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1. Summary 
 
 Spontaneous neural activity has been shown to regulate crucial 

events in neurite growth including axonal branching and path finding. In 

animal models of spinal muscular atrophy (SMA) cultured embryonic 

mouse motoneurons show distinct defect in axon elongation and neural 

activity. This defect is governed by abnormal clustering of Ca2+ channels 

in the axonal regions and the protruding growth cone area. The 

mechanisms that regulate the opening of calcium channels in developing 

motoneurons are not yet clear. 

  The question was addressed by blocking neural activity in 

embryonic cultured motoneurons by pharmacological inhibition of 

voltage-gated sodium channels (VGSC) by saxitoxin (STX) and 

tetrodotoxin (TTX). Low dosages of STX resulted in significant reduction 

of axon growth and neural activity in cultured motoneurons. This 

pharmacological treatment did not affect survival of motoneurons in 

comparison to control motoneurons that was grown in the presence of 

survival neurotrophic factors BDNF and CNTF. It was also found that 

STX was 10 times more potent than TTX a common inhibitor of VGSC 

with a reduced activity on the TTX-insensitive sodium channels NaV1.5, 

NaV1.8 and NaV1.9. Reverse Transcriptase-PCR experiments revealed 

the presence of NaV1.9 as the likely candidate that begins to express 

from embryonic stage sixteen in the mouse spinal cord. Immunolabelling 

experiments showed that the channel is expressed in the axonal 

compartments and axonal growth cones in cultured motoneurons. 

Suppression of NaV1.9 in cultured motoneurons by lentivirus mediated 

short hairpin-RNA (shRNA) resulted in shorter axon length in comparison 

with uninfected and scrambled constructs. Further, embryonic 

motoneurons cultured from NaV1.9 knockout mice also showed a 

significant reduction in neural activity and axon growth.  

The findings of this work highlight the role of NaV1.9 as an 

important contender in regulating activity dependent axon growth in 

embryonic cultured motoneurons. NaV1.9 could therefore be considered 
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as a prospective molecule that could play an important role in regulating 

axon growth in motoneuron disease models like spinal muscular atrophy 

(SMA). 
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2. Zusammenfassung 
 
Spontane neuronale Aktivität reguliert essentielle Ereignisse im 

Neuritenwachstum, wie beispielsweise die axonale Verzweigung und die 

Erkennung des Wachstumspfades. Motoneurone, die aus Tiermodellen 

der Spinalen Muskelatrophie (SMA) gewonnen werden, zeigen einen 

auffälligen Defekt im Streckenwachstum von Axonen und in der 

neuronalen Aktivität. Dieser Defekt wird von anormaler Clusterbildung 

von Ca2+ Kanälen in axonalen Regionen und in Wachstumskegeln 

begleitet. Die Mechanismen, die das Öffnen von Kalziumkanälen in 

embryonalen Motoneuronen in der Entwicklung regulieren, und die für 

das aktivitätsabhängige Axonwachstum benötigt werden, sind nicht 

bekannt.  

Diese Frage wurde in dieser Studie bearbeitet, indem neuronale Aktivität 

in embryonalen Motoneuronen durch pharmakologische Inhibition von 

spannungsabhängigen Natriumkanälen durch Saxitoxin (STX) und 

Tetrodotoxin blockiert wurde. Geringe Dosen von Saxitoxin bewirkten 

eine deutliche Reduktion des Axonwachstums und der neuronalen 

Aktivität in kultivierten Motoneuronen. Diese pharmakologische 

Behandlung beeinflusste nicht das Überleben von Motoneuronen im 

Vergleich zu Kontroll-Motoneuronen, die in der Anwesenheit der 

neurotrophen Faktoren BDNF und CNTF kultiviert wurden. Saxitoxin war 

etwa 5-10-mal potenter als TTX, ein üblicher Blocker 

spannungsabhängiger Natriumkanäle mit einer verminderte Aktivität auf 

die TTX-insensitiven Natriumkanäle NaV1.5, NaV1.8, und NaV1.9. 

Reverse-Transkriptase-PCR Experimente bestätigten die Anwesenheit 

von NaV1.9 am Tag E16 (embryonaler Tag 16) im Rückenmark der Maus. 

NaV1.9 ist ein einzigartiger Typus von einem Natriumkanal welcher in der 

Lage ist neuronale Erregbarkeit in der Nähe des Ruhemembranpotentials 

zu steuern. Deshalb war NaV1.9 ein guter Kandidat für einen Kanal, der 

spontane Erregung in Motoneuronen vermittelt. Immunofärbungen 

zeigten, dass NaV1.9 in axonalen Kompartimenten und axonalen 

Wachstumskegeln von kultivierten Motoneuronen exprimiert ist. Die 
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Unterdrückung von NaV1.9 in kultivierten Motoneuronen durch lentiviral-

exprimierte short hairpin-RNA (shRNA) resultierte in kürzerer Axonlänge, 

im Vergleich zu nicht-infizierten Motoneuronen oder Motoneuronen, die 

eine sinnlose Kontroll-shRNA Sequenz exprimierten. Embryonale, 

kultivierte Motoneurone von NaV1.9 knockout Mäusen zeigten eine 

signifikante Verringerung der neuronalen Aktivität und verkürzte Axone. 

Diese Ergebnisse weisen auf eine Bedeutung von NaV1.9 im 

aktivitätsabhängigen Axonwachstum hin 
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3. Introduction 
 

The mammalian neuromuscular system controls the regular 

movements of the skeletal muscles via motoneurons that innervate them. 

Upon stimulation the motoneurons release neurotransmitters targeting 

the post-synaptic receptors at the neuromuscular junction to activate the 

skeletal muscle. Motoneurons that find their path towards the skeletal 

muscles undergo series of differentiation and physiological cell death 

mechanisms before reaching their skeletal targets. (deLapeyriere and 

Henderson, 1997; Hamburger and Yip, 1984; Sanes and Lichtman, 1999) 

Those motoneurons that mature and reach their target are the ones that 

remain alive throughout the animal’s life span. Any sort of deregulation in 

axonal pathfinding towards their target skeletal muscles, excessive 

motoneuron death or disorganization of motor axon endplates at the 

skeletal muscles, results in progressive motoneuron diseases (Murray et 

al., 2008). The occurrences of these progressive neuromuscular 

diseases are more prominent in humans either during early development 

or during the final stages of adulthood. Two of the known and extensively 

studied motoneuron diseases in humans include the spinal muscular 

atrophy (SMA) (Greensmith and Vrbova, 1997; Monani et al., 2000; 

Sendtner, 2001), and the Amyotrophic lateral sclerosis (ALS) (Boillee et 

al., 2006; Bruijn et al., 2004; Rosen et al., 1993). SMA is characterized 

by progressive muscle paralysis, motoneuron loss and degeneration of 

lower motor neurons (Monani et al., 2000), while ALS includes 

progressive paralysis and degenerative disorder of upper and lower 

motoneurons where in the disease process spreads from the lower to the 

upper motor neurons (Chou and Norris, 1993). Though the functional 

importance of motoneurons in these neuromuscular diseases have been 

have been extensively studied, their physiological susceptibility leading 

to defects in path-finding and cell-death has not given rise to clinical 

success towards the treatment of neuromuscular diseases(Schmidt et al., 

2009). Characterizing the molecular basis and functional patho-
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mechanisms involved in motoneuron growth and maturation in animal 

models of motoneuron diseases opens up new roads for therapeutic 

strategies that could be applied for counteracting these challenges (Beck 

et al., 2001; Schmidt et al., 2009). 

 

3.1 Role of neurotrophic factors in motoneuron surv ival
  

 

 Prolonged existence and maintenance of motoneurons are 

necessary for the development of the neuromuscular system. Very early 

experiments performed in the developing chick embryo have shown that 

significant population of motoneurons are eliminated after contacting 

their target muscle, through a process of physiological cell death, thus 

giving rise to the importance tropic support for motoneuron survival 

provided by the skeletal muscles. (Hamburger, 1975; Sendtner et al., 

2000; Son and Winzer-Serhan, 2009). Further advances since then have 

identified neurotrophic factors from various gene families playing an 

important role in motoneuron survival, development, regeneration and 

maintenance in the skeletal muscle (Grumbles et al., 2009; Hughes and 

O'Leary, 1996; Sendtner et al., 2000). The important neurotrophic factors 

include factors from the neurotrophin (NT) family, glial derived 

neurotrophic factors (GDNF), ciliary neurotrophic factors (CNTF) from 

the Schwann cells, LIF (leukaemia inhibitory factor) and Insulin like 

growth factors I and II (IGF).  These neurotrophic factors bind to their 

respective receptors that are expressed in skeletal muscles and thereby 

acting on neurons that innervate them (Lai and Ip, 2003).  Of the above 

mentioned neurotrophic factors, the family of neurotrophins are important 

not only for promoting neuronal survival (Cui, 2006) but also for playing 

an important role in cell fate decisions, axon growth, dendritic 

arborisation, cell migration, cell proliferation and activity dependent 

developmental processes (Huang and Reichardt, 2001; Markus et al., 

2002; Segal, 2003; Thoenen, 1995).  
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3.2 Neural activity in developing nervous system 
 

 The dependence of neural activity for the formation of synapse 

has been shown to be present in various stages of neuronal development 

(Mennerick and Zorumski, 2000). The developing phases of the nervous 

system involving proliferation of neural stem cells that give rise to large 

population of neurons, migration of these neural precursors and finally 

differentiation into mature neurons in order to reach their target are 

governed and regulated by neural activity (Spitzer, 2006; Webb et al., 

2005). Embryonic neurons that differentiate to reach their muscle target 

possess the ability to generate spontaneous electrical activity. These 

forms of spontaneous activity are quite different from those generated by 

mature neurons in terms of their higher specificity to initiate and regulate 

various aspects of cellular development (Hanson et al., 2008). Because 

of this excitable nature of neurons, voltage-gated ion channels that are 

expressed at early stages of development play an important role in the 

regulation of neural activity (Moody and Bosma, 2005; Takahashi and 

Okamura, 1998),  

 

3.3 Spontaneous neural activity in spinal motoneuro ns 
 

 Motoneuron morphogenesis includes axon outgrowth and 

guidance that is devised during embryonic development to establish the 

correct wiring within the neuromuscular system.Motoneurons find their 

path over long distances to innervate skeletal muscles at motor 

endplates (Hanson and Landmesser, 2006; Melancon et al., 1997), and 

thereby forming a synaptic network with other neurons. Although these 

initial synaptic connections are formed largely through molecular 

mechanisms that depend on intrinsic developmental programs, 

spontaneous and experience driven electrical activities play an important 

role in shaping the development of neuromuscular system. This 

spontaneous electrical activity is driven by voltage-gated ion channels 
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that are present at the motoneuron end plates thereby playing an 

important role in axon elongation and path finding (Hanson et al., 2008; 

Landmesser and O'Donovan, 1984), synapse maturation (Gonzalez-Islas 

and Wenner, 2006) and development of pattern generating circuits (Marder 

and Rehm, 2005; Myers et al., 2005). Spontaneous neural activity has 

been studied in detail in the developing neocortex, thalamus, 

hippocampus, retina and spinal cord by direct recording of electrical 

activity or fluorescence imaging of Ca2+ transients (Feller, 1999; 

O'Donovan et al., 1998). In general, this activity consists of synchronous 

or asynchronous bursts of action potentials that last for approximately 

between ten to hundreds of milliseconds, separated by intervals of a few 

minutes depicting a fire-pause-fire scenario. This kind of activity involves 

continuous firing of large populations of neurons or spontaneous 

localized activity from few cells in a population. The activity may also 

remain localized to discrete domains in the entire cell for example the 

growth cone, distal or proximal axons or the dendritic region in the cell 

body or perhaps the entire cell (Jablonka et al., 2007) as observed in 

regions like the neocortex (Yuste et al., 1992) and the spinal cord 

(O'Donovan et al., 1998) or may spread from one region to another in the 

form of propagating electrical waves, such as those observed in the 

developing retina (Meister et al., 1991). 

 

In response to membrane depolarization, voltage-gated calcium 

channels (VGCC) mediate the entry of Ca2+ influx and thus regulate 

different intracellular processes. Changes in the intracellular Ca2+ 

concentration due to spontaneous or programmed signalling event have 

been shown to initiate important cellular events like differentiation of 

skeletal and heart muscles (Zheng and Poo, 2007). The role of Ca2+ is 

that of an intracellular secondary messenger that can mediate local and 

global responses in the same cell (Bootman et al., 2001). Electrical 

activity triggers an increase in intracellular Ca2+concentration, which, by 

activating different signalling cascades. This in turn is responsible for 
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various developmental events including regulation of growth of axons 

and axonal guidance (Gomez and Zheng, 2006; Spitzer, 2006). Previous 

studies in Xenopus spinal neurons have indicated that during the time of 

closure of the neural tube, prior to synapse formation, voltage-gated ion 

channels are expressed, and that the collection of the channels 

expressed at this time allow Ca2+ influx (Spitzer and Ribera, 1998). 

Studies have also shown that removal of extracellular Ca2+ from the 

medium disturbed the differentiation of neurons in dissociated cell culture 

(Bixby and Spitzer, 1984; Desarmenien and Spitzer, 1991; Spitzer et al., 

1993)]. Thus one of the aspects of motoneuron differentiation involves 

targeting of axons that extend to synapse with other neurons at the 

neuromuscular system. 

 

3.4 Activity dependent axon growth in motoneurons 
 

 Embryonic motoneurons in culture exhibit spontaneous elevations 

of free intracellular Ca2+ concentration both in culture and in vivo during 

an early period of differentiation, as revealed by previous studies by 

imaging the fluorescence of Ca2+ indicator dyes. These spontaneous 

elevations can be eliminated by removal of extracellular Ca2+ or 

pharmacological application of pharmacological Ca2+ channel blockers 

like ω-conotoxin. (Gu et al., 1994; Gu and Spitzer, 1993; Holliday and 

Spitzer, 1990). In embryonic Xenopus spinal neurons, two types of Ca2+ 

transients have been characterized both in vitro and in vivo: fast-rising 

global Ca2+ spikes with characteristics of action potentials, and slower 

Ca2+ transients, termed waves, generated in the growth cone region (Gu 

et al., 1994). Interfering with either type of calcium transients results in 

suppression of neurotransmitter GABA, thereby enhancing neurite 

growth. Studies performed on cultured embryonic mouse motoneurons 

show the presence of localized spontaneous calcium transients at the 

growth cone and the somatodendritic compartment. These spontaneous 

calcium transients were severely abolished in the mouse model for spinal 
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muscular atrophy (SMA) (Jablonka, 2007). Isolated embryonic 

motoneurons from Smn-/-,SMN2 mice  show reduced motor axon growth 

in culture and further show defects in the clustering of N-type voltage-

gated calcium channel(VGCC) CaV2.2  in axon terminals. This clustering 

defect of CaV2.2 in axonal growth cones correlates with a reduced rate of 

local Ca2+ transients at distal axons and growth cones (Jablonka, 2007). 

It has been also shown that axon growth in cultured embryonic mouse 

motoneurons is supported by laminin-111, while other substrate 

compositions consisting of laminin211/221 reduce axon elongation 

(Jablonka et al., 2007). Pharmacological inhibition of N-type Ca2+ 

channels with ω-conotoxin in embryonic motoneurons cultured on 

laminin-111, results in reduced axon length, in a concentration 

dependent manner (Jablonka et al., 2007). The study also showed that 

these spontaneous calcium transients could be blocked by 1 µM TTX 

(TTX), indicating that they are triggered by opening of VGSC (VGSC).   

Spontaneous electrical activity is also found in developing 

motoneurons before the formation of functional synapses at the 

neuromuscular endplates. During the development of spinal cord, 

motoneurons exhibit large periodic depolarizations that are separated by 

extended time points of resting states of silence, a pattern that is able to 

control the movements of  embryonic limbs (Provine, 1972) . This 

spontaneous network activity is observed over an extended period of 

development, from before motor neurons innervate muscle fibres (Milner and 

Landmesser, 1999) until multiple circuits that are formed becomes functional 

towards late embryonic development (Yvert et al., 2004)  
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3.5   Objective of the work  
 

  In neuromuscular disease models of spinal muscular 

atrophy (SMA), motoneurons in culture show reduced axon growth. 

Previous studies by Jablonka et al 2007 have shown that spontaneous 

calcium transients in axonal growth cones of cultured embryonic 

motoneurons correlate with axon elongation (Jablonka et al., 2007). 

Motoneurons deficient in the survival motoneuron (smn) gene exhibit 

severe defects in the clustering of voltage-gated Cav2.2 channels in 

axonal growth cones. These defects correlate with reduced frequency of 

local Ca2+ transients (Jablonka et al., 2007) in axons and axon terminals. 

The work presented here is focused to the question whether VGSC are 

mediators or even an upstream trigger of spontaneous activity in 

embryonic motoneurons. Another aim of this work was the molecular 

identification among the nine isoforms of VGSC, responsible for 

triggering spontaneous Ca2+ influx to cultured embryonic motoneurons. 
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4. Materials and Methods 
 
4.1 Materials 
 
4.1.I Laboratory Animals 
 
 All the laboratory animals were bred in the animal facility at the 

Institute of Clinical Neurobiology, Universität Würzburg, in accordance 

with applicable policies and under pathogen free conditions.  They were 

maintained under 12h/12h day-night rhythmic with complete access to 

food and water. The animal rooms were controlled at 21±1°C and 50-

60% relative humidity. 

4.1.II Cell lines 
 

1. HEK293T cells 

2. HELA cells 

 

4.1.III Chemicals 
 

 Unless mentioned all the chemicals used in this study were of 

analytical grade and purchased from the following companies: 

Applichem, Amersham, Calbiochem, Chemicon, Fluka, Fermentas, 

Merck, Invitrogen, Sigma and Roth 

 

4.1.IV Cell culture  
 

� Components for Motoneuron Culture  Source/ Company 

Neurobasal Medium     Invitrogen 

Glutamax     GIBCO 

Hank’s Balanced Salt Solution (HBSS) PAA 

Horse Serum     Linaris 

B-27 Supplement    GIBCO 

Laminin      Invitrogen 
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Trypsin (1%)     Worthington 

Trypsin Inhibitor (1%)    Sigma 

Poly-D-Ornithine     Sigma 

1X Phosphate Buffer Saline (PBS)  PAA 

Tetrodotoxin  (TTX)    Ascent Scientific 

Saxitoxin (STX)    Ascent Scientific 

BDNF                (Institute of Clinical Neurobiology, Uni-Wuerzburg) 

CNTF             (Institute of Clinical Neurobiology, Uni-Wuerzburg) 

 
 

� Components for Lentivirus Production Source/Company  

  OptiMEM     Invitrogen 

  DMEM (high glucose) +HEPES   Invitrogen 

  MEM      Invitrogen 

  Fetal Calf Serum    Linaris 

  Penicillin / Streptomycin    Invitrogen 

  DMSO      Sigma 

  Lipofectamine2000    Invitrogen 

  Glutamax     Life Technologies

 Geneticin (G418)    Invitrogen 

 
� Components for 4% Paraformaldehyde solution (4% PFA ) 

� 1.6g PFA 

� 20ml Distilled water 

� 3 dry pellets of NaOH  

� Warmed in 60°C water bath till PFA is dissolved. 

� 16.4 ml Na2HPO4 (0.2 M) 

� 3.6 ml NaH2PO4 (0.2M) 

� pH 7.1 – 7.4 
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� Preparation of Mowiol ® 4-88 mounting agent. (Polysciences Europe 

GmbH)   

1. Mix using a magnetic stirrer,4.8g Mowiol® 4-88 and 12g glycerol   

(100ml beaker) 

2. Add 12ml ddH2O and continue stirring till a clear solution is formed at 

room temperature.(at least 4 hrs) 

3. Add 24ml 0.2 M Tris HCl (ph 8.5). Continue stirring. Heat occasionally 

to 50˚c in a water bath (10 min).  

Continue stirring until Mowiol is dissolved. 

4. Spin down the solution at 500 x g for 15 minutes to get a clear 

solution at the top. 

5. Preserve the supernatant and store aliquots at -20˚c. 

 
4.1.V Live cell imaging reagents, 
      

� ACSF (Prepared in periodic batches of 5 litres and stored at 4 °°°°C ) 

• 127 mM NaCl   

• 3.0 mM KCl    

• 1.25 mM NaH2PO4 H20  

• 23.0 mM NaHCO3   

• 25.0 mM Glucose (added fresh on the day of performing Ca2+ 

imaging) 

� 5 µM Oregon Green 488 BAPTA-1, AM-  Invitrogen 

� FURA-2 AM        Invitrogen 
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4.1.VI Buffers and Solutions 
 

� 10mM Tris EDTA buffer (TE buffer) (1L)  
 

• 10ml  1M Tris-HCl (pH 8.0) 

• 2 ml   500 mM EDTA (pH 8.0)  

 
� Mouse tail lysis buffer 

• 0.1M Tris-HCl (pH 8.5) 

• 5mM EDTA (pH 8.0) 

• 0.2% SDS 

• 200mM NaCl 

� Annealing buffer: 
 

• 100mM K-acetate 

• 30mM HEPES-KOH pH 7.4 

• 2mM Mg-acetate 

 
� Qiagen buffer 1 

• 50 mM Tris HCl  pH 8.0 

• 10 mM EDTA 

• 100 ug/ml RNase A 

• Stored at 2-8C after addition of RNase A  

 

� Qiagen buffer 2 

• 200 nM NaOH 

• 1% SDS          

 
� Qiagen buffer 3 

• 3 M Potassium acetate, pH 5.5       
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� SOC medium  

• SOB medium  

• 20g tryptone 
• 5g yeast extract 
• 0.58g NaCl 
• 0.19g KCl 
• 4ml 1M NaOH 
• dd H2O to 1 litre and autoclave. Just before use add: 5ml 

2M MgCl2 / L  

• For SOC 20 mM of filter sterile glucose is added to SOB 

4.1.VII Kits 
 

• 1st strand cDNA synthesis kit for RT-PCR (AMV)        Roche  

• NucleoSpin Plasmid             Machery & Nagel 

• Big-Dye Terminator Mix                           Applied 

Biosystems 

• QIAquick®  gen Gel Extraction Kit            Qiagen 

• QIAquick® PCR Purification Kit            Qiagen     

• Endofree® Plasmid Maxi kit            Qiagen 

 

4.1.VIII Plasmids 
 

 Vectors  Source  

1.  pll3.7  Institute of Virology (Rubinson et al., 2003) 

2.  pMD.G VSVG Institut für Virologie, Würzburg (Dull et al., 1998) 

3.  pRSV-REV Institut für Virologie, Würzburg (Dull et al., 1998) 

4.  pMDLg/pRRE Institut für Virologie, Würzburg (Dull et al., 1998) 

5.  pllshNaV1.9 Self cloned in this work 

6.  pllmisNaV1.9  Self cloned in this work 

7.  pSIHs63  (shNaV1.9) Cloned by PD. Dr. Robert Blum, 

8.  pSIHm63 (misNaV1.9) Cloned by PD. Dr. Robert Blum, 

 
Table 4.1. List of plasmids   
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4.1.IX Antibodies for Immunocytochemistry  
 
� Primary  Antibodies:  

Sr. 

No: 

Antibody Host 

species  

Company / Source Dilution 

1.  anti-Tau Rabbit Sigma 1:1000 

 

2.  anti-βIII-

Tubulin 

Monoclonal, 
mouse 

Developmental 
Studies 
Hybridoma Bank 
E7 

1:1000 

 

3.  anti-GFP Chicken Abcam 1:2000  

 

4.  anti-NaV1.9 Rabbit  T-71 (Robert Blum-
Institute of Clinical 
Neurobiology-
Würzburg) 

1:100 (1:10 
prediluted) 
 

 

5.  anti-trkB Monoclonal, 
mouse 

Transduction 1/500-1/1000 
 

6.  anti-RFP Rabbit Rockwell 1:2000 

 
Table 4.2. List of primary antibodies 

 

� Secondary  Antibodies:  

Sr.No Antibody Host species Company/ 

Source 

Dilution 

1.  DyLight488 goat-
anti-mouse IgG  

mouse  Jackson 
Immuno 

1/800-1/1600 

2.  Cy 3 Goat Anti- 
Rabbit IgG (H+L) 

Rabbit Jackson 
Immuno 

1/350 

3.  DyLight488 goat-
anti-rabbit IgG 

Rabbit Jackson 
Immuno 

1/800 

4.  FITC Mouse 
Anti- Chicken 

 Mouse Jackson 
Immuno 

1/800 

Table 4.3. List of secondary antibodies 
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4.1.X Oligonucleotide Sequences 
 

� Primers for cDNA amplification: 

1. Scn8afwd            5’-GAA GAG GTA TCT GCA GTG GTC-3’  

2. Scn8arev            5’-CTA GCA CTT GGA CTC CCT GAC-3’  

3. Scn11afwd            5’-GGT GTT TTG CAA TGG AGA CTT GTC-3’  

4. Scn11arev            5’-GAG CTA CAT GTG GCA GGT CAC ATA C-3’  

5. Actin fwd:            5’-GTG GGC CGC CCT AGG CAC CAG-3’  

6. Actin rev            5’-CTC TTT AAT GTC ACG CAC GAT TTC-3’

  

� Primers for genotyping  
1. TrkB Sense    5´-TCG CGT AAA GAC GGA ACA TGA TCC-3´ 

2. TrkB wt           5´-AGA CCA TGA TGA GTG GGT CGC C-3´ 

3. TrkB ko           5´-GAT GTG GAA TGT GTG CGA GGC C-3´ 

 

� Oligos  for  shRNA.  

 sh Na v1.9 knockdown constructs cloned in pLentilox3.7 wit h 
eGFP as the marker. (Synthesized from © Eurofins MW G 
Operon  ) 

 

1. Antisense  5503MScn11a-shRNA top Strand 5'-3'  
 

 tGATTGAACGTCGGAACATGTTCAAGAGACATGTTCCGACGTTCAATCTTTTTTc   

 
2. Antisense 5503MScn11a-shRNA bottom Strand 5'-3'      
          

 tcgagAAAAAAGATTGAACGTCGGAACATGTCTCTTGAACATGTTCCGACGTTCAATCa  
 

3. Scrambled  mm5503MScn11a-shRNA top Strand 5' 3'  
 

 tGATTCAACGACGGTACAAGTTCAAGAGACTTGTACCGTCGTTGAATCTTTTTTc  

 
4. Scrambled  mm5503MScn11a-shRNA bottom Strand 5'- 3'  
            

 tcgagAAAAAAGATTCAACGACGGTACAAGTCTCTTGAACTTGTACCGTCGTTGAATCa  
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 ShNaV1.9 knockdown constructs cloned in pSIH-H1 with 
tandem tomato as marker 

 
 

5. Antisense  63MScn11a-shRNA top Strand 5'-3'  

 
 gatccGGTACTATCCAGTGATCTTCCCTTCCTGTCAGAGGAAGATCACTGGATAGTACCtttttg 

 

6. Antisense  63MScn11a-shRNA bottom Strand 5'-3'  
           aattcaaaaaGGTACTATCCAGTGATCTTCCTCTGACAGGAAGGGAAGATCACTGGATAGTACCg 

 
7. Scrambled 63MScn11a-shRNA top Strand 5'-3'  

 
 gatccGGTCTATTGACTAGCACTTCCCTTCCTGTCAGAGGAAGTGCTAGTCAATAGACCtttttg 

 
8. Scrambled 63MScn11a-shRNA bottom Strand 5'-3'  

 
           aattcaaaaaGGTCTATTGACTAGCACTTCCTCTGACAGGAAGGGAAGTGCTAGTCAATAGACCg 
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4.2 Methods 
 

4.2.I Molecular Biology techniques 

 

4.2.I.a  Oligonucleotide design and shRNA cloning  

 

 In order to silence the gene encoding NaV1.9, short 

oligonucleotide sequences were selected and cloned into the lentiviral 

vector Lentilox 3.7 (ATCC®Number: VRMC-39™). Target sequences that 

correspond to AAGN18TT were identified from the mRNA from the NaV1.9 

sequence with accession number NM_011887. The multiple cloning sites 

of Lentilox 3.7 are present immediately after the U6 promoter and 

contain an HpaI restriction site. Opening the vector with HpaI results in a 

blunt end prior to the -1 position in the U6 promoter. An XhoI restriction 

site is available downstream of the HpaI site. Thus the oligo was 

designed in such a way that there is a 5’T to reconstitute the -1 

nucleotide of U6. The arrangement of the oligo was as follows:  

Sense oligo: 5’T-(GN18)-(TTCAAGAGA)-(81NC)-TTTTTTC.  

 The antisense oligo represented the complementary sense oligo 

strand with additional nucleotides at the 5’ end to generate the XhoI 

overhang. The loop sequence (TTCAAGAGA) was selected according to 

(Brummelkamp et al., 2002) 

Cloning strategy  

Oligo annealing protocol: 

1 µl Sense oligo  
1 µl Antisense oligo  
48 µl Annealing Buffer 

Incubate at 95° 4 minutes 
                   70° 10 minutes. 
 Decrease temperature to 4° slowly (.1°C/min) 
 Incubate at 4° 10 min 
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4.2.I.bLinearization of the lentiviral vector 
 

 The Lentilox 3.7 vector was linearized with HpaI and XhoI. 3-5 µg 

of lentiviral vector was digested for 2 h with HpaI at 37°C. The linearized 

DNA was then purified by ethanol precipitation. The DNA pellet was 

dissolved in xx mM Tris EDTA (TE) buffer. HpaI cut linearized vector was 

then digested with the restriction enzyme XhoI for two hours at 37°C and 

again purified by ethanol precipitation. The final pellet was dissolved in 

Tris EDTA buffer and stored in -20°C. 

 

4.2.I.c  Ligation 
 

The covalent linking of two DNA molecules was performed by T4 

DNA ligase. The digested vector and the annealed oligos were taken in 

equimolar concentration of 1:1. The ligation was always carried out 

overnight at 16°C.  

Component Volume 

Linearized Vector  x  µl (equimolar concentration) 

Vector : Insert ratio 1:1 (molar ratio) (In 

this case 1ug Vector-7.0ng of annealed 

oligos 

Annealed Oligo (Insert)  y  µl (pmol/µl) 

T4DNA Ligase 1 µl 

10 X ligation buffer 2 µl 

10mM ATP  1 µl 

HPLC grade H20 Adjusted to 20 µl. 

 

Table 4.4. Ligation reaction for oligo cloning 
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4.2.I.dTransformation 
 

The incorporation of foreign DNA into bacteria was efficiently 

achieved by using chemically competent E. coli bacterial cells from 

strains of HB101 or STBL2 cells (Invitrogen). For amplifying vectors, 10-

100 pg of plasmid DNA were utilized for HB101 competent cells. For 

oligo cloning purposes 10 µl of the ligation reaction was used along with 

commercially purchased STBL2 competent cells. The competent cells 

were first thawed on ice. The plasmid DNA or the ligated DNA was then 

mixed with the competent cells by gentle tapping of the tube. The mixture 

was then incubated on ice for 30 minutes. Subsequently, the tubes were 

heat-shocked in a 42°C water-bath for 90 seconds. The tubes were then 

put on ice for one minute. To recover the cells from heat shock 1ml of 

sterile LB medium was added to the competent cells and then tubes were 

placed in a bacterial shaker at 30°C (for lentiviral constructs) for one 

hour. After incubation, 10% of the transformed bacterial cells were 

streaked on LB agar plates. These agar plates were then incubated 

overnight at 30°C instead of 37°C to prevent recombination events. For 

amplification of vectors, corresponding clones were grown at 37°C. For 

analysis of positive clones, single colonies were picked up from LB Agar 

plates and added to 4-5 ml of LB broth in 15 ml Falcon tubes and grown 

on 30°C for overnight (approximately 16 hours). Plasmid DNA was 

extracted from these clones by alkaline lysis method (4.2.I.e). For 

isolating highly pure and large amounts of plasmid DNA, steps 

mentioned in the cesium chloride purification method were followed 

(4.2.I.f). 
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4.2.I.e Extraction of plasmid DNA by alkaline lysis  
 

The isolation of plasmid DNA from small quantities of LB broth was 

performed according to ((Birnboim and Doly, 1979). The overnight 

bacterial culture was transferred to a 1.5 or 2.0 ml eppendorf tube. The 

culture was then centrifuged down by using a table top centrifuge at 

4000 x g for 30 seconds. The supernatant was then carefully aspirated 

using vacuum suction without disturbing the pellet. To this pellet, 100 µl 

of Qiagen buffer 1 was added and then the pellet was thoroughly mixed 

so that no clumps remain at the end of mixing. After mixing the pellet to 

Solution I, 200 µl of Qiagen buffer 2 was added and repeatedly inverted 

10-12 times to denature the mixture. The suspension forms a clear, 

viscous and a sticky solution. To this mixture, 150 µl of ice cold Solution 

III was added. The tube was incubated on ice for 5 minutes. Further on, 

the mixture was centrifuged at 12000 x g for 5 minutes at 4°C to 

separate the pellet containing proteins and the DNA at the supernatant. 

At the end of centrifugation the supernatant was removed carefully with a 

pipette and transferred to a fresh eppendorf tube. To this 900 µl of ice 

cold absolute ethanol (100%) was added. The DNA was then separated 

by centrifuging the mixture at 12000 x g for 5 min at 4°C. The pellet that 

contained the plasmid DNA was washed in 1 ml of ice cold 70% ethanol. 

The mixture was again centrifuged at 12000 x g for 5 minutes at 4°C. 

The supernatant was aspirated carefully and the pellet was air-dried at 

room temperature. The isolated pellet was dissolved in 50 -100 µl of TE 

buffer. The concentration of the DNA was measured by using a 

spectrophotometer (Nanodrop). 
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4.2.I.f Isolation of large quantities of plasmid DN A, cesium 
chloride (CsCl) method: 

 

For knockdown experiments using the lentivirus based gene 

silencing strategy, high purity of plasmid DNA was achieved by utilizing 

the cesium chloride isolation protocol. The method involves seven major 

steps:  (1) Inoculation of bacteria carrying the plasmid DNA of interest, 

(2) Isolation of crude DNA (alkaline lysis and ethanol precipitation), (3) 

Phenol chloroform purification of the DNA, (4) Ultracentrifugation, (5) 

Isolation of DNA-EtBr band, (6) Removal of ethidium bromide (EtBr), (7) 

Final Precipitation of pure plasmid DNA. 

(1) Inoculation of bacteria :  

A small inoculum from a freshly growing bacterial plate (LB) was 

taken and inoculated on a warm LB broth of 100-250 ml volume. The 

inoculated broth was incubated at 30°C and placed on a bacterial shaker 

at a speed of 150-170 rpm for a period of 18-20 hours.  

 

(2) Isolation of crude DNA :  

The growing bacterial culture was harvested by spinning down at 

5000 x g for 20 minutes at 4°C. The pellet was completely re-suspended 

in 20 ml of Qiagen buffer 1 with RNase (100 µg/ml). To this re-

suspended bacterial solution 20 µl of 10 mg/ml lysozyme, was added and 

incubated for 5 min at room temp. An equal volume of Qiagen Buffer 2 

was poured immediately to this solution and incubated for 5 minutes with 

moderate shaking at small intervals of 1 minute each. At the end of 5 

minutes, 20 ml of Qiagen Buffer 3 was added in order to precipitate the 

proteins. The mixture was allowed to stand on ice for minimum of 10 

minutes and then filtered through a folded Whatman filter paper  

(18 cm, type-102, Hartenstein) pre-wetted with distilled water. To the 

clear filtrate, equal volume of isopropanol was added. The tubes were 

now centrifuged at 8000 x g for 1 hour at 4oC. The supernatant was 
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aspirated and the pellet was then washed with 15 ml of ice cold 70% 

ethanol. This step removed the residual acid from Buffer 3. The tube was 

again centrifuged at the same speed of 8000 x g for 1 hour at 4oC. The 

70% ethanol was removed completely by aspiration and the tube was left 

to thoroughly air-dry at room temperature. The dry pellet was then 

dissolved in 15 ml of TE buffer pH-8.0. 

 

(3) Phenol chloroform purification :  

The plasmid DNA that was dissolved in TE was now treated with 7.5 

ml of TE-equilibrated phenol and 7.5 ml of chloroform. The DNA-phenol-

chloroform mixture was mixed and then centrifuged at 1500 x g at room 

temperature for 20 minutes in a swing out rotor. The upper aqueous 

phase (15 ml) was transferred to a fresh tube to which 1/10th volume  

(1.5 ml) of 3.5 M sodium acetate pH 5.2 was added and mixed well. The 

content of the tube was then centrifuged at 8000 x g for 1 hour at 4oC. 

The supernatant was aspirated carefully and the pellet was washed with 

ice cold 70% ethanol by spinning again 8000 x g for 20 minutes at 4oC. 

The supernatant was aspirated and the pellet was air-dried at room 

temperature and stored at -20oC till further processing. 

 

(4) Ultracentrifugation :   

The reagents and materials required for ultracentrifugation are 

prepared one day before the beginning of the process. For each plasmid 

DNA, 8.8 g CsCl was stored in air tight 50 ml falcon tubes at room 

temperature. A fresh saturated solution of 10mg/ml ethidium bromide 

(EtBr) was dissolved in TE. On the day of performing the 

ultracentrifugation, the DNA pellets from step 3 were solved in 8.0 ml of 

TE buffer. This solution was added to the tube containing 8.8 g of CsCl. 

To this tube 800 µl of 10 mg/ml EtBr was added and mixed thoroughly. 

To avoid precipitates, the tube was placed in 37oC water-bath for 15 

minutes. The tubes were spun at full speed on a swing out rotor for 10 
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minutes at room temperature. The supernatant was removed and 

transferred to an optiseal tube (5/8 x 2 ¾ in., Beckman). The tubes were 

balanced accurately, sealed and transferred to a NVT rotor that has been 

placed at room temperature the previous day. The ultracentrifugation 

was performed at 65000 rpm for a period of 5 hours and 30 minutes at  

20 o C along with maximum acceleration and slow brake settings.  

 

(5) Isolation of DNA-EtBr band :  

After ultracentrifugation, the tube was placed on a rack meant for 

optiseal tubes. A grey needle of 21 gauges was pierced on the top of the 

tube to assist ventilation. The tube was now placed on a stand in front of 

a UV lamp (365nm). When the UV lamp was lit, the lower band 

representing the supercoiled plasmid DNA was selected. Entire contents 

of the lower band was taken out using a 2ml syringe and collected on a 

new 15 ml falcon tube. The contents of the tube are either processed the 

same day or stored at room temperature for EtBr removal the following 

day.  

 

(6) Removal of EtBr :  

The removal of EtBr from DNA was performed by organic extraction 

under a chemical hood. A 2 ml volume of the buffer TE saturated with n-

Butanol was mixed with DNA-EtBr solution. The contents were mixed 

thoroughly and centrifuged at full speed for 2 minutes on a swing out 

rotor. The upper organic phase containing Butanol and EtBr was 

discarded on a special EtBr waste disposal container. The EtBr 

extraction procedure was performed until and unless the upper organic 

phase was colourless. To remove any residual Butanol in the solution, an 

equal volume of diethyl ether was added at the last step. The upper 

organic phase containing the Butanol+ether was discarded. The residual 

ether was evaporated due to its volatile nature.  
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(7) Final Precipitation of pure plasmid DNA : 

 The residual DNA after EtBr removal was mixed with 2 volumes of 

TE. To this, 1/10 volume of 3M sodium acetate was added along with ice 

cold 100% ethanol. The mixture was mixed well and placed for more than 

1 hour on ice or overnight at 4°C. The following day, contents of the tube 

are centrifuged at 10000 x g for 1 hour at 4°C. The supernatant was 

aspirated and the colourless pellet was washed with ice cold 70% 

ethanol. The content of the tube was centrifuged for 10 minutes at  

10000 x g at 4°C. The supernatant containing ethanol was discarded by 

aspiration. The pellet was left for drying under a sterile laminar air-flow. 

In order to keep the DNA sterile, all further steps are done in aseptic 

conditions. To the dried pellet, 100-200 µl of sterile Tris Buffer of pH 8.0 

was added. The DNA was aliquoted in smaller volumes for future 

packaging or transfection experiments. 
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4.2.I.g  Isolation of total RNA  

 

The isolation of total RNA from spinal cord tissues was performed 

by using TRIzol Reagent. Dissected tissues were put in a sterile RNase 

free reaction tube and directly frozen in liquid nitrogen. For long term 

storage, tubes were preserved at -80°C. On the day of total RNA 

preparation, 1ml of TRIzol reagent was added to per 50 to 100 mg of 

frozen tissues and homogenized either mechanically by a tissue 

homogenizer or by using SilentCrusher (Heidolph) instrument. The 

homogenized tissue was incubated at room temperature for 5 minutes. 

200 µl of chloroform was added, thoroughly mixed by shaking vigorously 

for 15 seconds. The mixture was incubated at room temperature for 3 

minutes. The tube was centrifuged at 12000 x g at 4°C for 15 minutes to 

separate the organic phases. After centrifugation, the upper clear 

aqueous layer was transferred to a fresh eppendorf tube. The 

precipitation of RNA was achieved by the addition of 0.5 ml of 

isopropanol. The contents of the tube were now incubated for 10 minutes 

at room temperature. The tube was centrifuged at 12000 x g for 15 

minutes at 4°C to pellet the RNA. The pellet was washed with 1 ml of 

70% DEPC-ethanol. The contents were again centrifuged at 12000 x g 

for 10 minutes at 4°C and the pellet was dried. The pellet was finally 

dissolved in 50 µl of DEPC treated RNase free water. The RNA 

concentration was then measured by a spectrophotometer (Nanodrop; 

Peqlab) at 260 nm.  
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4.2.I.h  Reverse Transcriptase Polymerase Chain Rea ction 
 

To know the time of expression of NaV1.9, Reverse transcription 

polymerase chain reaction (RT-PCR) was undertaken. The total RNA 

isolated by using the TRIzol reagent was used as the starting material to 

prepare cDNA by the enzyme reverse transcriptase. This cDNA was used 

as a template for conducting the PCR reactions by using NaV1.9 specific 

primers. For the synthesis of cDNA and the subsequent PCR reactions, 

the RT-PCR kit from Roche, namely, 1st Strand cDNA Synthesis Kit for 

RT-PCR (AMV) was used. The procedures involving the preparation of 

cDNA from the total RNA are summarized in tabular formats presented 

below.  

Synthesis of cDNA  

Reagent Volume /1 sample Final conc n. 

10 x Reaction Buffer 2.0 µl 1x 

MgCl2 [25 mM] 4,0 µl 5 mM 

Primer, random hexamer 2.0 µl 0,08 A260 Units 

dNTP-Mix 2.0 µl 1 mM 

RNase Inhibitor 1,0 µl 50 Units 

AMV Reverse Transcriptase 0.8 µl ≥ 20 Units 

Total RNA  variable  

dd H2O  HPLC grade variable  

Total volume 20 µµµµl  

 

Table 4.5. cDNA synthesis from total RNA 
 

The reagents for cDNA synthesis were added according to the 

above table. The reaction mixture was then incubated at the following 

temperatures for carrying out the reverse transcription. 
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� Incubation conditions for Reverse transcription: 

 

 Temperature Incubation duration 

(minutes) 

Primer Annealing 25°C 10 

Reverse Transcription  42°C 60  

Enzyme Denaturation  95°C 10  

Long term storage 4°C ∞ 

 
 
Table 4.6. Incubation steps for cDNA synthesis from  total RNA 

from tissues. 
 

� RT-PCR reaction Mixture: 

Reagent Volume (µl) Final Concentration 

 
10 X Taq Buffer (15 mM MgCl2) 

 
5 

 
1 x (1.5 mM MgCl2) 

 
Taq DNA Polymerase (5 units /µl) 

 
0.4 

 
2 units / reaction. 

 
dNTP Mix (10 mM) 

 
1 

 
0.2 mM 

 
Forward primer 10 µM 

 
1 

 
0.2 µM 

 
Reverse primer 10 µM 

 
1 

 
0.2 µM 

 
Betain (5M) 

 
10 

 
1 M 

 
Template cDNA 

 
2 

 

 
HPLC H20 

 
29 

 

 
Total volume 

 
50  

 

 
 
Table 4.7. RT-PCR reagents for investigating Na V1.9 expression. 

 



Materials and Methods 

 31 

� RT-PCR program conditions: 

 

Process Temperature (°C) Time Cycles 

 

Initial denaturation 

 

94 

 

10 minutes 

 

 

Denaturation 

 

94 

 

30 seconds 

 

 

Annealing 

 

52 

 

30 seconds 

 

35 cycles 

 

Primer Elongation 

 

72 

 

60 seconds 

 

 

Final Elongation 

 

72 

 

7 minutes 

 

 

Final storage 

 

4 

 

∞ 

 

 
Table 4.8. PCR program to investigate Na V1.9 expression.  
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4.2.II Cell Culture  
 

4.2.II.a  Motoneuron Culture 
 

The technique of dissecting out lumbar spinal cord and preparing a 

motoneuron culture was performed according to (Wiese et al., 2010). To 

isolate spinal motoneurons, pregnant mice with fourteen day old embryos 

were sacrificed by cervical dislocation. Lumbar-spinal cords were 

isolated from the embryos and preserved in ice cold HBSS solution. For 

subsequent genotyping of embryos, the tail was dissected and placed in 

400 µl of lysis buffer. Isolated spinal cords were trypsinized by the 

addition of 20 µl of 1% trypsin solution to each Eppendorf tube 

containing a dissected spinal cord in 180 µl ice-cold HBSS. 

Trypsinization was performed for 15 min at 37 °C. T o stop the process of 

trypsinization, 20µl of 1% trypsin inhibitor was added to the eppendorf 

tubes and then the tissue aggregates were mechanically triturated. The 

cells were now enriched from the triturated cells on a 10 cm panning 

plate that was previously coated with an antibody against the p75NTR 

receptor (1.8 mg/ml). The cells were placed on the panning dish and 

allowed to settle down for a period of 35 minutes after which they were 

washed thrice with room temperature warm Neurobasal medium in order 

to eliminate the p75NTR negative cells. The settled cells were depolarized 

with 30mM potassium chloride and then added to Neurobasal medium 

containing B27 supplement and 10% heat inactivated horse serum. Cells 

were counted on haemocytometer and plated at a density of  

1500-2000 cells/coverslips for neurite length measurements and 25,000 

cells on 12 mm coverslips for calcium imaging experiments. The 

neurotrophic factors BDNF and CNTF were added to the medium at a 

final concentration of 10 ng/ml. Pharmacological agents for sodium 

channel inhibitors STX and TTX were used at indicated concentrations. 

Motoneurons were treated with fresh medium within 24 hours after 

plating and further on after every alternate day till day seven. 
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4.2.II.b Immunocytochemistry 

 

The technique of immunolabelling was utilized to analyse 

localization of proteins and neurite length measurements. Motoneurons 

that were isolated and cultured from mice of embryonic day 14 were 

allowed to grow for a maximal period of seven days. On the seventh day, 

the culture medium was aspirated using a Pasteur pipette and 1.5 ml of 

pre-warmed 4% paraformaldehyde was added for 15 min at room 

temperature. The cells were then washed three times with 1X PBS 

pH 7.0 at regular intervals of 10 minutes. Nonspecific binding sites were 

blocked for 1 hr with 1X PBS containing 15% goat serum and  

0.3% Triton X-100. Cells were incubated at 4°C over night (16 hrs) with 

primary antibodies. The following day, the primary antibodies were 

removed by aspiration or by pipette for future storages. The cells were 

immediately washed with 1xPBS, three to four times for at least one hour 

at room temperature. During the final washing steps fluorescently 

labelled secondary antibodies were diluted in blocking solution. At the 

end of the final primary antibody wash, 70 µl of diluted secondary 

antibody was added onto coverslips for a period of 1.5 hours. Secondary 

antibodies were then washed thoroughly by adding 1x PBS at periodic 

intervals of 2 minutes each. The secondary washes were performed for a 

period of 1 hour. Coverslips were then dipped in clean sterile water 

before mounting on mowiol or polymount on glass slides. These glass 

slides were then stored on slide boxes /slide folders, safely protected 

from light. 
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4.2.III Microscopy 
 

4.2.III.a Neurite length measurements 
 

Motoneurons labelled with anti-rabbit Tau or anti-mouse β-tubulin, 

was used as markers for staining axons and dendrites. For knockdown 

experiments, motoneurons infected with the respective knockdown or 

control (missense) lentivirus were labelled with either anti chicken GFP 

or anti chicken RFP marker to distinguish between infected and 

uninfected cells. Images were captured and analyzed on Leica TCS SP2 

- Laser Scanning Spectral Confocal Microscope. Axon length was 

determined by applying a morphometric system (Leica, Bensheim, 

Germany). Values from at least three independent experiments were 

pooled, and the results were expressed as standard error of 

mean ± SEM.   

 

4.2.III.b  Motoneuron survival analysis. 
   

 To carry out motoneuron survival analysis the plastic surfaces of 

Greiner four well dish or the Nunc∆ four well plates were first coated with 

poly-ornithine and laminin as described for motoneuron culture protocol. 

A plus sign was drawn at the bottom of each well thereby dividing the 

well into four equal quadrants. Cells were plated at a density of 5000 

cells per 10mm diameter. Four to six hours after plating, motoneurons 

were counted using the phase contrast microscope, within an area of  

1 µm from each marked quadrant. The same counting procedure was 

repeated at the end of day seven. Percentage survival was calculated on 

the basis of results obtained at the end of day seven. 
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4.2.III.c Ca+2 Imaging 
 

 Ca2+ imaging using Fura-2 AM dye (Jablonka et al., 2007 ). 

 Motoneurons grown till day three on glass coverslips were washed 

with phenol red free HBSS with Ca2+ & Mg2+ (5 min) and later on they 

were permeabilized with 0.25% pluronic F-127. Dye loading was 

performed by incubating 2µM FURA-2 for 30 minutes at 37°C. The 

coverslips were then transferred on a microscopic stage maintained at 

37°C. HBSS with Ca2+ & Mg2+ was constantly perfused under linear flow. 

Upon calcium binding, the fluorescent excitation maximum of the 

indicator undergoes a blue shift from 363 nm (Ca2+-free) to 335 nm  

(Ca2+ -saturated), while the fluorescence emission maximum is relatively 

unchanged at ~510 nm. The indicator was typically excited at 340 nm 

and 380 nm respectively and the ratio of the fluorescent intensities 

corresponding to the two excitations was used in calculating the 

intracellular concentrations. Florescent intensities that alternate after 340 

nm or 380 nm stimulations were estimated by a computer overlay 

technique by selecting the region of interests (ROI) and thus calculate 

the bound and the unbound calcium. Live imaging of Ca2+ was 

undertaken by using an inverted microscope (Axiovert S100TV; Carl 

Zeiss MicroImaging, Inc.) equipped for epifluorescence with a dichroid 

mirror, a 100× 1.3 oil-immersion objective (Fluor; Carl Zeiss 

MicroImaging, Inc.), and a charge-coupled device camera (IMAGO; TILL 

Photonics). 

Ca+2 imaging using Oregon green 488-BAPTA-1,AM  

A 5 mM stock solution of Oregon green 488-BAPTA1, AM- a high 

affinity intracellular calcium indicator was used. The 5mM stock solution 

of Oregon-BAPTA1, AM was prepared by adding 8.9µl of 20% pluronic F-

127 in DMSO. The mixture was dissolved by means of a sonifier bath for 

a period of 2 minutes. Motoneurons cultured on glass coverslips were 

transferred on 500 µl of 5mM Oregon-BAPTA1, AM in artificial 
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cerebrospinal fluid (ACSF) solution. The cells were then incubated in a 

cell culture incubator (37°C, 5% CO2) for 15 minutes. The coverslips with 

dye- loaded cells were then transferred to the imaging set-up, wherein 

cells were imaged at 33-35°C using a 20X/0.7 objective under 

continuous ACSF perfusion. Pharmacological agents were used at the 

following concentrations: TTX at 10 nM, 100 nM and STX at 10 nM. 

During the continuous perfusion, time lapse imaging of Ca+2 dynamics 

was performed at 2.0 Hz/sec. Oregon Green-derived fluorescence was 

excited with a 488 nm laser line (emission filter: band pass 510/540 nm) 

and the live imaging of Ca2+ was performed in a inverted Leica TCS SP5 

II confocal microscope. 
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4.2.IV Lentivirus Production 
 

The lentiviral expression/knockdown system has been originated 

from the human immunodeficiency virus type 1 (HIV-1) and consist of the 

following three vectors:  

� a packaging vector expressing the structural Gag and Gag-Pol 

proteins as well as regulatory and most of the viral accessory 

proteins;  

� an envelope vector expressing heterologous surface 

glycoproteins —G glycoproteins of vesicular stomatitis virus 

(VSV-G); and 

� a transfer vector containing human cytomegalovirus (CMV) 

promoter for heterologous protein expression (Naldini et al., 

1996).  

 The bio-safety guideline of the system has been greatly improved 

by deletion of all accessory genes from the packaging vector (Dull et al., 

1998).The viral packaging was performed by three helper packaging 

system as per the flowchart described in Figure 8. HEK 293T cells were 

co-transfected with lentiviral vector containing the knockdown or 

scrambled NaV1.9, helper plasmids pRRE and pRSV (Dull et al., 1998) 

and the envelope expression plasmid pMD.G-VSVG that contains the 

vesicular stomatitis virus G glycoprotein (VSV-G) gene (Burns et al., 

1993). Transfection was achieved by lipofectamine reagent that provides 

high transfection efficiency. The plasmid DNA and the lentiviral vector 

used in this lentiviral packaging were kept at highest possible purity by 

cesium chloride purifications (explained in 4.2.I.g). The knockdown 

lentivirus was finally dissolved in a Tris buffer solution and preserved in 

smaller aliquots of 10 µl each at -80°C for long term storage (Figure 4.1). 
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Figure 4.1 Flow chart for generation of shRNA knock down lentivirus. 
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5. Results 

 

5.1. Inhibitors of VGSC reduce axon growth of cultu red 
embryonic motoneurons 

 

Earlier studies from our group showed that local spontaneous 

excitability in axonal growth cones of cultured embryonic motoneurons 

correlates with axon elongation (Jablonka et al., 2007). We therefore 

asked whether VGSC are triggering spontaneous Ca2+ transients in 

motoneurons. In order to investigate this, mouse motoneurons were 

isolated from lumbar spinal cords at embryonic  

day (E) 14 and cultured for a period of seven days in the presence of 

survival neurotrophic factors BDNF and CNTF (10ng/ml) and in the 

presence of 100 nM STX, a potent blocker of all VGSC. At DIV7, 

motoneurons were fixed and immuno-labelled with α-Tau antibody and 

the axon length was measured. As shown in the Figure 5.1, motoneurons 

grown in 100 nM STX showed in significant reduction in axon length.  
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Figure 5.1 Axon length is reduced on the inhibition  of VGSC with 
100 nM (STX) in wild type motoneurons. Axon length is significantly 
reduced in STX treated motoneurons (n=215) in comparison to untreated 
(vehicle control n=121) motoneurons. Results represent the mean ± SEM 
of pooled data from three independent experiments. n, number of 
motoneurons that were scored in total from control or 100 nM STX 
treated cells.***,P<0.0001 tested by unpaired t test. 
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5.2. Inhibitors of VGSC reduce spontaneous Ca 2+ elevation 
in cultured motoneurons. 

 

In cultured embryonic motoneurons, the monitoring of spontaneous 

Ca2+ elevation is an appropriate tool to analyse motoneuron excitability 

(Jablonka et al., 2007) In order to analyse whether neural activity is 

affected on inhibition of VGSC, we further compared frequency of 

spontaneous calcium transients in cultured motoneurons in the presence 

and absence of sodium channel blockers STX (100 nM) and TTX (TTX) 

(1µM). Motoneurons were grown in these pharmacological conditions 

with regular medium exchanges on alternate days after day one. On day 

three motoneurons grown in the presence of STX and TTX were treated 

with calcium indicator dye Fura-2 and cytosolic increase of Ca2+ was 

measured at the growth cone and the somato-dendritic compartment 

(Jablonka et al., 2007).  

In comparison with motoneurons treated with vehicle control 0.03N 

acetic acid, on day three motoneurons that were treated with 1µM TTX 

showed significant reduction in the frequency of calcium transients at the 

somatodendritic region as well as at the growth cone (Figure 5.2). 

Cellular excitability was further drastically reduced in the case of 

motoneurons treated with 100 nM STX on day three (Figure 5.2). Thus 

pharmacological treatment of sodium channel inhibitors STX and TTX 

results in severe reduction in cellular excitability on cultured 

motoneurons at the somato-dendritic compartment as well as the growth 

cone. 
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Figure 5.2  Frequency of calcium influx in the pres ence of STX 
and TTX is reduced in DIV3 embryonic cultured moton eurons. 
Results represent the mean ± SEM of pooled data from three 
independent experiments. n, number of motoneurons that were scored in 
total from control, 1µM TTX or 100 nM STX,  treated cells.***,P<0.0001 
tested by unpaired t test, one tailed. 
 
 
 

In subsequent work by Benjamin Dombert in our institute, a dose-

dependency curve was performed. In these experiments, motoneurons 

were cultured for seven days in the presence of the sodium channel 

blockers TTX at concentrations of 10 nM, 50 nM and 100 nM and STX at 

concentrations of 1 nM, 5 nM and 10 nM. These experiments revealed 

that motoneurons treated with 10 nM to 1 nM STX showed a significant 

decrease in axon length. Compared to STX, TTX was less effective. No 

reduction in axon elongation was observed under chronic treatment with 

10nM TTX, but was obvious with 50 nM TTX (Subramanian et al., 

manuscript submitted). Thus lower dosages of pharmacological inhibitors 

of VGSC are able to reduce axon growth. 
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5.3. Survival tests for motoneurons under pharmacol ogical 
treatments 

 
Previous studies have shown that inhibition of VGSC results in 50% 

loss of developing retinal ganglion cells in culture (Lipton, 1986). Thus in 

order to rule out toxic effects of pharmacological sodium channel 

blockers, cultured motoneurons that were treated with varying dosages 

of STX and TTX were tested for their survival until DIV7. Motoneurons 

were grown in the presence of neurotrophic factors BDNF and CNTF at 

10 ng/ml. Concentrations of TTX were at 10 nM, 50 nM and 100 nM, 

whereas of STX were 1 nM, 5 nM and 10 nM. As a negative control, 

motoneurons were grown in the absence of the above neurotrophic 

factors. Cells were counted on the day of plating and finally on day 

seven. Percentage survival of originally plated cells was compared under 

varying pharmacological conditions. Neither did the presence of STX nor 

TTX, resulted in reduced motoneuron survival (Figure 5.3), even not at 

concentrations showing drastic reduction in axon length. This experiment 

separates the growth-supporting signalling of various isoforms of sodium 

channels from signalling pathways for motoneuron survival. 
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Figure 5.3 Survival of motoneurons is not affected by sodium 
channel inhibitors STX and TTX. Motoneurons were plated at a density 
of 5000 cells / well, and survival was determined after 7 d in culture. 
Survival rates of motoneurons treated with varying concentrations of (a) 
STX and (b) TTX were comparable to untreated cells. Results represent 
the mean ± SEM of pooled data from three independent experiments. 
 ***, P<0.0001 tested by one-way ANOVA. 
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5.4. Pharmacological assay to analyze the role of V GSC in 
spontaneous Ca 2+  elevation 

 

Embryonic mouse motoneurons cultured in the presence of 1 µm 

TTX and 100 nM STX showed significant reduction in the frequency of 

calcium transients in comparison to vehicle controls. Since STX and TTX 

are known to be potential high affinity sodium channel blockers, it was 

needed to find out the minimal concentration of pharmacological toxins 

that was able to show a reduction in spontaneous motoneuron excitation. 

We therefore asked if acute treatment of STX or TTX is able to inhibit 

VGSC. For this it was essential to screen and visualize for cultured 

motoneurons that were spontaneously active when treated with a high 

affinity calcium indicator. For this purpose, we chose to utilize Oregon 

green BAPTA-1, and confocal Ca+2 imaging that provides an advantage 

of visualizing spontaneous calcium transients at higher frequencies. On 

performing live imaging of three day old cultured embryonic motoneurons 

for spontaneous calcium transients one could visualize different patterns 

of calcium transients which could be categorized according to the level of 

synchronicity. Cultured motoneurons exhibiting spontaneous Ca2+ 

transients could be as described below (Figure 5.4):  

Type-1: low amplitude and countable calcium transients ,  

Type-2: relatively greater amplitude size than type-1  

Type3:  no calcium transients at all  

Type4:  very high number of Ca2+ transients than those seen in 

          Type-2 and those which were difficult to count.  

Motoneurons that showed Ca2+ transients according to type 1 and 2 were 

utilized for pharmacological assays described further.
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Figure 5.4 Modes of Ca 2+ transients seen in 3DIV embryonic 
motoneurons. 
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5.4.I. Inhibitors of VGSC affect spontaneous Ca 2+ elevation 
also in 100 nM TTX  

 

In order to know if acute treatment of a potential sodium channel 

inhibitor is able to block calcium transients one of the highly firing cell of 

type 4 was analysed for acute treatment of 100 nM TTX.  Motoneurons 

were loaded with the low-affinity calcium indicator dye Oregon Green 

BAPTA-1 (Kd =130 nm) for 15 minutes and cells were imaged in ASCF 

solution under continuous perfusion. In the Figure 5.5, a spontaneously 

active motoneuron is shown firing calcium transients for initial ten 

minutes. Addition of 100 nM TTX resulted in distinct blockade of 

excitability. When TTX is removed by perfusion with ACSF (washing 

period), spontaneous excitability was restored. This recovery of 

spontaneous calcium transients upon toxin removal could further be 

blocked and restored upon toxin removal (Figure 5.5). Interestingly, 

spontaneous  Ca2+  transients were also seen in low-density cultures, 

under fast perfusion conditions (~20x ACSF exchange per min) in a 

slightly hyperpolarizing ACSF condition (extracellular 3mM K+).  
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Figure 5.5 Excitable motoneurons are blocked by 100  nM TTX and are able to recover.  High 
neural activity in a motoneuron was analysed for 10 minutes and 100 nM TTX was added at the end of 
10th minute. Neural activity was blocked during the presence of TTX and was recovered after five minutes 
of washing period. Further addition of TTX for a short period of 2 minutes also blocked neural activity 
which recovered after washes. 
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5.4.II. Quantification of spontaneous excitability in cultured 

motoneurons 

 
 To standardize imaging conditions under various pharmacological 

conditions, the following strategy was chosen to quantify events of 

spontaneous Ca2+ elevation. Motoneurons that showed spontaneous 

calcium transients in a period of five minutes were then treated with 

corresponding concentrations of TTX or STX, for a period of five minutes 

to provide adequate time to for the toxin to block the permeabilization of 

sodium ions. At the end of five minutes cells were imaged for 

spontaneous calcium transients in the presence of TTX or STX for a 

period of five minutes. Next, cells were washed with ACSF to restore 

excitability and cells were reanalyzed after 10 minutes of toxin removal. 

The schematic representation to explain the quantification is shown in 

Figure 5.6 

 

Figure 5.6 Schematic representation to quantify fre quency of 
Ca2+ transients in response to pharmacological inhibiti on of sodium 
channels. 
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5.5. Spontaneous excitability is significantly redu ced in 

cultured motoneurons in 100 nM TTX  

 
Following the experimental flow chart (Figure.5.5), spontaneous 

Ca2+ transients were monitored in motoneurons (DIV3). VGSC were 

blocked by acute treatment of 100 nM TTX for a period of five minutes 

and further on motoneurons were allowed to recover. Frequency of 

calcium transients were counted before toxin treatment, in the presence 

of toxin and during recovery period and these results were quantified 

after background correction. Treatment of motoneurons with 100 nM TTX 

showed a significant reduction in neural activity at the cell body, distal 

axon and at the growth cone (Figure 5.7).  
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Figure 5.7 Spontaneous neural activity is blocked b y 100 nM TTX. 
Quantification of spontaneous excitability in DIV3 cultured motoneurons 
in 100 nM TTX at (n=5) at the soma (a), distal axon (b) and growth cone 
(c) Results represent the mean ± SEM of pooled data from three 
independent experiments, n, number of motoneurons that were scored in 
total from control or toxin treated motoneurons. **, P < 0.01 tested by 
one-way ANOVA 
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5.6. Spontaneous excitability in cultured motoneuro ns is not 

affected by 10 nM TTX 

 

To investigate the response of a lower dosage of TTX on neural 

excitability, a ten fold lower dosage of 10 nM TTX was tested on DIV3 

embryonic motoneurons. The procedure followed was same as the 

pharmacological assay devised for quantification acute toxin treatments. 

On treatment with 10 nM TTX, neural excitability on DIV3 embryonic 

motoneurons did not show a significant reduction in the frequency of 

calcium transients, in comparison to the transients analyzed before toxin 

treatment. The figure 5.8 summarizes the quantification of frequency of 

calcium transients on 10 nM TTX treatments at the soma, distal axon and 

the growth cone of DIV3 embryonic motoneurons. 
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Figure 5.8 Spontaneous excitability is not blocked by 10 nM TTX. 
Quantification of spontaneous excitability in DIV3 cultured motoneurons 
in 10 nM STX (n=12). at the soma (a), distal axon (b) and growth cone 
(c) Results represent the mean ± SEM of pooled data from five 
independent experiments, n, number of motoneurons that were scored in 
total from control or toxin treated motoneurons. ***, P < 0.001 tested by 
one-way ANOVA.  
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5.7. Spontaneous excitability is reduced in culture d 

motoneurons in 10 nM STX. 

It is known that in sodium channels with a higher TTX resistance, 

the channels NaV1.5, Nav1.8, and NaV1.9, carry a consensus protein 

motif in their pore-region, which indicates a pharmacological profile with 

a higher sensitivity to STX, in contrast to a certain resistance to TTX 

(Penzotti et al., 1998). Therefore we tested STX-sensitivity of 

spontaneous Ca2+ transients in motoneurons at DIV3. Pharmacological 

intrusion by 10 nM resulted in an almost complete blockade of neuronal 

excitability in growth cones (Fig. 7a). In contrast to TTX, 10 nM of STX 

was able to reduce spontaneous excitability in motoneurons (Fig. 5.9).  
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Figure 5.9 Spontaneous excitability is blocked by 1 0 nM STX (c ). 
Quantification of spontaneous excitability in DIV3 cultured motoneurons 
in 10 nM STX (n=11). at the soma (a), distal axon (b) and growth cone 
(c) Results represent the mean ± SEM of pooled data from four 
independent experiments, n, number of motoneurons that were scored in 
total from control or toxin treated motoneurons. ***, P < 0.001 tested by 
one-way ANOVA. 



Results 
 

 56 

5.8. Expression of Na V1.9 in the lumbar spinal cord  

 

The pharmacological inhibitions of VGSC on cultured motoneurons 

resulted in reduction in axon growth and neural activity. This was mainly 

achieved by lower doses of STX and not by high doses of TTX.. Previous 

studies in sensory neurons have shown that, the TTX resistant voltage-

gated NaV1.9 has very low activation threshold and is capable of eliciting 

spontaneous excitation at resting membrane potentials (Cummins et al., 

1999; Herzog et al., 2001; Penzotti et al., 1998). NaV1.9 has also been 

shown to be expressed in cultured hippocampal neurons and it has been 

responsible for high sensitivity to STX (10 nM) compared to TTX (50 nM). 

In this cell type, NaV1.9 has been shown to be responsible for BDNF 

mediated excitation (Blum et al., 2002).  Therefore I asked if NaV1.9 is 

expressed in the spinal cord during late embryonic development. To test 

this, lumbar spinal cords were isolated at different stages of mouse 

development and RNA was isolated and reverse transcription PCR (RT-

PCR) was performed. As a positive control, Nav1.6 and actin primers 

expression was monitored in parallel. As shown in Figure 5.10, 

expression of Nav1.9 could be seen starting from embryonic stage 16.  

 

Figure 5.10 Na V1.9 expression in mouse begins from embryonic 
stage 16 
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5.9. NaV1.9 protein is concentrated in distinct axonal regi ons 

and growth cones of motoneurons 

 

 After confirming the presence of Nav1.9 in the lumbar spinal cords 

at embryonic day (E) 16, peptide antibodies were generated against the 

‘C’ terminal region of the mouse NaV1.9 by Blum.R from our department. 

This antibody was tested for immunolocalization of NaV1.9 in cultured 

motoneurons. At DIV3, when local spontaneous calcium transients are 

seen in axonal microdomains of axonal compartments and growth cones, 

anti- NaV1.9 immunoreactivity was concentrated at the very same axonal 

subcompartments. In the somato-dendritic regions, NaV1.9 was weakly 

labelled. It was also found that extracellular domains of TrkB and NaV1.9 

were found in the same subcompartments of axons and growth cones. 

The immunolabelling however were weakly co-localized, suggesting a 

close proximity of TrkB and NaV1.9 (Figure 5.11). It is also shown further 

in this work that TrkB kinase deficient motoneurons show reduced axon 

growth and neural activity, independent of VGSC. 

 
(a) 
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(b) 

 

(c) 

 

Figure 5.11  Na V1.9 protein is concentrated in axonal 
compartments and growth cones of motoneurons.  
(a) NaV1.9 in green and dendritic marker Map2 in Red show a weaker 
staining for NaV1.9 at the dendrites or the cell body.(b) NaV1.9 (green) in 
axonal compartments, counterstained with α-tubulin (red). (c) NaV1.9 
(red) is seen in close proximity towards TrkB (green) at growth cones in 
motoneurons (DIV7). (Confocal images captured by Blum.R) 
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5.10. Knockdown of Na V1.9 in cultured embryonic 

motoneurons reduces axon growth but not dendrite gr owth 

 
The presence of NaV1.9 expression in embryonic spinal cords 

prompted to investigate the importance of this gene in neurite growth. 

For this, the technique of RNA interference was utilized to knockdown 

NaV1.9 using lentivirus mediated delivery. To generate the NaV1.9 

knockdown construct, short hairpin (sh) target sequences were chosen 

from the coding region of NaV1.9 and this was cloned in lentiviral shRNA 

expression vectors under the promoter H1, as described in the methods 

section of this work. Two knockdown lentiviral constructs were generated 

one expressing GFP and the second one expressing tandem tomato as 

visualization markers. Lentiviruses were generated for each of the 

knockdown constructs and the corresponding scrambled constructs as 

per the three helper plasmid system as  described in methods section. 

To introduce the knockdown shRNA and control /missense shRNA for 

NaV1.9, freshly isolated motoneurons were transduced. For this, a 100µl 

volume of motoneurons suspensions containing 50000 cells were 

infected with high titre lentivirus-preparations expressing either sh 

NaV1.9 or scrambled sh NaV1.9. Then, infected motoneurons were 

cultured on laminin-111 coated cell culture dishes for a period of seven 

days in the presence of neurotrophic factors BDNF (10 ng/ml) and CNTF 

(10 ng/ml). At DIV7, motoneurons were stained with rabbit anti Tau and 

chicken anti GFP for cells infected with knockdown vector carrying GFP. 

Cells infected with lentiviral vectors carrying red florescence marker RFP 

were stained with β-tubulin and rabbit anti RFP [Figure 5.12 (a),(b)]. As 

evident from the figure, knockdown of NaV1.9 resulted in shorter axons in 

comparison to controls (uninfected and missense), Figure 5.12 (a). The 

dendrite growth was unaffected,[Figure 5.12 (b)]. To rule out the toxicity 

of lentivirus on motoneurons, cell numbers were counted on the day of 

plating and then on the seventh day. As shown in Fig.5.12 (c), the 

percentage survival of motoneurons that were infected with lentiviruses 
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was not affected in the presence of survival neurotrophic factors. The 

quantification of axon growth on NaV1.9 infection as shown in Figure 

5.12 (d) & (e) reveals that NaV1.9 knockdown regulates axon growth but 

not dendritic growth.  
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  (a) 

   (b)   

           

 
Figure 5.12 Axons are shorter in Na V1.9 knockdown motoneurons 
(a), dendrites are not (b).  
Immuno labelling of DIV7 motoneurons treated with sh NaV1.9 and 
missense NaV1.9 lentivirus. β-tubulin is labelled in green and infected 
motoneurons are labelled with red florescent protein. Scale bar: (a) 
100µm (b) 10µm 
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Figure 5.13 Knockdown of Na V1.9 in cultured motoneurons 
reduces axon length but dendrites are unaffected.  
Survival (c) was quantified from three independent survival tests.(d) 
dendrite length and (e) axon length was measured from lentivirus 
infected motoneurons containing U6 shRNA with CMV eGFP vector, 
[uninfected (n= 134), mis NaV1.9 (n= 65), sh NaV1.9 (n=65)] or CMV 
TDtomato h1-shRNA [uninfected (n= 67), mis NaV1.9 (n= 108), sh NaV1.9 
(n=105)].  Results represent the mean ± SEM of pooled data from three 
independent experiments, n= number of motoneurons that were scored in 
total from control or lentivirus treated motoneurons.***,P<0.0001 tested 
by one-way ANOVA. 



Results 
 

 63 

5.11. Neurite growth and neural excitability is red uced in 

cultured Na V1.9-/- motoneurons 

 
 To further validate the NaV1.9 knockdown observations in 

cultured motoneurons by lentivirus mediated shRNA, the neurite growth 

phenotype in NaV1.9 deficient mouse was also analyzed. The NaV1.9 

deficient mice were provided John Wood, and Mohammed A. Nassar 

(Wolfson Institute of Biomedical Research, University College 

London,UK) In the NaV1.9-/- mice the exons 4 and 5 from the gene 

SCN11A was replaced by a neomycin resistance cassette that removes 

that S4 voltage sensing region of NaV1.9. These NaV1.9-/- were 

homozygous viable and were shown to be required for G-protein 

pathway-regulated TTX resistant sodium current in sensory neurons 

(Ostman et al., 2008) 

 

5.11.I. NaV1.9 is not required for motoneuron survival.  

 

Pharmacological inhibition of VGSC did not affect motoneuron 

survival. In order to re-confirm this, embryonic motoneurons from lumbar 

spinal cords from embryonic day (E14) from NaV1.9-/- mice were cultured 

as described for wildtype motoneurons. The motoneurons were cultured 

for a period of seven days in congruence with previous experiments in 

this work. A percentage survival of motoneurons was calculated from two 

independent cultures at the end of day seven. It was found that survival 

of NaV1.9-/- motoneurons were not affected when compared to those 

grown in the absence of survival neurotrophic factors BDNF and CNTF 

(10 ng/ml). This shows that absence of NaV1.9 -/- does not play a role in 

motoneuron survival (Figure 5.14). 
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Figure 5.14  Absence of Nav1.9 does not affect surv ival of 
cultured motoneurons. Motoneurons were plated at a density of 5000 
cells/well, and survival was determined after 7 d in culture. Survival rates 
of motoneurons were performed on wild type and NaV1.9-/- motoneurons 
Results represent the mean ± SEM of pooled data from two independent 
experiments. **, P<0.0001 tested by t test. 
 

5.11.II. NaV1.9 is absent in axonal regions of Na V1.9-/- mice  

 

Immunocytological experiments confirmed the presence of for 

NaV1.9 at the growth cones and axonal compartments of cultured 

embryonic motoneurons. To confirm this finding we analysed cultured 

embryonic motoneurons from NaV1.9-/- mice. At the end of seven days 

motoneurons were fixed and immunolabelled for anti NaV1.9-(71n) and 

counter stained with anti α-tubulin. As shown in the Figure 5.14, NaV1.9 

deficient motoneurons show distinct absence of anti-NaV1.9 (71n) signals 

in the growth cones and axon compartments in comparison to wild type 

motoneurons.  
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Figure 5.15 Na V1.9 protein is highly reduced in Na V1.9 deficient 
mice. Immunolabelling of NaV1.9 is reduced in the axonal compartments 
in comparison to the wild type motoneurons (DIV7). α-tubulin used as a 
control marker (Confocal images captured by Blum.R) 
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5.11.III. NaV1.9-/- embryonic motoneurons show reduced axon 

length in cultured motoneurons, dendrites are unaff ected. 

 
The in vitro knockdown of Nav1.9 by lentiviral shRNA expression 

resulted in a significant reduction of axon length in cultured 

motoneurons. It was therefore imperative to analyse the embryonic 

motoneurons from Nav1.9-/- mice. Embryonic motoneurons were cultured 

from NaV1.9-/- mice and motoneurons were fixed at DIV7 and 

immunolabelled with anti-Tau or anti β-tubulin to perform axon length 

measurements. Indeed, the axon length of cultured embryonic NaV1.9-/- 

motoneurons was reduced in comparison to motoneurons from wild type 

animals (Figure 5.16). The dendrite length in both wild type and Nav1.9 

motoneurons remained unchanged (Figure 5.16). This experiment 

confirmed that Nav1.9 plays an important role in axon elongation in 

cultured motoneurons. 
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Figure 5.16 Na V1.9-/- mice show reduced axon length but dendrite 
length remains unchanged. (a) Wildtype and (b) NaV1.9-/- motoneuron 
stained with α-Tau.(c) Quantified axon length (n=447 and (d) dendrite 
length(n=286). Results represent the mean ± SEM of pooled data from 
three independent experiments. n, number of motoneurons that were 
scored in total from control or lentivirus treated 
motoneurons.***,P<0.0001 tested by t test. Scale bar-100µm 
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5.11.IV. NaV1.9 regulates neural activity in embryonic 

motoneurons 

 
In order to check the role of NaV1.9 in spontaneous neural activity, 

frequency of Ca2+ transients were analyzed in motoneurons from wild 

type and NaV1.9-/- animals at DIV3 as described above As shown in 

figure 5.17, the frequency of calcium transients is significantly reduced at 

the growth cone, distal axon and the cell body of cultured motoneurons, 

in comparison to wild type motoneurons. This confirms that NaV1.9-/- 

plays an important role in the regulation of neural activity in cultured 

motoneurons 

 

 
 
Figure 5.17 Na V1.9-/- mice show reduced neural activity at the 
growth cone, distal axon and the cell body in cultu red motoneurons.  
Results represent the mean ± SEM of pooled data from four independent 
experiments. +/+, n=80 and Nav1.9-/- n= 138 , number of motoneurons 
that were scored in total from control or NaV1.9-/- 
motoneurons.***,P<0.0001 **,P<0.001 and *,P<0.01, as tested by t tests. 
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5.12. Excitability and neurite growth is reduced in  TrkB TK-/-   
motoneurons 

 
It had been described that the open probability of the sodium 

channel Nav1.9 is increased by activation of TrkB receptor tyrosine 

kinesis. Therefore we asked if the absence of TrkB function influences 

neurite outgrowth of motoneurons and whether this growth effect is 

dependent on VGSC. Neurite growth and cellular excitability was 

investigated in motoneurons isolated from TrkB knockout mice in which 

the kinase region of the receptor was specifically affected. Here, TrkB 

motoneurons were cultivated for a period of five days and neuronal 

excitability was checked in TrkB knockout cells and wild type littermates 

as a control. As shown in Figure 5.18, TrkB knockout motoneurons 

showed a reduced axon length and a reduced frequency of spontaneous 

Ca2+ transients in comparison to their wild-type littermates. Interestingly 

treatment of TrkBTK-/- with 100 nM STX does not further affect the length 

of TrkBTK-/- motoneurons. 
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Figure 5.18 Neurite growth and excitability is redu ced in TrkB 
knockout motoneurons. 
(a) axon length (DIV7), (b) neural activity (DIV5), (+/+,n=15, trkBTK-/-, 
n=40) .Results represent the mean ± SEM of pooled data from three 
independent experiments. n, number of motoneurons that were 
measured for length in total from control or trkB TK-/- 
motoneurons.***,P<0.0001 tested by one-way ANOVA for axon length (a) 
and  t tests for neural activity (b). 
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6. Discussion 
 

Embryonic motoneurons exhibit spontaneous neural activity when 

they send out their axons to reach out towards skeletal muscles. In the 

motoneurons of the developing rodents and chick embryo, this 

spontaneous activity has been shown consisting of rhythmic bursts of 

electrical activity which is necessary for axon path finding, synaptic 

maturation and number of important developmental processes 

(Branchereau et al., 2000; Metzger et al., 2000; Milner and Landmesser, 

1999; Nishimaru et al., 1996; Ren and Greer, 2003) . Earlier studies in 

very young lumbar motoneurons have demonstrated that first step in 

triggering activity-dependent developmental programs is the regulation of 

Ca2+ influx (Metzger et al., 2000; Moody and Bosma, 2005). The work 

presented here is based on investigation of the role of TTX resistant 

VGSC in activity dependent axon growth in embryonic cultured 

motoneurons. With the help of pharmacological inhibition of VGSCs by 

neurotoxins, their role in motor axon growth was established. Evidences 

from dosage based blockade of sodium channels by two different 

neurotoxins STX and TTX and RT-PCR experiments, resulted in the 

prediction of Nav1.9 as one of the TTX-insensitive isoform of VGSCs. 

Further shRNA mediated knockdown and analysis of NaV1.9 knockout 

mice, confirmed a novel involvement of Nav1.9 in axon elongation and 

regulation spontaneous neural activity in cultured embryonic 

motoneurons. The important implications of the findings of this work are 

the main focus of this discussion. 
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6.1. Activity dependent axon growth is regulated by  VGSC. 
  

Axon path-finding towards precise targets is a crucial part of embryonic 

development. Earlier studies have shown that spinal motor axons reach 

out towards their muscle targets via activity independent mechanisms 

(Huang et al., 2003; Lewis and Eisen, 2003; Schneider and Granato, 

2003), thereby following a consensus that electric activity occurs after 

synapse formation at the target areas. On the other hand further studies 

have highlighted that activity dependent growth of axons occur when 

axons elongate (Borodinsky et al., 2004; Hanson and Landmesser, 2004)  

and also that these young differentiating neurons form synapses at 

intermediate points before reaching their muscle targets (Lefebvre et al., 

2004). The activity dependent forms of cellular events like axon growth 

are regulated by intrinsic forms of spontaneous neural activity that are 

evident in excitable cells such as spinal motoneurons (Ming et al., 2001; 

O'Donovan et al., 1998; Spitzer et al., 1995). VGSC have been known to 

play a key role in regulating neural activity (Catterall, 1984; Chen et al., 

2004). In accordance to these findings, when neural activity was 

pharmacologically blocked by sodium channel inhibitors STX and TTX 

resulted in significant reduction in frequency of Ca2+ transients at the cell 

body, distal axons and the growth cones. It was also shown in this work 

that lower dosages of STX are sufficient to block neural activity in 

comparison to TTX. These results provided important hint to the role of 

TTX insensitive sodium channels that could play a crucial role in 

regulating neural activity. Previous studies have shown that spontaneous 

Ca2+ transients in cultured embryonic motoneurons are important for 

axon elongation and neural activity (Jablonka et al., 2007). It was also 

found in this study that lower doses of STX are sufficient to significantly 

reduce motor axon growth in embryonic cultured motoneurons in 

comparison to TTX. These results therefore highlight the role of TTX 

insensitive VGSC to regulate neurite growth and spontaneous activity in 

embryonic cultured motoneurons.  
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6.2. Nav1.9 regulates Ca 2+ transients and axon elongation in 
cultured motoneurons 

 

 Several lines of evidence pointed to NaV1.9 as best candidate 

among the TTX insensitive sodium channels that regulates axon growth 

and neural activity. First, NaV1.9 has a low activation threshold which is 

close to the resting membrane potential. Second, the channel carries a 

specific motif in its channel pore domain, where the sodium channel 

blockers TTX and STX bind. This motif is an amino acid substitution of 

phenylalanine (F) or tyrosine (Y) to a cysteine (C) or a serine (S) residue 

at the domain I (Catterall, 2000; Penzotti et al., 1998; Sivilotti et al., 

1997) This exchange reduces the binding affinity of TTX in this region, 

while STX binding affinity is less affected. Indeed the TTX insensitive 

VGSC NaV1.9 was detected in the embryonic spinal cords from stage 

sixteen of the mouse development. This channel is known to be one of 

the predominantly expressed gene in the peripheral nervous system 

(Benn et al., 2001; Cummins et al., 1999; Dib-Hajj et al., 2002; Ostman 

et al., 2008; Rush and Waxman, 2004).  Earlier the presence of Nav1.9 in 

the central nervous system was confirmed by electrophysiological 

studies on fast excitatory currents in hippocampal neurons by the 

application of neurotrophin BDNF via its receptor TrkB (Blum et al., 2002; 

Lang et al., 2007).  

 

The NaV1.9 channel has a unique property among the nine VGSC 

isoforms, in having a reduced threshold of channel activation of -70mV, 

wherein the channel remains in an opened state at the near resting 

membrane potential (Cummins et al., 1999; Herzog et al., 2001; Ostman 

et al., 2008; Rugiero et al., 2003). Hence it would be less likely that any 

of the other eight members of the sodium channel family could 

complement the absence of NaV1.9. This property could also prove as a 

drawback for NaV1.9 in motoneurons due to its reduced expression as 

revealed in the immunolabelling experiments and thereby increasing the 

probability of remaining in a near opened state. This would also imply that 
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spontaneous neural activity that is read out by measuring frequency of Ca2+ 

transients in mouse embryonic cultured motoneurons, are most likely regulated 

by NaV1.9. 

 

Although embryonic cultured motoneurons from the NaV1.9 

deficient mice show reduced axon growth, the NaV1.9 deficient mice do 

not show any severe phenotype related to motoneuron degeneration 

(Leo et al., 2010). These mice are devoid of any functional defects due 

to shorter axons found in vitro. This could possibly imply that the spinal 

motoneurons in NaV1.9 deficient mice are able to reach their skeletal 

muscles. Firstly this effect could be explained by existence so far 

unknown compensatory mechanisms. At the same time when compared 

to other mouse models like SMA where the levels of smn proteins are 

reduced, embryonic motoneurons cultured from smn deficient animals 

show reduced neural activity, axon elongation and defective Ca2+ 

clustering at the growth cones (Jablonka et al., 2007; Rossoll et al., 

2003). In spite of reduction in axon growth observed in cultured 

motoneurons, the loss of motoneuron cell bodies in the smn deficient 

mice, does not exceed more than 20%, implying that most of these 

motoneurons develop normally during embryonic motoneuron 

differentiation and they are thus able to reach their skeletal muscle 

targets (Monani et al., 2000).   

 
6.3. Motoneuron survival before synapse formation d oes 

not need sodium channel activity. 
 

The pharmacological experiments in this study show that conditions 

that inhibit spontaneous Ca2+ influx via the blockade of VGSC do not 

affect motoneurons survival. This also rules out the toxic effects of the 

inhibitors of sodium channels. Previous studies have shown that 

pharmacological inhibition of VGSC, of developing retinal ganglion cells 

reduces their survival (Kaiser and Lipton, 1990; Lipton, 1986). While the 

Lipton et al, study mainly focused on activity dependent survival of 

RGCs, and predicted the requirement of a tropical survival factors for 
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normal survival of RGCs, the motoneuron culture system utilized here 

has been constantly undertaken in the presence of survival neurotrophic 

factors namely, BDNF and CNTF. Thus it rules out the selective survival 

of sub-population of motoneurons that could show reduction in axon 

growth. The finding that embryonic cultured motoneurons from NaV1.9-/- 

did not affect motoneuron survival, excludes any inference of NaV1.9’s 

role in activity dependent survival in spinal motoneurons.  

 

 
6.4. NaV1.9 behaves as an upstream switch that triggers 

spontaneous Ca 2+ influx. 
 

 

The neurotrophin BDNF has been shown in previous studies as a 

modulator of activity dependent synaptic plasticity and maturation 

(Kuczewski et al., 2009; Thoenen, 2000). In this context, studies have 

also shown that excitatory actions of BDNF/TrkB signalling on mature 

hippocampal neurons elicit TTX resistant sodium channels (Kafitz et al., 

1999) and this activation is upstream of activation of voltage-dependent 

calcium channels (Kovalchuk et al., 2002). The study emphasized the 

role of BDNF in rapid Ca2+ influx in dendritic spines of mature 

hippocampal neurons thereby indicating that such a mechanism is        

upstream of voltage-dependent calcium channels.  Further the group of 

Blum et al provided strong evidences by RT-PCR screening, antisense 

expression and heterologous reconstitution in HEK293 cells, that NaV1.9 

is responsible for excitatory actions of BDNF through TrkB kinase 

activation (Blum et al., 2002).  

 

 In the case of embryonic cultured motoneurons, what modulates 

NaV1.9 to regulate activity dependent axon growth is not clearly known. 

The analysis of TrkBTK-/- deficient motoneurons on treatment with STX 

showed no further reduction in motor axon growth, thereby suggesting 

neurotrophin independent channel activation. Moreover, the embryonic 

cultured motoneurons were constantly in the presence of BDNF as a 
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motoneuron survival factor, at concentrations of 10ng/ml. At these 

concentrations, the possibility of membrane bound TrkB is saturated so 

as to prohibit the binding of BDNF that might be spontaneously released 

from the cultured motoneurons. In this scenario, it can be speculated that 

the opening of NaV1.9 could be mediated via transactivation of TrkB 

receptors that are not seen at the cell membrane.  

 

 

 
 

Figure 6.1 Na v1.9 is an upstream switch to trigger spontaneous 
 Ca2+ influx (Figure designed by R.Blum). 
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6.5. NaV1.9: A therapeutic target for axonal regeneration 
 

 Mouse models of motoneuron diseases have been useful in 

understanding the phathophysiology and mechanisms involved in motoneuron 

degeneration. The pathways involved in motoneuron differentiation and axon 

elongation give valuable insights to develop therapeutic strategies to counteract 

motoneuron diseases like spinal muscular atrophy (SMA), amyotrophic lateral 

sclerosis (ALS), progressive motor neuronopathy, (pmn) (Schmalbruch et al., 

1991), or neuromuscular degeneration (nmd)  (Cox et al., 1998). So far most of 

the studies related to voltage-gated Nav1.9 has been known focused on its pain-

related nociceptive signalling due its predominant expression in the peripheral 

nervous system (Baker et al., 2003; Dib-Hajj et al., 2002; Krafte and Bannon, 

2008; Leo et al., 2010; Wood et al., 2004a; Wood et al., 2004b) It has been 

shown for the first time in this study, that Nav1.9 is expressed in embryonic 

spinal motoneurons. The findings presented here highlight the role of Nav1.9 in 

activity dependent axon elongation in embryonic cultured motoneurons. Studies 

on primary sensory neurons have revealed the activation of NaV1.9 via G-

protein signalling pathways (Ostman et al., 2008; Rush and Waxman, 2004). 

The fact that NaV1.9 has very low activation threshold gives rise to the 

probability of keeping the channel in opened state by extrinsic cues. NaV1.9 

could thus prove to be a potential therapeutic target for axonal regeneration in 

mouse models of motoneuron disease. 
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