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Abstract: Neuromuscular junctions (NMJ) are specialized synapses that 

link motor neurons with muscle fibers. These sites are fundamental to 

human muscle activity, controlling swallowing and breathing amongst many 

other vital functions. Study of this synapse formation is an essential 

area in neuroscience; the understanding of how neurons interact and 

control their targets during development and regeneration are fundamental 

questions. Existing data reveals that during initial stages of 

development neurons target and form synapses driven by biophysical and 

biochemical cues, and during later stages they require electrical 

activity to develop their functional interactions. The aim of this study 

was to investigate the effect of exogenous electrical stimulation (ES) 

electrodes directly in contact with cells, on the number and size of 

acetylcholine receptor (AChR) clusters available for NMJ formation. We 

used a novel in vitro model that utilizes a flexible electrical 

stimulation system and allows the systematic testing of several 

stimulation parameters simultaneously as well as the use of alternative 

electrode materials such as conductive polymers to deliver the 

stimulation. Functionality of NMJs under our co-culture conditions was 

demonstrated by monitoring changes in the responses of primary myoblasts 

to chemical stimulants that specifically target neuronal signaling. Our 

results suggest that biphasic electrical stimulation at 250 Hz, 100 µs 

pulse width and current density of 1 mA/cm2 for 8 h, applied via either 

gold-coated mylar or the conductive polymer PPy, significantly increased 

the number and size of AChRs clusters available for NMJ formation. This 

study supports the beneficial use of direct electrical stimulation as a 

strategic therapy for neuromuscular disorders. 
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Abstract 11 

Neuromuscular junctions (NMJ) are specialized synapses that link motor neurons with muscle 12 

fibers. These sites are fundamental to human muscle activity, controlling swallowing and 13 

breathing amongst many other vital functions. Study of this synapse formation is an essential 14 

area in neuroscience; the understanding of how neurons interact and control their targets 15 

during development and regeneration are fundamental questions. Existing data reveals that 16 

during initial stages of development neurons target and form synapses driven by biophysical 17 

and biochemical cues, and during later stages they require electrical activity to develop their 18 

functional interactions. The aim of this study was to investigate the effect of exogenous 19 

electrical stimulation (ES) electrodes directly in contact with cells, on the number and size of 20 

acetylcholine receptor (AChR) clusters available for NMJ formation. We used a novel in vitro 21 

model that utilizes a flexible electrical stimulation system and allows the systematic testing of 22 

several stimulation parameters simultaneously as well as the use of alternative electrode 23 

materials such as conductive polymers to deliver the stimulation. Functionality of NMJs 24 

under our co-culture conditions was demonstrated by monitoring changes in the responses of 25 

primary myoblasts to chemical stimulants that specifically target neuronal signaling. Our 26 

results suggest that biphasic electrical stimulation at 250 Hz, 100 µs pulse width and current 27 

density of 1 mA/cm
2 

for 8 h, applied via either gold-coated mylar or the conductive polymer 28 

PPy, significantly increased the number and size of AChRs clusters available for NMJ 29 

formation. This study supports the beneficial use of direct electrical stimulation as a strategic 30 

therapy for neuromuscular disorders. 31 

 32 

Introduction  33 

Contractile muscle activity is controlled by the motor neuron-muscle system [1]. The 34 

regulation of this system involves the transmission of action potentials from the central 35 

nervous system to peripheral nervous system then to muscle fibers via neuromuscular 36 

junctions (NMJs) [2, 3]. This complex system relies on dynamic interactions of signaling 37 

molecules and cell membrane proteins [4, 5] to release neurotransmitters from motor neurons 38 

into the synaptic cleft, followed by neurotransmitter binding to specific receptors (AChR) that 39 

are located within the plasma membrane of muscle fibers [6, 7]. There are many factors to be 40 

considered when investigating NMJ formation, maturation and function, however recent data 41 

reveals that clustering and maintenance of high densities of AChRs are key elements of 42 

synaptogenesis at the NMJ [8-11]. 43 

 44 

Recent reviews support the idea that dysfunction of these junctions may play a key role in 45 

several neuromuscular diseases, for example growing evidence supports the “dying-back” 46 

hypothesis of amyotrophic lateral sclerosis (ALS) suggesting that the survival of NMJs is 47 

essential to delay the progression of ALS [12]. It has also been suggested that stabilization of 48 

NMJs is a promising approach to attenuate the development of muscle wasting disorders, 49 

indicating that NMJs are good markers of motor neuron health [13]. Therefore, therapeutic 50 
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treatments aimed at maintaining NMJs may be an effective approach to slowdown the 51 

progression of these diseases. 52 

Recent literature reviews suggest that during development neurons target and form synapses 53 

driven by dynamic interactions of biophysical and biochemical cues, whilst electrical activity, 54 

in the form of ion transients, plays a role in neuronal development both before and after 55 

synapse formation [4, 14, 15]. Many in vitro and in vivo studies have been conducted using 56 

external electrical stimulation (ES) to control cell characteristics [7, 16], indicating that ES 57 

has positive benefits in many areas such as wound-healing [16], bone growth [17], pain relief, 58 

muscle restoration [18, 19], proliferation and differentiation of stem cells [20], as well as in 59 

nerve guidance and growth [21, 22]. In addition, it has recently been shown that the formation 60 

and architecture of NMJs can be influenced by electrical stimulation (ES) in vitro [23] and in 61 

vivo [24, 25], however, most of these stimulations relied on direct current which has been 62 

shown to generate faradic reactions allowing charge leakage through the electrodes, and 63 

compromising the safety of cells and tissues [26]. Therefore establishment of a system that 64 

delivers efficient and safe electrical stimulation to cells and tissues is needed. The system 65 

should deliver optimized parameters such as stimulation time, current amplitude, stimulus 66 

mode and electrode material to achieve the desired outcomes for a range of excitable tissues. 67 

An extensive series of materials has been used as electrodes to deliver electrical stimulation 68 

including stainless steel, titanium nitride, gold, platinum, platinum-iridium alloys and 69 

tungsten. These are materials that have been identified as safe, however according to 70 

previously published studies, electrical stimulation using some of these metallic materials can 71 

generate unwanted by-products commonly called “faradaic products” due to oxidation-72 

reduction of components in the surrounding media [27]. Some metal electrodes are also prone 73 

to dissolution due to corrosion processes making it difficult to evaluate the true effect of the 74 

ES on cells [28]. 75 

 76 

Conducting polymers (CP) offer the possibility to improve the interaction of electrodes with 77 

biological systems by improving cell biocompatibility as well as avoiding the issues 78 

associated with electrolysis and corrosion [29, 30], while providing a sufficiently low 79 

impedance electrode for cell stimulation. Furthermore, these “smart materials” as they have 80 

been called [29] offer many more advantages over metal electrodes, due to their physical, 81 

chemical and electrical properties which can be custom designed to fit specific applications 82 

[29, 31, 32]. CPs as electrode coating materials facilitate enhanced integration of electrodes 83 

with cells and tissues [20, 33-36]. This is achieved by increased surface area, reduced 84 

impedance as a result of improved charge transfer and reduced inflammatory responses due to 85 

the modification of surface roughness [37]. In addition, CPs offer the capability to incorporate 86 

biological molecules, such as growth factors, enzymes, antibodies and DNA [38, 39] into the 87 

polymer and release them locally in a controlled manner [38, 40-42]. 88 

 89 

Since it was first described by Bolto in the 1960s [43], polypyrrole (PPy) is one of the CPs 90 

most extensively investigated for tissue engineering applications [43]. PPy is an amorphous 91 

and opaque material that has high electrical conductivity, ion exchange capacity, good 92 

environmental stability [34, 37, 39, 44-46], but most importantly, it can be synthesized and 93 

modified in many ways, making it attractive for a wide range of applications [19, 41]. One of 94 

the many remarkable benefits of this polymer is its electrical properties which can be 95 

attributed to the fast, facile ability to switch between different oxidation states [39]. PPy 96 

doped with dodecyl benzene sulphonate (DBS) has previously been shown by our group to 97 

enhance neuronal stem cell and muscle cell differentiation [19, 20] as well as facilitate the 98 

controlled release of growth factors as treatments for nerve injuries to prevent nerve 99 

degradation and promote nerve protection [40]. 100 
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In this study we propose an innovative in vitro model to investigate effects of ES on NMJ 101 

formation by exposing primary myoblast /motor neuron co-cultures to electrical stimulation, 102 

utilizing the conductive polymer polypyrrole doped with DBS to deliver the stimulus. The 103 

polymer properties were characterized using atomic force microscopy (AFM), scanning 104 

electron microscopy (SEM) and impedance measurements. Immunohistochemistry and 105 

confocal microscopy were employed to determine the increase in number and size of AChR 106 

clusters, which was further supported by analysis of cell lysates for NMJ-associated proteins 107 

by Western blotting. We demonstrated the functionality of the NMJ model by monitoring the 108 

responses to neuronal stimulation using calcium imaging as well as observations of muscle 109 

twitching. This in vitro model provides a tool for further investigation of the delivery of either 110 

direct or field electrical stimulation to the cells, and allows many different stimulation 111 

strategies to be assessed simultaneously. This model was used to establish a positive effect of 112 

ES using the conductive polymer PPy/DBS at 250 Hz /1 mA/cm
2
 current density for 8 h using 113 

biphasic 100 µs pulses on NMJ formation, increasing the number and size of AChR clusters, 114 

as well as increasing the expression of the NMJ-associated proteins Rapsyn and Synapsin. 115 

 116 

Material and methods  117 

 118 

Preparation of polymer films 119 
Pyrrole (Py) monomer was obtained from Sigma-Aldrich and distilled before use. The dopant 120 

dodecyl benzene sulfonate (DBS) was obtained from Sigma-Aldrich. Gold coated mylar 121 

(Solutia Performance Films) was prepared for polymerization by cleaning with isopropanol 122 

and rinsing with distilled water. Distilled Py (0.2 M) was mixed with DBS solution (0.05 M) 123 

in Milli-Q water, and PPy films were polymerized galvanostatically from this solution using a 124 

standard three-electrode electrochemical cell. Gold coated mylar films were used as the 125 

working electrode (WE), a platinum mesh as a counter electrode (CE), and a Ag|AgCl 126 

reference electrode (RE) were connected to an eDAQ EA161 potentiostat. The polymer was 127 

galvanostatically grown at 0.1 mA/cm
2
 current density for 10 min according to a previous 128 

report from our group [20]. After polymerization, the films were rinsed with Milli-Q water 129 

and allowed to dry before use. 130 

 131 

Atomic force microscopy 132 
AFM images were taken using JPK NanoWizard II BioAFM (JPK, Germany) with samples 133 

submerged in phosphate buffered saline (PBS) solution. Images were taken using a silicon 134 

nitride cantilever with a spring constant of 0.42 Nm
−1 

in AC mode. Scans of 10 and 1 µm 135 

square areas were taken at 0.5–1 Hz rate and sampling sizes of 512 x 512 pixels. The root 136 

mean square (RMS) roughness (Rq) and the average roughness (Rave) values were obtained 137 

using JPK image processing software.  138 

 139 

Impedance measurements  140 
The impedance of gold coated mylar and PPy/DBS gold coated mylar electrodes were 141 

measured and calculated using electrochemical impedance spectroscopy (EIS). The 142 

experiments were performed in PBS (pH 7.2) at room temperature using a three electrode cell 143 

comprising gold coated mylar or PPy/DBS gold coated mylar as working electrode, platinum 144 

mesh as counter electrode and a Ag/AgCl (3.0 M NaCl) reference electrode. Three 145 

independent measurements (n=3) were performed on each material using a CHI EIS system 146 

(Model 600 D, CH instruments, Inc) connected to CHI software version 16.02. The 147 

impedance spectra were obtained over the frequency range 0.01 Hz to 100 kHz with AC 148 

amplitudes of ± 10 mV and ± 50 mV versus the reference electrode. This value was chosen as 149 

it has been reported to avoid the redox activity region of the polymer [19, 21]. 150 
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Materials and electrodes used for the impedance experiments were treated in the same way as 151 

for the ES experiments involving cells. COMSOL Multiphysics (version 5.0, Electric 152 

Currents Interface) was used to simulate the current flow within the cell stimulation module in 153 

order to assess the uniformity of current flow across the working electrode (assumed to be 154 

perfectly conducting) for this particular module design. 155 

 156 

Surface preparation for cell culture. 157 

The electrical stimulation (ES) was performed using a parallel two electrode setup as shown 190 

in Fig. 4. The gold coated mylar (or PPy) formed the working electrode and a platinum mesh 191 

electrode was used as the auxilary electrode. The ES devices were rinsed and soaked with 192 

70% ethanol for 30 min in a sterile environment. The ethanol was removed; samples were 193 

allowed to dry, followed by two washes and an overnight soak in DMEM to remove any 194 

chemical residues. The media was removed and the wells were coated overnight with 2 195 

µg/mL laminin (Life Technologies) in DMEM at 4 °C. Excess laminin was removed and 196 

wells allowed to dry prior to cell seeding.  197 

 198 

Electrical stimulation equipment 199 
Electrical stimulation was performed using a Digital DS8000 Stimulator equipped with A365 200 

Isolator units (World Precision Instruments), interfaced with an e-corder system (eDAQ) and 201 

the parallel two-electrode setup shown in Fig. 4. The two electrodes consisted of a working 202 

electrode (PPy/DBS or gold coated mylar -1 x 1.8 cm) and auxiliary electrode (platinum 203 

mesh). The cells were stimulated using a starting stimulation paradigm previously found to be 204 

beneficial for neuronal differentiation and guidance [35, 41], consisting of current pulses of 1 205 

mA/cm
2
 with a biphasic waveform, consisting of 100 µs pulses with 20 µs interphase open 206 

circuit and 3.78 ms short circuit phase, at a frequency of 250 Hz (Fig. 4B). A range of 207 

frequencies including 250 Hz, 20 Hz and 0.5 Hz were tested and the optimal frequency was 208 

obtained. We then kept the frequency constant at the optimal frequency and tested a range of 209 

current amplitudes: 1 mA/cm
2
, 0.1 mA/cm

2
 and 0.01 mA/cm

2
. We obtained the optimal 210 

amplitude, and then tested a range of durations of stimulation such as 8 h, 4 h, and 2 h under 211 

the optimal frequency and current regimes. Each parameter was tested in three independent 212 

experiments. For these experiments treated cells were compared to designated control samples 213 

which consisted of non-electrically stimulated (NES) cells (seeded on gold coated mylar or 214 

PPy/DBS). The optimized electrical stimulation regimen (frequency, amplitude and duration) 215 

was subsequently used to test the difference between electrode materials (PPy/DBS vs. 216 

uncoated gold-mylar). For these experiments controls were NES on PPy/DBS and NES on 217 

gold coated mylar. After ES applications, cells were fixed for immunostaining or prepared for 218 

other analyses. 219 

 220 

Cell culture 221 
The co-culture is a homologous (both cells are from same species) model that included a 222 

primary myoblast cell line (kindly donated by Prof. Robert Kapsa, St Vincent’s Hospital, 223 

Melbourne, Australia) [19] in conjunction with the well-characterized motor neuron NSC-34 224 

cell line [47], which is a fusion of neuroblastoma with mouse primary motor neuron cells [48] 225 

(kindly provided by Dr. Justin Yerbury, University of Wollongong, Australia). Primary 226 

myoblast cultures were generated from the hindlimb skeletal muscle of C57BL10J-SVHM
βGal

 227 

mice (BL10J
βGal

 mice), derived from GTROSA26 (C57BL6) backcrossed (11
th

 generation 228 

currently) onto a C57BL10J mouse genetic background. These mice bear a LacZ reporter 229 

transgene cassette and were used in these experiments to accommodate in vivo tracking of 230 

donor cells in future implantation experiments for NMJ-promoting regenerative constructs 231 

[19]. Primary myoblast cells were maintained in a proliferation medium containing Ham’s F-232 

10 medium, supplemented with 2.5 ng/mL bFGF (Peprotech) and 20% fetal bovine serum 233 

(FBS, Invitrogen supplied by Life Technologies), and 1% penicillin/ streptomycin (P/S, Life 234 
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Technologies). On the other hand, the NSC-34 cells were maintained using 1:1 Dulbecco’s 235 

modified Eagle’s medium (DMEM) and F-12 media, supplemented with 10% fetal bovine 236 

serum (FBS), and 1% P/S.  237 

 238 

Prior to co-culture, both primary myoblast and NSC-34 cells were exposed to two different 239 

cell differentiation culture media in addition to the standard media for each cell type in order 240 

to determine the most appropriate media for co-culture maintenance. Primary myoblast cells 241 

were exposed to NSC-34 cell differentiation media (1:1 DMEM and F-12 media, 242 

supplemented with 3% fetal bovine serum (FBS), and 1% P/S) as well as to media containing 243 

a 1:1 mixture of primary myoblast (DMEM supplemented with 2% horse serum (HS), and 1% 244 

P/S) and NSC-34 cell differentiation media. The same approach was used with NSC-34 cells, 245 

which were grown using primary myoblast cell differentiation media and 1:1 mixture of 246 

primary myoblast and NSC-34 cell differentiation media (data not shown). No major 247 

morphological changes were observed on primary myoblast differentiation when they were 248 

exposed to the NSC-34 differentiation media or to the 1:1 mixture of the NSC-34/primary 249 

myoblast differentiation media. On the other hand, small amount of clustering of 250 

differentiated NSC-34 cells was observed when exposed to the primary myoblast 251 

differentiation media and to the mix 1:1 NSC-34/primary myoblast differentiation media. Due 252 

to these findings, NSC-34 differentiation media was used for the co-cultures. For electrical 253 

stimulation experiments on the co-cultures, primary myoblast cells were seeded at 30,000 254 

cells/cm
2
 and allowed to differentiate for 3 days using medium consisting of 1:1 DMEM and 255 

F-12, supplemented with 3% FBS, and 1% P/S (NSC-34 differentiation media). After 3 days 256 

NSC-34 cells were added to the differentiated muscle cultures at 5,000 cells/cm
2
 and 257 

maintained in the differentiation media (1:1 DMEM and F-12 media, supplemented with 3% 258 

fetal bovine serum (FBS) and 1% P/S) for 4 days at 37 °C in 5% CO2. At the end of the 4 259 

days co-cultures (7 day total) were electrically stimulated using parameters state above  For 260 

mono-cultures (primary myoblast and NSC-34) cells were seeded at 30,000 and 5,000 261 

cells/cm
2 

respectively, also maintained and electrically stimulated as for co-cultures. 262 

 263 

Scanning electron microscopy (SEM) 264 
Control cells were fixed at room temperature using 3.7% paraformaldehyde (PFA) solution in 265 

PBS for 10 min followed by dehydration using an ethanol series. After dehydration, samples 266 

were exposed to a critical point drying process using a Leica EM CPD030 instrument, and 267 

then gold coated using an Edwards sputter coater (15 nm layer). Samples were kept in a 268 

desiccation cabinet until images were obtained. For images of PPy/DBS or gold coated mylar 269 

films (without cells), samples were exposed to a dehydration and critical point drying process 270 

as above. SEM studies of the samples were carried out using the JSM-7500 Scanning Electron 271 

Microscope installed at the Electron Microscopy Centre (EMC, University of Wollongong). 272 

 273 

Neuromuscular junction functional analysis  274 
To confirm the functionality of mono-cultures (muscle and nerve) and co-cultures, calcium 275 

transients in cells were visualized using confocal microscopy before and after chemical 276 

stimulation (neuronal activation) [49, 50]. Cells were incubated for 20 min at 37 °C in a 2 µM 277 

solution of Fluo 4-AM (Life Technologies), then cells were rinsed and mounted onto a Leica 278 

TSC SP5 II confocal microscope, under controlled temperature and CO2 conditions. Cells 279 

were immediately transferred into an artificial extracellular solution reported in [51] and 280 

consisting of 137 mM NaCl, 1.3 mM CaCl2, 5.4 mM KCl, 0.44 mM KH2PO4, 0.5 mM MgCl2, 281 

0.4 mM MgSO4, 0.3 mM NaHPO4, 4 mM NaHCO3, 5.6 mM D-glucose, 10 mM HEPES and 282 

0.02 mM EDTA at 7.4 pH prior to chemical stimulation. Primary myoblast cells were 283 

stimulated using high (70 mM) potassium by increasing the KCl concentration from 5.4 to 284 

75.4 mM and decreasing the NaCl concentration from 137 mM to 67 mM to maintain ionic 285 

strength. In addition both NSC-34 cells and the co-cultures were chemically stimulated with a 286 
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final concentration of 1.5 mM glutamic acid (Sigma) [52]. As cells were loaded with Fluo-4 287 

AM, each response to chemical stimulation (glutamic acid or potassium) generated a change 288 

in green fluorescence which was analyzed using time-lapse images, at specified individual 289 

regions of interest (ROI) that are large enough to cover the cell. This was achieved using the 290 

regions of interest (ROIs) tool of LAS AF version 2.6.0 software (Leica) and was analyzed in 291 

three independent experiments. 292 

 293 

Fixation and Immunocytochemistry 294 
Prior to immunostaining, the NSC-34 cells were fixed with 3.7% PFA for 10 min, followed 295 

by permeabilization and blocking with 0.3% Triton-X-100 in PBS with 10% donkey serum 296 

for 1 h at room temperature. Cells were washed for 5 mins, three times in 0.1% Tween 20 in 297 

PBS. This was followed by primary antibody incubation in 10% donkey serum in PBS. 298 

Primary antibodies were mouse anti-neurofilament (1:1000, Millipore) and sheep anti-HB9 299 

(1:200, Abcam). After an overnight incubation of the primary antibody at 4 °C, 3 washes with 300 

0.1% Tween 20 in PBS (5 min each) were performed, then secondary antibodies (Alexa Fluor 301 

488 conjugated donkey anti-sheep ThermoFisher Scientific), Alexa Fluor 555-conjugated 302 

donkey anti-mouse (ThermoFisher Scientific)) were added at 1:1000 dilution in PBS with 303 

10% donkey serum. After 1 h incubation, 1 µg/mL DAPI in PBS (Molecular probes) staining 304 

was performed for 10 min. Finally, the cells were washed three times in PBS and mounted on 305 

cover slips using ProLong Gold Antifade Reagent (ThermoFisher Scientific) for imaging 306 

using a Leica TSC SP5 II confocal microscope. 307 

 308 

For co-cultures, cells were fixed, permeabilized, blocked and washed using methods 309 

described above. Primary antibodies were mouse anti-desmin (1:100, Novocastra) and 310 

chicken anti-beta-III-tubulin (1:1000, Millipore). After an overnight incubation of the primary 311 

antibody at 4 °C, 3 washes with PBS (5 min each) were performed, then secondary antibodies 312 

at 1:1000 dilution (Alexa Fluor 488 conjugated donkey anti-chicken (ThermoFisher 313 

Scientific), Alexa Fluor 594-conjugated goat anti-mouse (ThermoFisher Scientific), Alexa 314 

Fluor 555-conjugated goat anti-rabbit) and alpha–bungarotoxin Alexa Fluor 647 conjugate 315 

(1:500, Life Technologies) were added in PBS with 10% donkey serum. DAPI incubation and 316 

final preparation was performed as stated above. 317 

 318 

Quantification of acetylcholine receptor (AChR) clusters  319 
For the quantification and analysis of the AChR clusters, we used computer software to 320 

identify the receptors applying similar methodology as previously described [11, 53]. This 321 

method comprises three main steps: 1) imaging using confocal microscopy, 2) conversion of 322 

images to 16 bit grayscale, 3) image analysis using MetaMorph software V 7.8. (Coherent 323 

Scientific). Briefly, we took 20 random images from each well for 3 independent experiments 324 

(n=3). In accord with a previous report [11], the threshold size for AChR clusters was 5 µm
2
 325 

in area. The total number of AChR clusters and the sizes of clusters were counted and 326 

measured. The results were expressed as the total number of AChR cluster per mm
2
 and the 327 

cluster areas in µm
2
.  328 

 422 

Western blot analysis 423 
We monitored the increase in the protein-level expression of Rapsyn and Synapsin on the 424 

post-synaptic (primary myoblast) as well as the pre-synaptic (nerve-associated) side of the 425 

NMJ respectively. The effect of electrical stimulation on the expression levels of both of these 426 

proteins was assessed by cell lysis and protein isolation in NET buffer (20 mM Tris, 100 mM 427 

NaCl, 1 mM EDTA, 0.5% Triton X-100 ), with subsequent protein quantitation using the 428 

Pierce BCA assay (Sigma-Aldrich). 20 µg total protein was loaded onto a Mini-protean pre-429 

cast 12% gel (Bio-Rad) and subjected to SDS-PAGE, followed by semi-dry transfer to 430 

nitrocellulose membranes. After blocking in 5% BSA (Sigma) in tris-buffered saline/0.05% 431 
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Tween-20 (TBST), blots were probed with rabbit anti-Rapsyn (1:500) or anti-Synapsin 432 

(1:500) antibodies (Abcam) overnight at 4
0
C in 3% BSA/TBST, washed in TBST containing 433 

0.1% Tween-20, then incubated for 1 h at room temperature in HRP-conjugated anti-rabbit (1: 434 

3000) secondary antibodies in 3% BSA/TBST. The loading control beta-actin (1:5000) was 435 

used to normalize protein loading between wells, after assessing the linear range for ECL 436 

detection of each protein. ECL detection using Bio-Rad Clarity ECL reagent and the Bio-Rad 437 

Chemidoc system was followed by analysis of band intensities using ImageLab software 438 

(Bio-Rad). The expression levels of the target proteins Rapsyn and Synapsin were compared 439 

in 3 independent experiments for muscle mono-cultures and co-cultures and for 2 independent 440 

experiments in the case of nerve mono-cultures. 441 

 442 

Statistical analysis  443 
The measurement of AChR clusters was performed on three independent experiments. For co-444 

cultures, 20 images were taken from each of 2 internal replicate wells in three independent 445 

experiments with a total of 60 images and 40 images for the mono-culture were taken. The 446 

statistical analysis for each parameter tested (frequency, amplitude, time and material) was 447 

assessed using one-way analysis of variance (ANOVA, IBM SPSS Statistics, version 21). 448 

Whenever homogeneity of variance (Levene’s test > 0.05) was validated, Bonferroni post-hoc 449 

tests were used to assess the significance level of differences in numbers of AChR clusters. 450 

Where Levene’s test was not satisfied, additional post-hoc tests including Welch and Brown-451 

Forsythe tests were used to confirm that heterogeneity of variances did not affect the 452 

statistical significance of observed differences in these large datasets.  453 

 454 

Results and discussion  455 

Materials characterization  456 

Evaluation and characterization of biomaterials is an essential aspect of understanding cell 457 

behavior since the quality of cell attachment to materials will determine the capacity of cells 458 

to proliferate and to differentiate [54]. We characterized the surface topography of the films at 459 

the micro- and nanoscales using SEM and AFM respectively (Fig. 1). At the microscale SEM 460 

images showed that films were smooth and continuous. At the nanoscale AFM images 461 

showed typical nodular features of PPy with an average roughness (Rave) of 3.12 nm and an 462 

RMS (Rq) value of 4.26 nm, consistent with values previously reported [20], compared to Rave 463 

of 0.889 nm and Rq 1.17 nm for gold coated mylar samples. The results indicated that PPy 464 

/DBS is approximately 3.5 times rougher than gold coated mylar, however it is still 465 

considered a relatively smooth polymer that has previously been shown to support high levels 466 

of primary myoblast adhesion and differentiation (even in the absence of cell adhesion 467 

molecules), making it a suitable substrate for muscle myogenesis [19]. The impedances of the 468 

gold coated mylar and polymer-coated films were calculated and compared in 3 independent 469 

experiments (Fig. 1G). Polymerization of Py/DBS reduced significantly the impedance of 470 

gold coated mylar, at the lowest frequency tested. A smaller change was observed at the 471 

higher frequencies, and this agrees with previous findings [19]. However, at our stimulation 472 

frequency (250 Hz) a relatively small reduction from 134 Ω to 69 Ω was observed.  473 

 474 

Overall, these results suggested that coating the gold mylar with a thin PPy/DBS film 475 

increased the roughness of the electrodes and decreased the impedance. Previous studies have 476 

shown that an increase in surface roughness has a positive effect on cell adhesion and growth 477 

[19, 44], while decreasing the impedance enhances charge transfer from electrode to tissue 478 

[19]. Therefore the increased roughness and decreased impedance afforded by the PPy/DBS 479 

coatings can be utilized to advantage to improve tissue compliance and efficiency in an 480 

electrical stimulation scenario. 481 
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Assessment of co-cultures  482 
Co-culture of dissociated motor neurons and muscle cells is a well-accepted in vitro model for 483 

the study of neuromuscular junctions (NMJs) [55-57]. This approach has revealed important 484 

interactions between motor neurons and muscle cells. To this end, we developed a 485 

homologous model using primary myoblast cells in conjunction with the motor neuron (NSC-486 

34) cell line (Fig. 2). The co-culture formation was demonstrated by immunostaining (Fig.2 487 

A, B) as well as SEM imaging (Fig. 2 C). The muscle cells differentiated to cover the entire 488 

electrode surface (1.8 cm
2
) with myotubes after 3 days, providing a confluent layer for the 489 

support of NSC-34 cells in co-cultures. The motor neurons were added and allowed to 490 

differentiate on top of the differentiated muscle cells for 4 days (total 7 days). The motor 491 

neurons were capable of developing long processes on top of the muscle cells. The expected 492 

long processes of NSC-34 cells (positive to motor neuron specific marker HB9 493 

(supplementary Fig. S1)) are shown in more detail in individual channels of the 494 

immunostaining (Fig. 2A) by βIII-tubulin staining (green). Also the differentiated muscles 495 

(fully covering the electrode area) are shown by desmin staining (red), alongside the 496 

identification of the AChRs clusters with alpha-bungarotoxin staining (purple). These results 497 

demonstrated the successful development of the co-cultures using NSC-34 cells and primary 498 

myoblasts.  499 

 500 

Functionality of NMJ  501 
It has been reported that muscle cells do not respond to glutamic acid stimulation, however 502 

when co-cultured with nerve cells a nerve-activated muscle response is observed, indicating 503 

functional NMJ formation [58]. Here we show that when differentiated NSC-34 cells were 504 

loaded with the Fluo 4-AM label, Ca
2+

 fluctuations were recorded in response to neuronal 505 

stimulation (glutamic acid) as previously reported [49, 50]. Fig. 3A indicates two regions of 506 

interest (ROI) where fluorescence intensity was increased as Ca
2+ 

was released after 507 

stimulation by glutamic acid (video supplementary S2). Using the same technique we 508 

validated that differentiated muscle cells (myoblasts) alone do not respond to glutamic acid, 509 

as observed in Fig. 3B (supplementary video S3). Also, the fluctuation of an active muscle 510 

(twitching) did not change with addition of glutamic acid (red arrows). In contrast inactive 511 

muscle cells responded to the stimulation of high concentrations of potassium (70 mM, blue 512 

arrow) by showing fluctuations of Ca
2+

 (orange ROI in Fig. 3B). Additionally, in accordance 513 

with reported data [11, 59] we observed frequent muscle contractions in the co-culture 514 

systems in the absence of any stimulus. To determine if neuromuscular interactions were 515 

present in the co-cultures , we stimulated motor neurons (NSC-34) by adding glutamic acid 516 

(1.5 mM), as observed in Fig 3C (video supplementary S4). After approximately 10-15 sec of 517 

stimulation the muscle activity stopped and was reinstated after a further 70 sec 518 

(approximately), believed to be caused by dissipation of the glutamic acid in the flow cell. 519 

The experiments with the glutamic acid were repeated 4 times in independent co-cultures with 520 

the same result. This response suggest the presence of neuromuscular interaction in our co-521 

culture set ups, rather than a direct effect of glutamic acid on muscle twitching, since glutamic 522 

acid does not affect muscle fibers as previously reported [58].  523 

 524 

Electrical Stimulation  525 
Studies have shown that cellular behavior can be regulated by electrical stimulation [6, 8, 16, 526 

60-62]. The configuration and protocol for cell culture and stimulation of co-cultures on gold 527 

mylar and on PPy/DBS is illustrated in Fig. 4. In this study we used an electrical stimulation 528 

set up (Fig. 4A), using a waveform consisting of biphasic pulses of 100 µs pulse width with 529 

20 µs interphase open circuit and 3.78 ms short circuit phase, at a frequency of 250 Hz (Fig. 530 

4B). A schematic representation of the set up for culturing and stimulating co-cultures and 531 

individual muscle and motor neuron cultures on DBS-doped PPy is illustrated in Fig. 4C.  532 
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Furthermore, we predicted that this novel set up would provide a more direct and evenly 533 

distributed stimulus across the entire cell population, compared to commonly reported 534 

inserted electrodes. This was demonstrated by COMSOL modelling (compare Fig. 4D with 535 

supplementary Fig. S2) which shows a more uniform current density for this set up. Note that 536 

the modeling assumes perfectly conducting electrodes and does not consider the effect of the 537 

cells themselves, which may affect the current distribution in practice.  538 

 539 

Effect of ES parameters on NMJ formation 540 
The effect of ES parameters, including frequency, pulse amplitude, duration and electrode 541 

material on the formation and size of AChR clusters were tested, maintaining 100 µs biphasic 542 

pulses separated by a 20 µs delay. Initially, the optimization of ES parameters was performed 543 

using the platform detailed in Fig 4 C with gold coated mylar as the working electrode. We 544 

first probed the effect of frequency including 250 Hz, 20 Hz and 0.5 Hz with a current density 545 

of 1 mA/cm
2
 for 8 h. There was a statistically significant increase in the number AChR 546 

clusters using 250 Hz, ie. increased by 45%, 32% and 38% compared to the unstimulated 547 

control (NES), 20 Hz and 0.5 Hz respectively (Fig. 5A). One way ANOVA (F (3, 235) = 548 

30.5) and Bonferroni post hoc test determined that the groups differed significantly (p< 0.01). 549 

Although, the ES at 20 and 0.5 Hz increased the number of AChR clusters compared to the 550 

unstimulated control by 10 and 6% respectively; the increase was not statistically significant. 551 

Next, we kept the frequency constant at 250 Hz and tested three different current densities: 1, 552 

0.1 and 0.01 mA/cm
2
. We observed that the combination of 250 Hz and 1 mA/cm

2 
provided 553 

an increase in AChR clusters of 22%, 25% and 43% compared to the unstimulated control 554 

group (NES), 0.1 mA/cm
2
 and 0.01 mA/cm

2
 respectively (Bonferroni post hoc confirmed by 555 

Welch’s F (3, 131.5) = 30.1 and Brown-Forsythe F(3, 214.9)= 34.6 with post hoc Games-556 

Howell, both showing significant difference (p< 0.01) (Fig 5B). Furthermore, it was observed 557 

that when we compared the control (NES) to 0.1 mA/cm
2
 a non-statistical reduction of 3% 558 

occurred, however when compared to 0.01 mA/cm
2
 a statistically significant reduction of 14 559 

% occurred. Next, we tested the duration of the ES including 8, 4 and 2 h of stimulation using 560 

the optimized frequency and current density of 250 Hz and 1 mA/cm
2
. We found ES at 250 561 

Hz with 1 mA/cm
2
 for 8 h resulted in a significant increase (Bonferroni post-hoc confirmed 562 

by Welch’s F (3, 90.53) = 79.15 and Brown-Forsythe F(3, 181.03)= 105.42 both with Games-563 

Howell post hoc p< 0.01) in the number of AChR clusters, as indicated by the 43% increase 564 

over the control group (NES). Also, 8 h of stimulation resulted in a statistically significant 565 

increase when compared to 4 h and 2 h of stimulation duration. Furthermore, it was observed 566 

that ES at 250 Hz at 1 mA/cm
2
 using 4 h and 2 h had no significant effect when compared to 567 

controls (NES) (Fig. 5C), suggesting that there may be a threshold for the duration of 568 

stimulation to make a detectable change to the AChR clustering. 569 

 570 

Subsequently, utilizing the optimized stimulation parameters we compared the effect that 571 

different electrode materials have in delivering ES. In this case we compared PPy/DBS with 572 

gold coated mylar. As expected from our previous results, a significant increase in AChR 573 

cluster numbers with ES on PPy/DBS compared to the unstimulated control (NES) on 574 

PPy/DBS was observed (Bonferroni confirmed with Games-Howell post hoc p< 0.01), 575 

however, when compared to ES applied through gold coated mylar the difference was not 576 

statistically significant in co-cultures (Fig. 6A) indicating that ES enhanced the number of 577 

AChR clusters independently of the electrode material. Furthermore, a significant increase in 578 

the number of AChR clusters was observed when ES was performed on muscle mono-579 

cultures (Fig 6B), again independent of the electrode material. This suggested that the 580 

enhancement of AchR by electrical stimulation was independent of the presence of neuronal 581 

cells.  582 

The expression and localization of a number of NMJ-associated proteins have been linked to 583 

the maturation of the NMJ. Western blotting has been previously reported as a semi-584 
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quantitative technique for monitoring increases in the protein-level expression of Rapsyn, on 585 

the post-synaptic (myoblast) side of the NMJ, which is involved in post-synaptic 586 

differentiation including the clustering of AChR [5, 63] and as such is an indicator of 587 

increasing maturity of the NMJ. Increases in expression of the pre-synaptic (nerve-associated) 588 

protein Synapsin, have also been associated with maturation of the NMJ [64]. We 589 

investigated the effect of electrical stimulation on the expression of these proteins on 590 

PPy/DBS in co-culture and also in nerve and muscle monocultures. Fig. 6 shows an increase 591 

in expression of Rapsyn, in response to electrical stimulation of both co-cultures and muscle 592 

monocultures when normalized to the expression of the loading control β-actin. On average 593 

the expression of Rapsyn was enhanced 2 fold by electrical stimulation of co-cultures, and 594 

1.25 fold in pure muscle cultures, relative to that in unstimulated parallel cultures (average 595 

from 3 independent experiments, Figure 6 C). The expression of Synapsin in pre-synaptic 596 

nerve also increased in response to electrical stimulation (average 3.5 fold increase in 597 

expression in two independent experiments); however this was only observed in pure nerve 598 

cultures. This can be explained by the low abundance of Synapsin which renders detection of 599 

this protein in cell lysates from co-cultures problematic.  600 

 601 

Effect of electrical stimulation on AchR cluster sizes  602 
NMJ functionality is highly correlated with its structure; therefore observations of 603 

morphology are essential for the understanding of NMJ physiology. AChR are known to 604 

cluster during the development of mature NMJs. Here we show, based on previous reports [3, 605 

65, 66] what appears to be the ACh receptors in our co-cultures and primary myoblast mono-606 

cultures controls using SEM. The receptors showed a typical oval plaque as previously 607 

reported indicating proper morphology (Fig. 7A, B). Furthermore, it has been shown that the 608 

formation of receptor (AChR) clusters on muscle cells can be induced by applying DC 609 

electric field [67]. Here, we investigated the effect of ES on the AChR cluster sizes in co-610 

cultures (Fig. 7 C-D) as well as in muscle mono-cultures (Fig. 7 E-F) using confocal 611 

microscopy, followed by image processing using MetaMorph software, to measure the cluster 612 

sizes. Our results indicate that electrical stimulation, using our optimized parameters, affects 613 

the Ach cluster sizes in co-cultures by increasing the average area of each cluster by up to 614 

47% (Student’s t-test, p≤ 0.05) when compared to unstimulated controls. Similar effects were 615 

observed in the muscle mono-cultures (average area increase of 59%, Student’s t-test, p≤ 616 

0.05) indicating the positive effect of ES on AChR cluster sizes.  617 

 618 

Conclusion 619 

AChR clusters were significantly increased, both in number and in size, by ES in our co-620 

culture model. It has been reported that postsynaptic AChR formation at the NMJ synapse is 621 

regulated by innervation, muscle electrical activity and proteins including agrin and laminin 622 

[11]. In addition it has been reported that different frequencies used for ES can influence 623 

different motor units. For example motor units of type I (tonic) have a lower firing frequency 624 

response than those of type II (phasic). Furthermore, they reported that stimulating muscles 625 

using frequencies below 30 Hz activated type I motor units, on the other hand, whenever 626 

stimulating muscle using frequencies greater than 100 Hz, type II motor units were activated 627 

[68, 69]. Here, we have demonstrated that ES using 250 Hz biphasic 100 µs pulses, at a 628 

current density 1 mA/cm
2 

for 8 h increased the number of AChR clusters available for NMJ 629 

formation. In addition, using immunostaining we have shown that an external stimulus such 630 

as ES can significantly enhance the AChR cluster sizes. Furthermore the enhancement was 631 

retained when the stimulus was delivered through the conducting polymer, PPy/DBS, coated 632 

onto the gold mylar substrate.  633 
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While this study showed no further enhancement with the use of PPy, taking into account the 634 

known versatility of the conducting polymer and our finding that it performed as well as gold 635 

demonstrate that further development of PPy as an alternative to traditional metal electrodes 636 

in this application is warranted. The PPy/DBS platform provides control over redox reactions 637 

at the electrode surface, due to polymer oxidation and reduction avoiding the generation of 638 

unwanted electrochemical reaction products. Additionally, the organic nature of this platform 639 

makes it an ideal surface to attach biomolecules such as agrin, laminin and/or encapsulate 640 

appropriate growth factors to enhance the therapeutic effect.  641 

 642 

It has been reported that expression of the postsynaptic protein Rapsyn, an AChR-associated 643 

protein, is essential for forming AChR clusters. We showed that ES using optimized 644 

parameters can enhance Rapsyn protein expression level. Our data also demonstrated that the 645 

presynaptic protein Synapsin, which promotes maturation of the NMJ, increased in expression 646 

in nerve mono-cultures under the influence of our optimal ES parameters, suggesting that ES 647 

may be utilized to enhance the maturation of the NMJ. 648 

 649 

In conclusion, our results indicate that electrical stimulation using the appropriate parameters 650 

has the capability to increase the numbers and size of AChR clusters and therefore to enhance 651 

the development of NMJs. The conductive polymer PPy is a promising alternative to 652 

traditional metal electrodes in terms of avoiding electrolysis and corrosion. This electroactive 653 

material is readily modified to attach important biomolecules such as laminin [70, 71]) and 654 

opens up opportunities for the release of growth factors such as NT3 and BDNF to the exact 655 

site of stimulation. It has been reported previously that release of these factors from 656 

conducting polymers via electrical stimulation provides an additional avenue to enhance the 657 

behavior of cultured cells [38, 40-42]. This opens up a new set of opportunities to combine ES 658 

with control bioactivity to further enhance NMJ formation and is the subject of ongoing work 659 

in our laboratories.  660 
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 862 

Figure 1: Materials characterization. A, B) Atomic force microscopy (AFM) topographic 863 

images of the gold coated mylar films (RMS value of 1.17 nm) at 10 and 1 µm
2
 area 864 

respectively. C) Scanning electrode microscope (SEM) image of the gold coated film, scale 865 

bar 10 µm. D, E) Atomic force microscope (AFM) topographic images of the PPy/DBS gold 866 

coated mylar films (RMS value of 4.26 nm) of 10 and 1 µm square areas respectively with 867 

sampling size of 512 x 512 pixels. F) Scanning electrode microscope (SEM) image of the 868 

PPy/DBS gold coated mylar film, scale bar 10 µm. G) Impedance spectra for gold coated 869 

mylar and PPy/DBS gold coated mylar films recorded in PBS (pH = 7.2) at +50.0 mV (vs 870 

Ag|AgCl) recorded between 0.01 Hz and 100 kHz. H) An example of the biphasic current 871 

waveform (green), overlaid with the output voltage obtained from the two-electrode system 872 

using PPy/DBS gold coated mylar (red) and gold coated mylar (blue) without cells. 873 

 874 

Figure 2: Development of co-cultures of nerve and muscle. A) Individual fluorescence 875 

channels of cells stained for DAPI (nuclear stain, blue), β-III tubulin (neural stain, green), 876 

desmin (muscle stain, red), and alpha-bungarotoxin (Ach receptor stain, purple) Scale bar 877 

indicates 40 µm. B) Overlay image of a co-culture of primary myoblast (muscle) and NSC-34 878 

(motor neuron) cells. Cells stained for DAPI (nuclear stain, blue), β-III tubulin (neural stain, 879 

green), desmin (muscle stain, red), and alpha-bungarotoxin (Ach receptor stain, purple). Scale 880 

bar indicates 40 µm. C) Scanning electron microscope image showing the morphologies of 881 

muscle and nerve cells in a co-culture environment. Arrows indicate differentiated myotubes, 882 

stars indicate NSC-34 cells. Scale bar indicates 10 µm.  883 

 884 

Figure 3: Ca
2+ 

imaging responses of the NSC-34 and primary myoblast mono-cultures and 885 

co-cultures, to stimulation using glutamic acid. A) Graph representing calcium transient 886 

responses caused by the glutamic acid, this is indicated by three regions of interest (ROI) on 887 

the fluorescent channel alongside bright field image with two NSC-34 and one control trace 888 

(no cells). Red arrows indicate addition of glutamic acid B) Graph representing calcium 889 
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transient responses of active (twitching) muscle to either glutamic acid (no change) or high 890 

potassium. This is indicated by two ROIs containing active twitching muscle cells (blue and 891 

green traces) and one inactive muscle (no twitching, orange trace), as well as a control trace 892 

(no active cells, red trace). The fluorescence (Fluo-4) vs time traces correspond to cells 893 

indicated on the fluorescence and bright field images. Red arrows indicate addition of 894 

glutamic acid and the blue arrow indicates addition of potassium. C) The graph represents 895 

calcium transient responses of active muscle (twitching) in co-cultures to glutamic acid. This 896 

is indicated by three ROIs containing two active muscle cells (twitching) and one control 897 

trace (no active cells) on the fluorescent channel alongside bright field image. Arrows indicate 898 

the addition of glutamic acid. Scale bars represent 25 µm. 899 

 900 

Figure 4: Electrical stimulation scheme for stimulating cultures of nerve, muscle and co-901 

cultures on electroactive PPy/DBS gold coated mylar. A) Photographs of the custom cell 902 

culture and stimulation module showing the platinum mesh (arrows) counter electrodes and 903 

cell culture chambers on gold–coated mylar (left) and PPy/DBS gold coated mylar (right). B) 904 

An example of the biphasic current waveform (green), overlaid with the output voltage 905 

obtained in the two-electrode system stimulating with (blue) and without (red) cells using 906 

PPy/DBS gold coated mylar. The stimulus waveform had an applied current of 1 mA/cm
2
, 907 

with a biphasic pulse of 100 µs pulses with 20 µs interphase open circuit and 3.78 ms short 908 

circuit phase at a frequency of 250 Hz. C) Schematic of cell culture and stimulation setup 909 

illustrating the working and counter electrodes. D) COMSOL modelling of the current density 910 

on the working electrode (fraction deviation from average current density, mA/cm
2
) 911 

illustrating the expected distribution between the two electrode surfaces. Scale bar represents 912 

500 µm. 913 

 914 

Figure 5: Effect of electrical stimulation parameters on the number of AChR clusters. Effect 915 

of ES on number of AChR clusters in co-cultures using different (A) frequencies, (B) current 916 

amplitudes and (C) durations of stimulation. Each parameter was tested in three independent 917 

experiments (n=3) with 60 total images, error bars represent the standard deviation. ‘‘*’’ 918 

indicates statistical significance, p≤ 0.01. D) Close up of a region containing a muscle fiber 919 

with AChRs stained using alpha bungarotoxin. Scale bar represents 20 µm.  920 

 921 

Figure 6: Effect of electrical stimulation using different electrode materials. A) Effect of ES 922 

on the number of AChR clusters of co-cultures using PPy/DBS gold coated mylar, compared 923 

to the gold coated mylar substrate. B) Effect of ES on the number of AChR clusters of muscle 924 

monocultures on PPy/DBS gold coated mylar, compared to the gold coated mylar substrate. 925 

For A) and B), each parameter was tested in three independent experiments (n=3) with 60 and 926 

40 total images respectively, error bars represent the standard deviation. ‘‘*’’ indicates 927 

statistical significance, p≤ 0.0001. C) Effect of electrical stimulation on the expression of 928 

Rapsyn and Synapsin proteins, relative to the loading control β-actin, in co-cultures and also 929 

in nerve and muscle monocultures. Error bars represent the standard error of the mean. D) 930 

Western blot data supporting the increase in protein expression of Rapsyn and Synapsin on 931 

PPy/DBS gold coated mylar electrodes.  932 

 933 

Figure 7: Clustering of ACh receptors in muscle mono-cultures and co-cultures, indicated by 934 

arrows. A) SEM image of AChR clusters in co-cultures, scale bars represent 1µm. B) SEM 935 

image of AChR clusters in muscle; scale bars represent 1µm. C) AChR clusters without 936 

electrical stimulation in co-culture. D) AChR clusters after electrical stimulation in co-culture. 937 

E) AChR clusters in muscle monocultures without electrical stimulation. F) AChR clusters in 938 

muscle monocultures after electrical stimulation. Scale bars represent 20 µm. G) Graphical 939 

representation of the effect of ES on AChR cluster sizes. Co-culture data was obtained from 940 

three independent experiments (n=3) with 36 total images, muscle cell data was obtained from 941 
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three independent experiments (n=3) with 24 total images. Error bars represent the standard 942 

error of the mean. * indicates statistical significance, p≤ 0.05.  943 
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