatic approaches. Actually, apart from protein level, there 

was no autophagy related gene expression characterized as mRNA level in this thesis. 

A MN specific RNA-seq or RNA in situ hybridization would give an overview of a foot 

print regarding autophagy related genes in SRF transcriptome. Furthermore, 

chromatin immunoprecipitation followed by qPCR would explain if there is direct 

binding of SRF to the target genes. 
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At last, the animal model was limited to loss of function mouse model in a single 

genetic mutation related to ALS, hence the huSOD1G93A. It remains unknown how SRF 

influences the disease progression in other models with a different mutation (e.g. TDP-

43 or C9orf7). It would be also interesting to see whether a gain of function of SRF 

would rescue some disease makers in those models.  

 

4.7 Conclusion 

In this thesis, SRF was recognized as a modulator of vulnerability in ALS MNs. A 

beneficial effect of SRF was recognized by a loss of function model in ALS mice which 

showed faster disease progression and NMJ denervation after SRF ablation. Impaired 

autophagy was noticed in ALS MNs with Srf deficiency at protein level. Several 

autophagy related genes containing CArG boxes in their promoters were predicted to 

be target genes of SRF. These data suggest a new connection of SRF and autophagy. 
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5 Summary 

Background and purpose: Alterations of neuronal excitability has been recently 

characterized as an important vulnerability modulator of motoneurons (MNs) in 

multiple neurodegenerative diseases including amyotrophic sclerosis (ALS). The 

serum response factor (SRF) has been known as a neuronal activity dependent 

transcription factor regulating various genes which are beneficial for neuronal 

outgrowth, regeneration and survival. The role of SRF in ALS MNs during disease 

progression is poorly understood so far. In this thesis, SRF expression and its function 

in MNs were investigated during the process of MN degeneration in ALS. 

Methods: Transgenic mice with a point mutation (G93A) in the human superoxide 

dismutase gene (huSOD1G93A) was used as an established ALS mouse model. In 

these mice, Srf was specifically deleted in MNs. Behavior tests (body weight, 

neurological score, grip strength, inverted grid test, pole test and survival analysis) 

were carried out to evaluate the motor ability, disease progression and survival. Mice 

were fixed with perfusion at multiple timepoints and immunofluorescence was 

performed for protein detection and colocalization. Mice lumbar spinal cords were 

harvested and frozen in liquid nitrogen for RNA isolation and gene expression 

detection with qPCR. Human spinal cords of ALS patients were used for 

immunohistochemistry (IHC). Fluorescence images were acquired on confocal 

microscopy and IHC images were acquired on brightfield microscopy. Images were 

quantified in ImageJ. Statistical analysis was performed in GraphPad. Bioinformatic 

analysis was performed using Eukaryotic Promoter Database. 

Results: Expression analysis revealed higher SRF levels in a subpopulation of MNs 

which were more vulnerable to ALS and are typically earlier affected. SRF levels in 

the vulnerable population of MNs were decreased in the SOD1G93A model of ALS over 

time. MN-specific SRF deletion in SOD1G93A model led to an earlier disease onset, 

characterized by a lower body weight, worse neurological score, lower grip strength, 

and worse outcomes from inverted test and pole test.  Furthermore, a stronger 

microgliosis, a more pronounced neuromuscular junction (NMJ) denervation and an 

increased misfolded protein burden were observed after motoneuronal SRF ablation 

in the SOD1G93A mouse model. Interestingly, the effect of SRF deficiency vanished at 

later phase of disease progression, characterized by no change of motor disability or 

NMJ denervation. SRF was recognized as a potential regulator of autophagy related 
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genes to maintain the intracellular proteostasis in MNs in the SOD1G93A model of ALS. 

The significantly different level of proteins involved in the macro-autophagy pathway 

in MNs in early disease phase indicated an impairment of autophagy in the SRF-

deficient MNs in SOD1G93A. The bioinformatic analysis revealed that SRF could be 

directly binding at the cytosine adenine rich guanine (CArG) boxes in the promoters of 

some autophagy related target genes. SRF was expressed in MNs of ALS patient 

samples and SRF appeared to be mislocalized in some human ALS MNs. This 

supports a high translational relevance of mouse data obtained to the human disease 

condition.  

Conclusion: SRF was recognized as a modulator of vulnerability in ALS MNs. A 

beneficial effect of SRF was recognized by a loss of function model in ALS mice which 

showed faster disease progression and NMJ denervation after SRF ablation. Impaired 

autophagy was noticed in ALS MNs with Srf deficiency at protein level. Several 

autophagy related genes containing CArG boxes in their promoters were predicted to 

be target genes of SRF. These data suggest a new connection of SRF and autophagy. 
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