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Abstract  30 

Dysfunction of neuronal circuits is an important determinant of neurodegenerative diseases. 31 

Synaptic dysfunction, death and intrinsic activity of neurons are thought to contribute to the 32 

demise of normal behavior in the disease state. However, the interplay between these major 33 

pathogenic events during disease progression is poorly understood. Spinal muscular atrophy 34 

(SMA) is a neurodegenerative disease caused by a deficiency in the ubiquitously expressed 35 

protein SMN and is characterized by motor neuron death, skeletal muscle atrophy, as well as 36 

dysfunction and loss of both central and peripheral excitatory synapses. These disease 37 

hallmarks result in an overall reduction of neuronal activity in the spinal sensory-motor 38 

circuit. Here, we show that increasing neuronal activity by chronic treatment with the FDA-39 

approved potassium blocker 4-aminopyridine (4-AP) improves motor behavior in both sexes of a 40 

severe mouse model of SMA. 4-AP restores neurotransmission and number of proprioceptive 41 

synapses and neuromuscular junctions, while having no effects on motor neuron death. In 42 

addition, 4-AP treatment with pharmacological inhibition of p53-dependent motor neuron death 43 

results in additive effects, leading to full correction of sensory-motor circuit pathology and 44 

enhanced phenotypic benefit in SMA mice. Our in vivo study reveals that 4-AP-induced increase 45 

of neuronal activity restores synaptic connectivity and function in the sensory-motor circuit to 46 

improve the SMA motor phenotype.  47 

   48 

 Significant statement   49 

Spinal muscular atrophy (SMA) is a neurodegenerative disease, characterized by synaptic loss, 50 

motor neuron death and reduced neuronal activity in spinal sensory-motor circuits. However, 51 

whether these are parallel or dependent events is unclear.  We show here that long-term 52 

increase of neuronal activity by the FDA-approved drug 4-aminopyridine (4-AP) rescues the 53 

number and function of central and peripheral synapses in a SMA mouse model, resulting in an 54 
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improvement of the sensory-motor circuit and motor behavior. Combinatorial treatment of 55 

pharmacological inhibition of p53, which is responsible for motor neuron death and 4-AP, results 56 

in additive beneficial effects on the sensory-motor circuit in SMA. Thus, neuronal activity 57 

restores synaptic connections and improves significantly the severe SMA phenotype. 58 

 59 

Introduction  60 

Neuronal activity plays key roles in the formation, refinement and maintenance of neuronal 61 

circuits by shaping synaptic function, axonal plasticity, and survival of neurons in health and 62 

disease. Due to its broad effects on gene regulation, calcium homeostasis and neurotrophic 63 

support within the nervous system (Dekkers et al., 2013; Tam and Gordon, 2003; West and 64 

Greenberg, 2011), imbalance of neuronal activity contributes significantly to neurodegenerative 65 

diseases (Chopra and Shakkottai, 2014; Leroy and Zytnicki, 2015; Nelson and Valakh, 2015; 66 

Shorrock et al., 2019). Aside from altered neuronal activity, the hallmarks of neurodegenerative 67 

diseases are selective neuronal death, dysfunction and synaptic elimination (Chi et al., 2018; 68 

Gillingwater and Wishart, 2013).  69 

The two most common neurodegenerative diseases affecting motor neurons - spinal 70 

muscular atrophy (SMA) and amyotrophic lateral sclerosis (ALS) - are characterized by 71 

impairment of sensory-motor circuits, including motor neuron death and degeneration of 72 

excitatory synapses, resulting in muscle paralysis and patient’s death (Baczyk et al., 2020; 73 

Fletcher et al., 2017; Mentis et al., 2011; Tisdale and Pellizzoni, 2015; Torres-Benito et al., 74 

2012; Vaughan et al., 2015; Vinsant et al., 2013). While the onset of ALS typically occurs in 75 

adulthood (Mejzini et al., 2019), SMA is the most frequent genetic cause of infant mortality 76 

resulting from a homozygous deletion or mutation of the survival motor neuron 1 (SMN1) gene 77 

with the retention of the hypomorphic SMN2 gene leading to the ubiquitous deficiency of the 78 

SMN protein (Lefebvre et al., 1995). The SMNΔ7 mouse model of SMA recapitulates key 79 
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features of the most severe form of the human disease (Le et al., 2005; Martinez et al., 2012; 80 

Mentis et al., 2011; Tisdale and Pellizzoni, 2015). SMA mice exhibit impaired motor neuron 81 

firing (Fletcher et al., 2017), reduced function and number of the excitatory proprioceptive 82 

synapses and neuromuscular junctions (NMJs) prior to motor neuron death (Ling et al., 2012; 83 

Ling et al., 2010; Mentis et al., 2011; Ruiz et al., 2010). Thus, these findings suggest an early 84 

systemic decrease of neuronal activity as one of the earliest pathological alterations in the 85 

sensory-motor circuit in motor neuron diseases. However, whether the decrease of activity 86 

causes neuronal death and synaptic loss has not been resolved and is of importance for many 87 

neurodegenerative diseases. 88 

The above findings raise the possibility that an increase of neuronal activity might benefit 89 

the sensory-motor circuit pathology. Accordingly, exercise or pharmacological increase of 90 

neuronal activity improves proprioceptive synaptic function and cellular disease-related markers 91 

of motor neurons in ALS (Baczyk et al., 2020; Saxena et al., 2013) and the phenotype of SMA 92 

mouse models (Biondi et al., 2008; Fletcher et al., 2017). Interestingly, the FDA-approved 93 

voltage-activated potassium channel blocker 4-aminopyrdine (4-AP) corrected motor circuit 94 

defects in a Drosophila model of SMA by increasing neuronal activity (Hayes, 2004; Imlach et 95 

al., 2012), making it a promising candidate to address whether activity-dependent mechanisms 96 

contribute to motor neuron death and synaptic loss in vivo.  97 

Here, we investigate the chronic effects of neuronal activity on the SMA sensory-motor 98 

circuit by administering 4-AP into SMA mice. We found that 4-AP-induced neuronal activity 99 

ameliorates the SMA motor phenotype, which coincided with improved function and number of 100 

proprioceptive synapses and NMJs, while it had no effect on motor neuron survival. 101 

Combinatorial treatment of 4-AP with pharmacological inhibition of p53-dependent motor neuron 102 

death resulted in additive beneficial effects on the sensory-motor circuit and phenotype of SMA 103 

mice. Taken together, our results establish that increase of neuronal activity restores function 104 
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and connectivity of the sensory-motor circuit in SMA and could be beneficial in other 105 

neurodegenerative diseases. 106 

Material and Methods 107 

 108 

Animal procedure and behavioral analysis  109 

Breeding and experiments were performed in the animal facilities of the Faculty of 110 

Medicine, University of Leipzig according to NHI, European (Council Directive 86/609/EEC) and 111 

German (Tierschutzgesetz) guidelines for the welfare of experimental animals and the regional 112 

directorate (Landesdirektion) Leipzig, as well as Columbia University and approved by the 113 

Institutional Laboratory Animal Care and Use Committee (IACUC) of Columbia University. Mice 114 

were housed in a 12h/12h light/dark cycle with access to food and water ad libitum. The original 115 

breeding pairs for SMNΔ7 (Smn+/-; SMN2+/+; SMNΔ7+/+) mice (stock #005025) were obtained 116 

from Jackson Laboratory. Tail DNA PCR genotyping was performed as described previously 117 

(Fletcher et al., 2017). 4-AP was dissolved in 0.9% NaCl and administered daily twice at a 118 

concentration of 1mg/kg by IP injection starting at P0. For c-Fos “in vivo” immunohistochemistry, 119 

P11 mice were injected with 4-AP once at a concentration of 1mg/kg and after two hours 120 

processed as described in the immunohistochemistry section. Pifithrin-α (PFT) was dissolved in 121 

DMSO and delivered daily at a concentration of 2.2mg/kg by IP injection starting at P0 as 122 

described previously (Simon et al., 2017). Approximately equal proportions of mice of both 123 

sexes were used and aggregated data are presented since gender-specific differences were not 124 

found nor have they been previously reported.  125 

For behavioral analysis, mice from all experimental groups were monitored daily, body 126 

weight measurements and the righting reflex were timed and averaged as described 127 

previously (Mentis et al., 2011). Mice with a 25% reduction of body weight and an inability to 128 

right were euthanized to comply with IACUC and German guidelines. Righting time was 129 
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defined as the time for the pup to turn over after being placed on its back. The cut-off test 130 

time for the righting reflex was 60s to comply with IACUC and German guidelines.  131 

 132 

Electrophysiology  133 

To record the monosynaptic ventral root response, we conducted the experiment as 134 

previously described (Mentis et al., 2011; Simon et al., 2017). The animals were decapitated, 135 

the spinal cords dissected and removed under cold (~12°C) artificial cerebrospinal fluid (aCSF) 136 

containing 128.35mM NaCl, 4mM KCl, 0.58mM NaH2PO4.H20, 21mM NaHCO3, 30mM D-137 

Glucose, 1.5mM CaCl2.H20, and 1mM MgSO4.7H20. The spinal cord was then transferred to a 138 

customized recording chamber. The intact ex vivo spinal cord preparation was perfused 139 

continuously with oxygenated (95%O2/5%CO2) aCSF (~13 ml/min). The dorsal root and ventral 140 

root of the L1 segment were placed into suction electrodes for stimulation or recording 141 

respectively. The extracellular recorded potentials were recorded (DC – 3kHz, Cyberamp, 142 

Molecular Devices) in response to a brief (0.2ms) orthodromic stimulation (A365, current 143 

stimulus isolator, WPI, Sarasota, FL) of the L1 dorsal root. The stimulus threshold was defined 144 

as the current at which the minimal evoked response was recorded in 3 out of 5 trials. 145 

Recordings were fed to an A/D interface (Digidata 1440A, Molecular Devices) and acquired with 146 

Clampex (v10.2, Molecular Devices) at a sampling rate of 10kHz. Data were analyzed off-line 147 

using Clampfit (v10.2, Molecular Devices). The temperature of the physiological solution ranged 148 

between 21-23°C. Synaptic depression experiments were performed and analyzed for all 149 

experimental groups at P11. The dorsal root was stimulated at 10Hz for five stimuli and the 150 

resulting monosynaptic component of the amplitude recorded and analyzed off-line. The 151 

amplitude of the second to fifth stimuli was expressed as a percentage of the amplitude of 152 

the first stimulus.  153 

To assess functionally NMJs of the QL muscle at P11, we applied the same technique 154 

as described previously (Fletcher et al., 2017). Motor neurons axons in the ventral root L1 155 
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supplying the QL muscle were stimulated by drawing the ventral root into a suction electrode, 156 

having removed the spinal cord, and recorded the compound muscle action potential (CMAP) 157 

from the muscle using a concentric bipolar electrode. L1 motor neuron axons were stimulated 158 

with five stimuli at 0.1Hz. The maximum CMAP amplitude (baseline-to-peak) was measured 159 

from five averages. 160 

Whole-cell recordings were performed as previously described (Fletcher et al., 2017; 161 

Mentis et al., 2011) at room temperature (~21oC) and obtained with patch electrodes advanced 162 

through the lateral aspect of the spinal cord. Patch electrodes were pulled from thin-walled 163 

borosilicate glass capillary with filament (Sutter Instruments) using a P-1000 puller (Sutter 164 

Instruments) to resistances between 5-8 MΩ. The electrodes were filled with intracellular 165 

solution containing (in mM): 10 NaCl, 130 K-Gluconate, 10 HEPES, 11 EGTA, 1 MgCl2, 0.1 166 

CaCl2 and 1 Na2ATP, pH was adjusted to 7.2-7.3 with KOH (the final osmolarity of the 167 

intracellular solution was 295-305 mOsm). Motor neurons were targeted blindly after removal of 168 

the dura and pia mater from the lateral aspect of the cord over the L1 spinal segments. The 169 

identity of recorded neurons as motor neurons was confirmed by evoking an antidromic action 170 

potential by stimulation of the cut ventral root. Motor neurons were accepted for further analysis 171 

only if the following three criteria were met: (i) stable resting membrane potential of -50 mV or 172 

more negative (ii) an overshooting antidromically-evoked action potential and (iii) at least 30 173 

mins of recording. γ motor neurons were not included in our analysis. γ motor neurons were 174 

identified by the presence of an antidromic action potential, but lack of direct monosynaptic 175 

activation from proprioceptive sensory fibers. For the measurements of action potential shape, 176 

motor neurons were injected with sequential steps positive currents for 100 ms in 10 pA steps at 177 

-60 mV membrane potential. After electrophysiological recording of motor neuron properties 178 

under “normal condition”, a 100 μM 4-AP extracellular solution was administered via the gravity 179 

perfusion system to record the effect under 4-AP exposure. For the “ex vivo” investigation of c-180 
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Fos expression, the native P4 spinal cord was in the bath chamber with aCSF under 4-AP 181 

exposure for 2 hours and then processed as indicated in the immunohistochemistry section.  182 

 183 

Immunohistochemistry  184 

For immunostainings of the spinal cord, mice were sacrificed, the spinal cord was 185 

removed natively and post-fixed in 4% PFA overnight at 4°C. On the following day, the spinal 186 

cords were briefly washed with PBS, subsequently embedded in warm 5% Agar and serial 187 

transverse sections (75 μm) were cut at the Vibratome. The sections were blocked with 10% 188 

normal donkey serum in 0.01 M PBS with 0.3% Triton X-100 (PBS-T; pH 7.4) for 90 minutes 189 

and incubated overnight at room temperature in different combinations of the primary antibodies 190 

(see Table 1 for antibody details). The following day, after 5x 10 minutes PBS washes 191 

secondary antibody incubations were performed for 3 hours with the appropriate species-192 

specific antiserum coupled to FITC, Cy3 or Cy5 (Jackson labs) diluted at 1:250 in PBS-T. After 193 

secondary antibody incubations, the sections were washed 5 times for 10 minutes in PBS and 194 

mounted on slides and cover-slipped with an anti-fading solution made of Glycerol:PBS (3:7) 195 

(Simon et al., 2017).  196 

For immunostaining of NMJs, mice were sacrificed and the QL muscle was dissected 197 

and immediately fixed with 4% PFA for 20 minutes. After fixation, single muscle fibers were 198 

teased and washed 5 times in PBS for 10 minutes each followed by staining of the postsynaptic 199 

part of the NMJ with α-bungarotoxin Alexa Fluor 555 in PBS for 20 minutes. Subsequently, the 200 

muscle fibers were washed 5 times in PBS for 10 minutes and blocked with 10% donkey serum 201 

in 0.01 M PBS with 0.3% Triton X-100 for 1 hour. Rabbit anti-Neurofilament-M and anti-202 

Synaptophysin-1 antibodies to immunolabel the presynaptic part of the NMJ were applied in 203 

blocking solution overnight at 4°C (see Table 1 for antibody details). The muscle fibers were 204 

then washed 3 times for 10 minutes in PBS. Secondary antibodies were applied for 1 hour in 205 

blocking solution at room temperature. Finally, the muscle fibers were washed 3 times in PBS 206 
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for 10 minutes and mounted with Vectashield (Vector laboratories, CA) (Simon et al., 2017; 207 

Simon et al., 2010). 208 

 209 

Confocal microscopy and analysis 210 

Spinal cord sections were imaged using SP8 Leica confocal microscopes. Sections were 211 

scanned using a 20x, 40x or 63x objective. Motor neurons were counted off-line from z-stack 212 

images (collected at 3μm intervals in the z axis) from 11 sections of the selected spinal segment 213 

at P11 from L1, as we previously described (Simon et al., 2019; Van Alstyne et al., 2018). Only 214 

ChAT+ motor neurons that contained the nucleus were counted to avoid double counting from 215 

adjoining sections. Quantitative analysis of VGluT1 immunoreactive synaptic densities on motor 216 

neurons at P11 was performed on image stacks of optical sections scanned using a 40x oil or 217 

63x glycerol objective throughout the whole section thickness at 0.4μm z-steps to include the 218 

whole cell body and dendrites of ChAT+ motor neurons. The number of VGluT1+ synapses 219 

were counted over the entire surface of the motor neuron soma as well as on primary dendrites 220 

up to a distance of 50 μm from the soma using Leica LASAF software as previously described 221 

(Mentis et al., 2011). For the analysis of muscle innervation, at least 200 randomly selected 222 

NMJs per muscle sample were quantified for each biological replicate. Only BTX+ endplates 223 

that lack any pre-synaptic coverage by both synaptophysin and NF-M were scored as fully 224 

denervated. For axonal sprouting and polysynaptic elimination analysis, at least n = 40 NMJs 225 

per animal were scanned with the 63x objective at 1μm z-steps. Axonal sprouting events were 226 

determined by counting the number of NMJs innervated from the terminal part (up to 50μm 227 

away from NMJ) of each axon. For polysynaptic innervation analysis, number of axons 228 

innervating a single NMJ were quantified. Kv2.1 coverage was quantified as previously 229 

described (Fletcher et al., 2017). 230 

  231 

Protein analysis 232 
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Whole spinal cords were prepared in 1x LDS buffer (Invitrogen) and resolved using the 233 

NuPAGE® precast gel system (Invitrogen) by SDS-PAGE. Extracts (20μg) were ran on Novex® 234 

Bis-Tris 12% gels and transferred onto a iBlot2 transfer stack nitrocellulose membrane 235 

(Invitrogen) using the iBlot2 Dry Blotting system unit (Invitrogen). After protein transfer, the 236 

membranes were blocked for 1 hour in 5% non-fat dry milk prepared in 1 x PBS with 0.1% 237 

Tween-20. The membranes were then incubated with the corresponding antibodies overnight. 238 

Thereafter, the membranes were incubated with IRDye 680RD or 800CW secondary antibodies 239 

(Li-cor) followed by visualization using a near-infrared imager (Odyssey; Li-cor) (Blanco-240 

Redondo et al., 2019).   241 

 242 

Statistics 243 

Results are expressed as mean + standard error of the mean (SEM) from at least three 244 

independent experiments using three or more animals per group. The number of observations 245 

and animals used are shown in each figure legend. Gaussian distribution was analyzed by 246 

Shapiro-Wilk normality test for each data set. Differences between two groups were analyzed by 247 

a two-tailed Student's t-test, whereas differences among three or more groups were analyzed 248 

by one-way ANOVA followed by Tukey’s correction for multiple comparisons as applicable. 249 

Body weight and righting time was analyzed by the multiple t-test with Holm-Sidak method; 250 

Kaplan-Meyer survival curve was analyzed by Mantel-Cox test. GraphPad Prism 7 was used for 251 

all statistical analyses and p values are indicated as follows: * = p < 0.05; ** = p < 0.01; *** = p < 252 

0.001 253 

 254 
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 259 

Results  260 

 261 

4-AP treatment increases neuronal activity and improves motor behavior in SMA mice  262 

To investigate the role of neuronal activity in motor neuron death and synaptic loss, we treated 263 

SMA mice chronically with 4-AP, a potassium channel blocker, which is known to increase 264 

neuronal activity (Avoli and Jefferys, 2016; Imlach et al., 2012; Mathie et al., 1998) and 265 

improves motor function in patients with myasthenia gravis, Lambert-Eaton syndrome, spinal 266 

cord injury and multiple sclerosis (Hayes, 2004; Verschuuren et al., 2006). To assess whether 267 

4-AP reliably increases neuronal activity in the spinal sensory-motor circuit, we used whole-cell 268 

patch clamp to record intracellularly from lumbar motor neurons in P4 wild type (WT) mice 269 

during the first postnatal week. To do so, we utilized the intact ex vivo spinal cord preparation 270 

before and after acute exposure to 100μM 4-AP, a concentration that has been reported to 271 

block Kv3.1 and Kv1 potassium channels (Grissmer et al., 1994; Kirsch and Drewe, 1993). 272 

As expected (Greensmith et al., 1996; Hayes, 2004), 4-AP increased significantly the 273 

half-width and repolarization time of action potentials by blocking potassium channels (Fig. 1A 274 

and 1B), while the rise time and amplitude of the action potential were largely unaffected (Fig. 275 

1A). In addition, 4-AP depolarized the resting membrane potential to levels above the firing 276 

threshold, resulting in an increase of neuronal activity, reflected by an increase in sustained 277 

spontaneous repetitive firing (Fig. 1C and 1D). Furthermore, 4-AP exposure for 2 hours resulted 278 

in the broad upregulation of c-Fos, a known marker of neuronal activity (Chung, 2015), in motor 279 

neurons and sensory neurons in dorsal root ganglia in ex vivo P4 spinal cord preparations (Fig. 280 

1E and 1F).  To test whether 4-AP would also result in c-Fos upregulation in vivo, we tested a 281 

single intraperitoneal (IP) injection of 4-AP (1mg/kg). We found that there was a significant 282 

increase in the percentage of c-Fos+ L1 motor neurons (Fig. 1G and 1H) as well as other spinal 283 

cord neurons and dorsal root ganglia sensory neurons, including proprioceptive neurons (Fig. 284 
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1I) of both P11 WT and SMA mice 2 hours after injection. Thus, 4-AP robustly increases the 285 

activity of the sensory-motor circuit following IP injection in vivo.  286 

To investigate the long-term effect of elevated neuronal activity on the SMA phenotype, 287 

we performed chronic treatment with 4-AP by IP injections at a dose of 1mg/kg (Jankowska et 288 

al., 1982; Pinter et al., 1997; Verschuuren et al., 2006) twice a day in WT and SMA mice starting 289 

at birth until death. Chronic 4-AP treatment did not result in any significant differences in the 290 

righting time, body weight and survival of WT mice (Fig. 1K-M). In striking contrast, 4-AP treated 291 

SMA mice exhibited significantly improved late onset motor behavior comprising of the ability to 292 

right (Fig. 1K) and walking as well as a moderate increase in body weight and survival (Fig. 1L 293 

and 1M) compared to untreated SMA littermates. To rule out any potential effects of chronic 4-294 

AP treatment on SMN expression, we confirmed by western blot analysis that SMN protein 295 

levels were not increased in spinal cords of 4-AP treated SMA mice (Fig. 1J).  To conclude, 296 

increased neuronal activity elicited by chronic 4-AP treatment improves the motor phenotype of 297 

SMA mice through SMN-independent mechanisms.  298 

 299 

Enhanced neuronal activity induces sprouting of peripheral and central axons  300 

To identify the neuronal alterations underlying the improved motor phenotype in 4-AP 301 

treated SMA mice, we first sought to investigate whether 4-AP rescued motor neurons from 302 

death.  We focused on the vulnerable motor neurons in the 1st and 2nd lumbar spinal segments 303 

(L1 and L2). Confocal analysis revealed that 4-AP treatment in SMA mice did neither rescue nor 304 

delay the death of lumbar L1 and L2 motor neurons which innervate disease-relevant axial 305 

muscles (Fig. 2A-D) (Fletcher et al., 2017). In accordance, nuclear accumulation and 306 

phosphorylation of p53 at serine 18 (p-p53S18) — two converging mechanisms mediating motor 307 

neuron death in SMA (Simon et al., 2017; Simon et al., 2019; Van Alstyne et al., 2018) — were 308 

not altered following 4-AP treatment (Fig. 2E-G), suggesting that motor neuron death occurs 309 

independently of neuronal activity.  310 
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Next, we investigated the number of VGluT1+ proprioceptive synapses onto L1 motor 311 

neurons, since their reduction contributes significantly to motor dysfunction of SMA mice 312 

(Fletcher et al., 2017). While untreated SMA mice exhibited a progressive loss of synaptic 313 

connections, 4-AP treated SMA mice showed a significant increase of proprioceptive synapses 314 

on the somata and proximal dendrites of motor neurons at end-stage (investigated at P11, 315 

treated from P0-P11), but not at earlier stages (investigated at P6, treated from P0-P6) (Fig. 3A-316 

C). To study the effect of 4-AP on peripheral synapses, we examined the NMJ innervation of the 317 

axial quadratus lumborum (QL) muscle, which is innervated by L1-L3 motor neurons and 318 

severely affected in SMA (Fletcher et al., 2017; Simon et al., 2017; Simon et al., 2019), using 319 

pre- (synaptophysin, neurofilament) and post-synaptic (α-bungarotoxin) markers. The QL of 320 

untreated SMA mice showed ~50% NMJ denervation at P11, in contrast to a fully innervated QL 321 

muscle in WT mice. Strikingly, chronic 4-AP treatment resulted in significantly improved QL 322 

innervation (~20% denervation) in SMA mice at end-stage (P11, treated from P0-P11), but not 323 

before (~40% denervation at P6, treated from P0-P6) (Fig. 3D and 3E).   324 

Taking into account that the number of proprioceptive neurons located in the DRG are 325 

unaltered in SMA (Mentis et al., 2011) and 4-AP treatment does not prevent the death of QL-326 

innervating motor neurons (Fig. 2), these results suggest that the observed elevation of central 327 

and peripheral synapses at end-stage is induced by activity-dependent compensatory 328 

mechanisms such as axonal sprouting in SMA mice. To test whether chronic increase in 329 

neuronal activity modifies axonal plasticity, we first investigated the level of normal occurring 330 

elimination of polysynaptic innervation at the NMJ. While elimination of polysynaptic innervation 331 

was not altered in untreated WT and SMA mice, it was accelerated by activity-induced 4-AP 332 

treatment in both genotypes (Fig. 3F and 3G), as reported previously (Sanes and Lichtman, 333 

1999).  In contrast to its broad effect on the acceleration of the elimination of polysynaptic 334 

innervation, 4-AP treatment selectively increased terminal axonal branches in P11 SMA but not 335 

in WT innervated NMJs (Fig. 3H and 3I), suggesting activity-dependent compensatory axonal 336 
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sprouting during the second postnatal week in SMA, while 4-AP had no effect on sensory-motor 337 

circuit of WT animals (Fig. 4). 338 

 To examine whether axonal sprouting events in the second postnatal week depend on 339 

the duration of 4-AP treatment or on the developmental stage of SMA mice, we treated SMA 340 

mice with 4-AP for a shorter period of time, starting at P5 instead of at birth and quantified 341 

synaptic inputs at end-stage (investigated at P11, treated from P5-P11). Interestingly, 4-AP 342 

treatment for 6 days starting at P5 was sufficient to improve number of innervated NMJs (Fig. 343 

4A and 4B) and proprioceptive synapses (Fig. 4C and 4D) in SMA mice, whereas the same 344 

duration of treatment starting at birth until P6 had no effect (investigated at P6) (Fig. 3A-E), 345 

indicating that axonal sprouting requires a more mature nervous system to take effect instead of 346 

treatment duration.   347 

Taken together, these results reveal that elevated neuronal activity induces axonal 348 

sprouting to partially compensate the loss of proprioceptive synapses and NMJs in SMA.  349 

 350 

Increased neuronal activity improves function of central and peripheral SMA synapses  351 

To investigate whether activity-induced restoration of synaptic connectivity led to 352 

functional improvements of the severely affected sensory-motor neurotransmission in SMA 353 

(Fletcher et al., 2017; Mentis et al., 2011; Simon et al., 2019), we utilized extracellular 354 

recordings in the ex vivo spinal cord and muscle preparations from WT, SMA and SMA mice 355 

treated with 4-AP. To assess NMJ function in vulnerable SMA muscles, we stimulated the L1 356 

ventral root in absence of the spinal cord and recorded the compound muscle action potential 357 

(CMAP) of the QL muscle as previously described (Fletcher et al., 2017; Simon et al., 2019). At 358 

end-stage, the CMAP of the QL in SMA mice was reduced by ~90% compared to WT mice (Fig. 359 

5A and 5B). Importantly, 4-AP injected SMA mice showed a significant increase of CMAP 360 

amplitude compared to uninjected SMA littermates (Fig. 5A and 5B).  361 
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To examine whether increased neuronal activity also improves proprioceptive synapses, 362 

we measured the monosynaptic ventral root response at end-stage by recording the ventral root 363 

following stimulation of the homonymous L1 dorsal root. 4-AP treatment of SMA mice resulted in 364 

a significant increase in the amplitude of the monosynaptic ventral root response, which is 365 

regulated by the sum of the number and function of proprioceptive synapses and motor neurons 366 

(Fig. 5C and 5D). To confirm that this increase does not only result from the increased number 367 

of proprioceptive synapses, but also from their synaptic neurotransmission onto motor neurons, 368 

we performed repetitive stimulation of proprioceptive synapses at high frequency (10Hz). While 369 

the percentage change in the ventral root amplitude following five consecutive stimuli of 10Hz 370 

decreased in WT proprioceptive synapses by 40%, untreated SMA proprioceptive synapses 371 

showed a depression of more than 70%, as reported previously (Simon et al., 2017; Simon et 372 

al., 2019). Notably, 4-AP chronic treatment improves synaptic depression in SMA mice to a level 373 

comparable to WT (Fig. 5E and 5F), leading to an overall increased excitatory synaptic drive. 374 

We have previously shown that excitatory synaptic drive controls expression of the potassium 375 

channel Kv2.1 in motor neurons, thereby shaping motor neuron function (Fletcher et al., 2017). 376 

Therefore, we investigated whether the 4-AP-induced improvement of excitatory drive in SMA 377 

influences the expression of Kv2.1. Strikingly, 4-AP normalizes Kv2.1 expression in SMA to WT 378 

levels (Fig. 5G and 5H).  379 

Taken together, these results indicate that an increase of neuronal activity improves 380 

neurotransmission of proprioceptive synapses and NMJs as well as motor neuron function in 381 

SMA mice.  382 

 383 

4-AP treatment and p53 inhibition have additive effects on SMA phenotype 384 

We demonstrated here that the increase of neuronal activity by 4-AP improves the 385 

number and function of proprioceptive and NMJ synapses but does not prevent motor neuron 386 

loss in SMA mice. The opposite effects were observed in one of our recent studies in which 387 
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inhibition of the p53 pathway by the small molecule pifithrin-α (PFT) rescued SMA motor 388 

neurons from death, while having minimal effects on the number and function of synapses 389 

(Simon et al., 2017). The complementary effects of 4-AP and PFT in the sensory-motor circuit 390 

suggest potential added benefit from combinatorial treatment. To test this hypothesis, we co-391 

injected daily 4-AP (BID, 1mg/kg) and PFT (2.2 mg/kg) in SMA mice starting at birth until death 392 

for phenotype analysis or P11 for functional and morphological experiments. In agreement with 393 

our previous report (Simon et al., 2017), chronic PFT treatment prevented death of L1 motor 394 

neurons in P11 SMA mice (Fig. 6A and 6B). Combinatorial PFT and 4-AP treatment improved 395 

motor neuron survival (Fig. 6A and 6B), central (Fig. 6C-E) and peripheral synaptic connectivity 396 

(Fig. 6F-G) as well as central synaptic transmission (Fig. 6H-I) and peripheral NMJ transmission 397 

(Fig. 6J-K), without adding any effects to the specific improvements achieved by treatment with 398 

each drug individually in SMA mice.  399 

Since the combinatorial 4-AP/PFT treatment rescued motor neurons (through PFT) and 400 

synaptic connections (through 4-AP), we wondered whether there might be an additive effect on 401 

functional output of the sensory-motor circuit and SMA phenotype. In striking contrast to 402 

treatment with either drug alone, 4-AP and PFT co-administration resulted in a full recovery of 403 

the monosynaptic ventral root response (Fig. 7A and 7B) at end-stage and enhanced 404 

improvement of motor function (Fig. 7C), without any significant changes in weight gain or the 405 

lifespan of SMA mice (Fig. 7.D-E).  406 

These results demonstrate that simultaneous pharmacological induction of neuronal 407 

activity and neuroprotection have additive beneficial effects on the sensory-motor circuit and 408 

motor behavior in SMA.  409 

 410 

 411 

Discussion  412 

 413 
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The hallmarks of neurological disorders are neuronal death, synaptic loss and altered neuronal 414 

activity of select groups of neurons. However, the interaction of these neurodegenerative events 415 

and their contribution to the disease progression are not fully understood. The molecular causes 416 

of neuronal death and synaptic loss are beginning to emerge and vary amongst neurological 417 

disorders (Baczyk et al., 2020; Chi et al., 2018; Gillingwater and Wishart, 2013; Kaplan et al., 418 

2014; Shorrock et al., 2019; Simon et al., 2019; Tisdale and Pellizzoni, 2015). Currently, FDA-419 

approved neuronal activity-modifying drugs are available to treat a subset of neurodegenerative 420 

diseases and to study activity-dependent mechanisms of neuronal death and synaptic loss 421 

(Blackburn-Munro et al., 2005; Hayes, 2004). Therefore, here we used 4-AP to investigate the 422 

effects of increased neuronal activity in a SMA mouse model which exhibits an overall reduction 423 

of excitatory drive (Fletcher et al., 2017; Mentis et al., 2011; Ruiz et al., 2010). 4-AP treatment 424 

improved motor behavior by increasing synaptic function and connectivity in the sensory-motor 425 

circuit in SMA mice. Notably, the combinatorial treatment of 4-AP together with the 426 

pharmacological inhibition of p53 resulted in an additive benefit for the recovery of sensory-427 

motor neurotransmission and motor function in SMA mice. Taken together, our study reveals 428 

that the sufficient increase of neuronal activity improves synaptic connections and may have 429 

beneficial effects for patients with SMA and other neurodegenerative diseases.  430 

Does network activity regulate neuronal death? The glutamatergic excitotoxicity model 431 

suggests that increased neuronal activity drives neuronal death by calcium influx following 432 

excessive excitatory synaptic input (Bading, 2017). However, there is mounting evidence in 433 

motor neuron diseases that selective degeneration of excitatory synapses leads to a reduction 434 

of excitation onto motor neurons (Baczyk et al., 2020; Fletcher et al., 2017; Seki et al., 2019). In 435 

addition, 4-AP-induced neuronal activity prevents death of human-derived ALS motor neurons 436 

(Naujock et al., 2016), contradicting the excitotoxicity model. Here, we demonstrate that 4-AP 437 

neither worsens nor improves motor neuron death, pointing to a complete uncoupling of 438 
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neuronal activity and death in SMA. This is in agreement with our previous findings in which 439 

elimination or restoration of excitatory synapses onto WT and SMA motor neurons, respectively, 440 

had no effect on their survival both in vitro and in vivo (Fletcher et al., 2017; Simon et al., 2016).  441 

This view is also consistent with the cell autonomous mechanisms of p53-mediated death of 442 

SMA motor neurons, which is driven by the selective convergence in vulnerable neurons of 443 

specific splicing changes induced by SMN deficiency (Simon et al., 2017; Simon et al., 2019; 444 

Van Alstyne et al., 2018). These observations together with our results, show a clear uncoupling 445 

of motor neuron death and neuronal activity in SMA.  446 

Although 4-AP has no effect on motor neuron survival, it significantly improves both the 447 

ability of remaining motor neurons to reinnervate skeletal muscles and the number of 448 

proprioceptive sensory synapses. Together with the previously reported resistance of 449 

proprioceptive neurons to cell death and reduced proprioceptive axonal arborization within the 450 

motor neuron pool of SMA mice (Mentis et al., 2011), our findings suggest that axonal sprouting 451 

of proprioceptive and motor axons likely act as a compensatory mechanism stimulated by 452 

neural activity. Intramuscular axonal sprouting is a well-established phenomenon that 453 

compensates functional loss in patients and mouse models with motor neuron diseases 454 

(Crawford and Pardo, 1996; Joyce and Carter, 2013; Querin et al., 2018; Suzuki et al., 2010).  455 

Patients and mouse models with a mild form of SMA exhibit sprouting synapses (Monani et al., 456 

2003; Murray et al., 2013; Querin et al., 2018; Simon et al., 2010), while severe SMA patients 457 

and mouse models with early onset exhibit no evidence of axonal sprouting (Cifuentes-Diaz et 458 

al., 2002; Crawford and Pardo, 1996), which is consistent with our present findings in untreated 459 

SMA mice. In agreement with a previous study (Kariya et al., 2008), we confirm that SMA mice 460 

do not display alterations of axonal pruning during natural occurring polysynaptic elimination 461 

compared to WT mice, suggesting a lack of disease-induced axonal plasticity in severe forms of 462 

SMA.  In contrast, 4-AP treatment in WT and SMA mice is sufficient to accelerate activity-463 

dependent polysynaptic elimination as reported previously (Sanes and Lichtman, 1999). Also, 464 
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we find that 4-AP-induced neuronal activity leads to sprouting in motor and proprioceptive axons 465 

selectively in SMA mice. Accordingly, neuronal activity induces outgrowth and reinnervation of 466 

motor axons and proprioceptive afferents after nerve and spinal cord injuries (Takeoka and 467 

Arber, 2019; Ward et al., 2016). Taken together, our results indicate that enhancing neuronal 468 

activity is sufficient to induce axonal sprouting within the sensory-motor circuit in severe forms of 469 

SMA. 470 

The molecular mechanisms of activity-induced sprouting are largely unknown and may 471 

differ for proprioceptive synapses and NMJs. Recent studies identified that the UBA1/GARS 472 

pathway (Shorrock et al., 2018), the classical complement system (Vukojicic et al., 2019) and 473 

the aberrant transmembrane protein Stasimon (Simon et al., 2019) cause proprioceptive 474 

synaptic loss, whereas the NMJ organizer Agrin is involved in denervation in SMA (Kim et al., 475 

2017). However, the observation that 4-AP treatment neither prevents proprioceptive synapse 476 

removal nor NMJ denervation during the first postnatal week, but leads to an active increase of 477 

synapses at later stages, may indicate an independent mechanism for activity-induced 478 

sprouting. Presynaptic blockade of neuromuscular activity reduces the capability of axonal 479 

sprouting in axotomized muscles and mild SMA mice (Murray et al., 2013; Tam and Gordon, 480 

2003), suggesting that synaptic neurotransmission plays a crucial role in sprouting mechanisms. 481 

4-AP improves presynaptic transmission by activity-dependent calcium influx (Hayes, 2004; 482 

Kasatkina, 2016), which are both impaired in SMA (Fletcher et al., 2017; Jablonka et al., 2007; 483 

Mentis et al., 2011; Ruiz et al., 2010). Accordingly, 4-AP improves calcium-dependent 484 

transmission of NMJs and proprioceptive synapses in our study, and fully corrects defects in 485 

motor output in two other animal models of SMA (Imlach et al., 2012; Pinter et al., 1997). Axonal 486 

sprouting requires spatio-temporal rearrangements of actin and microtubule cytoskeletons. 487 

Similar to the 4-AP effects in our study, overexpression of the calcium-dependent actin-bundling 488 

protein Plastin 3, a protective modifier of SMA families, increases the amount of filamentous 489 

actin in presynaptic terminals, the number of proprioceptive synapses and terminal arborization 490 



 

20 
 

at NMJs in SMA mice (Ackermann et al., 2013; Oprea et al., 2008). Furthermore, the 491 

microtubule stabilizing protein signal transducer and activator of transcription-3 (STAT3) is 492 

calcium-dependently translated in lesioned motor axons and increases collateral sprouting of 493 

sensory neurons and axon elongation in ALS mice following activation of ciliary neurotrophic 494 

factor (CNTF) (Bareyre et al., 2011; Ben-Yaakov et al., 2012; Selvaraj et al., 2012), which 495 

mediates sprouting in a mild SMA mouse model (Simon et al., 2010). Collectively, these findings 496 

suggest that neuronal activity acts on calcium-dependent mechanisms to remodel the 497 

cytoskeleton for axonal sprouting in neurodegeneration.  498 

In this study, 4-AP ameliorates the severe motor phenotype of SMA mice during the second 499 

postnatal week, which coincides with the increased number and function of synaptic contacts, 500 

suggesting that the enhanced sensory-motor circuit is responsible for the observed activity-501 

improved motor behavior. This is in agreement with previous findings in which exercise- or 502 

pharmacologically-induced enhancement of neuronal activity improves the phenotype of SMA 503 

and ALS mouse models (Biondi et al., 2008; Fletcher et al., 2017; Saxena et al., 2013), holding 504 

promise that 4-AP may be beneficial for patients with motor neuron diseases.  4-AP treatment 505 

(10mg BID) of 11 SMA type III adult patients over 6 weeks resulted in an improved H-reflex as a 506 

measurement of proprioceptive synaptic function and a trend towards increased functional 507 

motor abilities (Chiriboga et al., 2020). However, it did not reach significance likely due to ~five 508 

times lower dosage compared to our study and the short treatment duration. In agreement, 509 

SMN targeting therapy requires at least 3 months of treatment to improve motor function in SMA 510 

patients (De Vivo et al., 2019). Additionally, one year mean duration of 4-AP treatment in a case 511 

series resulted in improved quality of life of two ALS patients due to regain of facial motor 512 

function and decreased disease progression rate (Peikert et al., 2019), suggesting a beneficial 513 

long-term effect of 4-AP on muscle function in motor neuron diseases. We further demonstrate 514 

that a co-treatment of 4-AP with a p53 inhibitor that recues motor neurons has an additive effect 515 

on motor behavior and fully restores the spinal ventral root response in an SMN-independent 516 
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manner. In contrast, rescue of motor neurons has little effect on the life span of SMA mice, 517 

which is in agreement with previous reports (Fletcher et al, 2017, Martinez et al., 2012, Park et 518 

al., 2010, Simon et al., 2019). Possible reasons for contributing to the lifespan of SMA mice 519 

except motor neuron survival, have been reported to be due to the systemic pathology resulting 520 

from ubiquitous SMN deficiency in other vital organs (Shababi et al., 2014). Due to its role as 521 

tumor suppression, direct inhibition of p53 is not suitable in patients. However, we recently 522 

showed that p53-dependent motor neuron death in SMA mice is inhibited by MW150 (Simon et 523 

al., 2019) — a highly selective p38 MAPK inhibitor (Roy et al., 2015). Pursuit of 4-AP treatment 524 

combined with MW150 to enhance axonal sprouting and neuroprotection, respectively, might 525 

assist recently approved SMN-targeting therapies strategies as a new combinational approach 526 

for SMA patients. 527 

In conclusion, our study emphasizes the important contribution of decreased neuronal 528 

activity to SMA disease progression. Elevation of neuronal activity improves muscle function 529 

and motor behavior by increasing synaptic transmission and rewiring synaptic connections in 530 

the sensory-motor circuit and possibly in other dysfunctional networks during 531 

neurodegeneration. 532 

 533 
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Figure Legends 825 

 826 

Figure 1. 4-AP increases motor neuron activity and SMA motor function in vivo. 827 

(A) Action potential of a P4 WT motor neuron before and after 4-AP (100μM) exposure to an ex 828 

vivo spinal cord preparation. Scale bar = 20mV, 10ms. 829 

(B) Quantification of half width and repolarization time of P4 WT motor neurons before and after 830 

4-AP exposure ex vivo. (Half width in ms: Before 4-AP = 2.03 ± 0.29, After 4-AP = 3.53 ± 0.37, n 831 

= 3 motor neurons (MNs) from 3 spinal cords, p = 0.033, two-tailed t-test; Repol. Time in ms: 832 

Before 4-AP = 3.40 ± 0.57, After 4-AP = 18.67 ± 2.04, n = 3 MNs from 3 spinal cords, p = 0.002, 833 

two-tailed t-test). 834 

(C) Spontaneous firing of P4 WT motor neurons at resting potential before and after 4-AP 835 

treatment. Scale bar = 20mV, 200ms.  836 

(D) Quantification of resting potential (RP) and spontaneous firing frequency (FF) at RP of P4 837 

WT motor neurons before and after 4-AP treatment. (RP in mV: Before 4-AP = -55 ± 0.58, After 838 

4-AP = -35.67 ± 2.19, n = 3 MNs from 3 spinal cords, p = 0.001, two-tailed t-test; FF in Hz: 839 

Before 4-AP = 0 ± 0, After 4-AP = 10.67 ± 2.19, n = 3 MNs from 3 spinal cords, p = 0.008, two-840 

tailed t-test). 841 

(E, F) Immunostaining of ChAT+ motor neurons (green) and c-Fos as neuronal activity marker 842 

(magenta) in L1 spinal cord (E) and DRG (F) sections of P4 WT ex vivo spinal cord preparation  843 

without and with 2h 4-AP (100μM) exposure. Scale bar for spinal cord = 30μm, scale bar for 844 

DRG = 100μm.  845 
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(G) Immunostaining of ChAT+ motor neurons (green) and c-Fos as neuronal activity marker 846 

(magenta) in L1 spinal cord sections from WT and SMA mice without and with acute 4-AP IP 847 

injections (WT, WT+4-AP, SMA and SMA+4-AP) at P11. Scale bar = 25μm. 848 

(H) Percentage of c-Fos+ motor neurons from the same groups as in (G). (WT (3) = 7.88 ± 5.03 849 

WT+4-AP (4) = 45.12 ± 7.63, SMA (3) = 14.44 ± 4.87, SMA+4-AP (3) = 44.25 ± 2.88, p for WT 850 

vs. WT+4-AP = 0.006, p for WT vs. SMA+4-AP = 0.011, p for WT+4-AP vs. SMA p = 0.020, p 851 

for SMA vs SMA+4-AP = 0.033, one-way ANOVA with Tukey’s correction. Number of mice is 852 

reported in parentheses). 853 

(I) Immunostaining of PV+ proprioceptive neurons (green) and c-Fos (magenta) in L1 DRG 854 

sections from P11 SMA and SMA+4-AP mice. Scale bar = 20μm. 855 

(J) Western blot analysis of SMN and tubulin (loading control) protein levels in the spinal cord of 856 

WT, SMA and SMA+4-AP at P11. 857 

(K-M) Righting time (K), body weight (L) and Kaplan-Meyer analysis of survival (M) from the 858 

same groups as in (G) with chronic 4-AP treatment. (Number of mice for WT = 7, WT+4-AP = 859 

11, SMA = 12, SMA+4-AP = 18; Righting time: SMA n = 12 (P7), 11 (P8), 9 (P11), 6 (P12), 3 860 

(P13), 1 (P14);  SMA+4-AP n = 18 (P10), 12 (P11), 7 (P12), 6, (P13), 5 (P14), 4 (P15), 3 (P16);  861 

p for SMA vs SMA+4-AP indicate with asterisks at P12 = 0.002 and P13 = 0.036; Body weight: 862 

p for SMA vs SMA+4-AP indicate with asterisk at P5 = 0.034, P6 = 0.024, P7 = 0.019, P8 = 863 

0.049 and P12 = 0.049, multiple t-test with Holm-Sidak method; Kaplan-Meyer analysis: p for 864 

SMA vs SMA+4-AP = 0.014 indicated with asterisk, Mantel-Cox test).   865 

Data are presented as mean ± SEM. Asterisks on top of bars without a horizontal line indicate 866 

the significance compared to the WT group. * = p < 0.05; ** = p < 0.01; *** = p < 0.001. 867 

 868 

 869 

Figure 2. Increased neuronal activity does not prevent motor neuron death.  870 
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(A) Immunostaining of ChAT+ motor neurons (green) in L1 spinal cord sections from WT, SMA 871 

and SMA+4-AP mice with chronic IP injections at P11. Scale bar = 100μm. 872 

(B) Quantification of L1 motor neuron counts of the same groups as in (A) at P1, P6 and P11. 873 

(P1: WT (3) = 313 ± 16.09, SMA (3) = 278 ± 11.27, p = 0.149, two-tailed t-test; P6: WT (3) = 874 

314.7 ± 7.31, SMA (5) = 202.6 ± 10.84, SMA+4-AP (3) = 195.7 ± 8.99, p for WT vs. SMA = 875 

0.0001, p for WT vs. SMA+4-AP = 0.0002, one-way ANOVA with Tukey’s correction; P11: WT 876 

(4) = 314 ± 16.2, SMA (4) = 129.5 ± 17.81, SMA+4-AP (6) = 141.7 ± 10.78, p for WT vs. SMA < 877 

0.0001, p for WT vs. SMA+4-AP < 0.0001, one-way ANOVA with Tukey’s correction. Number of 878 

mice is reported in parentheses). 879 

(C) Immunostaining of ChAT+ motor neurons (green) in L2 spinal cord sections from the same 880 

groups as in (A) at P11. Scale bar = 100μm.  881 

(D) Quantification of L2 motor neuron counts of the same groups as in (A) at P11. (WT (4) = 332 882 

± 6.22, SMA (4) = 263.9 ± 17.69, SMA+4-AP (3) = 264.2 ± 10.31, p for WT vs. SMA = 0.0107, p 883 

for WT vs. SMA+4-AP = 0.0164, one-way ANOVA with Tukey’s correction. Number of mice is 884 

reported in parentheses). 885 

(E) Immunostaining of ChAT+ motor neurons (green) and p53 or p-p53S18 (magenta) of L1 886 

spinal cords from the same groups as in (A) at P11. Scale bar = 50μm. 887 

(F, G) Percentage of p53+ L1 motor neurons (F) and p-p53S18+ L1 motor neurons (G) in the 888 

same groups as in (A). (p53: WT (3) = 0 ± 0, SMA (3) = 64.60 ± 3.86, SMA+4-AP (3) = 65.4 ± 889 

3.85, p for WT vs. SMA < 0.0001, p for WT vs. SMA+4-AP < 0.0001; p-p53: WT (3) = 0 ± 0, 890 

SMA (3) = 24.76 ± 4.46, SMA+4-AP (3) = 21.93 ± 6.78, p for WT vs. SMA = 0.0167, p for WT 891 

vs. SMA+4-AP = 0.0388, one-way ANOVA with Tukey’s correction. Number of mice is reported 892 

in parentheses). 893 

Data are presented as mean ± SEM. Asterisks on top of bars without a horizontal line indicate 894 

the significance compared to the WT group. * = p < 0.05; ** = p < 0.01; *** = p < 0.001.  895 

 896 
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Figure 3. 4-AP restores synaptic connections via sprouting in the SMA sensory-motor 897 

circuit.  898 

(A) Immunostaining of VGluT1+ synapses (magenta) on ChAT+ motor neuron (blue) somata 899 

(upper panel) and proximal dendrites (lower panel) in L1 spinal cord sections from WT, SMA 900 

and SMA+4-AP mice at P11. Upper panel scale bar = 20μm, lower panel scale bar = 10μm.  901 

(B) Number of VGluT1+ synapses on the somata of L1 motor neurons from the same groups as 902 

(A) at P1, P6 and P11. (P1: WT (10) = 8.7 ± 0.68, SMA (10) = 8.1 ± 0.92, p = 0.6082, two-tailed 903 

t-test; P6: WT (12) = 21.25 ± 0.90, SMA (10) = 10.4 ± 1.03, SMA+4-AP (16) = 11.56 ± 1.19, p 904 

for WT vs. SMA < 0.0001, p for WT vs. SMA+4-AP < 0.0001, one-way ANOVA with Tukey’s 905 

correction; P11: WT (14) = 32.71 ± 1.66, SMA (14) = 10.71 ± 0.96, SMA+4-AP (15) = 18.8 ± 906 

1.45, p for WT vs. SMA < 0.0001, p for WT vs. SMA+4-AP < 0.0001, p for SMA vs SMA+4-AP = 907 

0.0005, one-way ANOVA with Tukey’s correction. Number of motor neurons from 3 mice is 908 

reported in parentheses). 909 

(C) Number of VGluT1+ synapses on the proximal dendrites (0-50μm from soma) of L1 ChAT+ 910 

motor neurons from the same groups as (A) at P11. WT (12) = 0.253 ± 0.019, SMA (16) = 0.123 911 

± 0.011, SMA+4-AP (10) = 0.176 ± 0.012, p for WT vs. SMA < 0.0001, p for WT vs. SMA+4-AP 912 

= 0.003, p for SMA vs SMA+4-AP = 0.035, one-way ANOVA with Tukey’s correction. Number of 913 

motor neurons from 3 mice is reported in parentheses). 914 

(D) NMJ staining with bungarotoxin (BTX, red), synaptophysin (Syn, green), and neurofilament 915 

(NF, blue) of QL muscles from the same groups as in (A) at P11. Scale bar = 30μm 916 

(E) Quantification of denervated NMJs in the QL muscle of the same groups as in (A) at P1, P6 917 

and P11. (P1: WT (3) = 0 ± 0, SMA (4) = 9.06 ± 0.93, p = 0.0004, two-tailed t-test; P6: WT (3) = 918 

0.49 ± 0.49, SMA (3) = 38.21 ± 8.05, SMA+4-AP (3) = 39.69 ± 8.05, p for WT vs. SMA = 0.0056, 919 

p for WT vs. SMA+4-AP = 0.0047, one-way ANOVA with Tukey’s correction; P11: WT (3) = 0.32 920 

± 0.32, SMA (4) = 49.96 ± 1.47, SMA+4-AP (6) = 24.03 ± 5.02, p for WT vs. SMA < 0.0001, p 921 

for WT vs. SMA+4-AP =0.0090, p for SMA vs SMA+4-AP = 0.0028, one-way ANOVA with 922 
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Tukey’s correction. Number of mice is reported in parentheses, >200 NMJs were analyzed per 923 

animal). 924 

(F) High magnification of axons innervating a single NMJ of the QL muscle visualized with 925 

neurofilament (NF, green) and (BTX, red) from the same groups as in (A) at P11. Scale bar = 926 

5μm.  927 

(G) Proportion of axons innervating a single NMJ in the QL muscle from WT, WT+4-AP, SMA 928 

and SMA+4-AP mice at P6 and P11. (P6 one axon innervating a single NMJ: WT = 13.1 ± 2.96, 929 

SMA = 21.15 ± 9.68, WT+4-AP = 81.12 ± 3.28, SMA+4-AP = 89.28 ± 1.47, p for WT vs. WT+4-930 

AP < 0.0001, p for WT vs. SMA+4-AP < 0.0001; p for SMA vs WT+4AP = 0.0002, p for SMA vs 931 

SMA+4-AP < 0.0001, one-way ANOVA with Tukey’s correction; P6 two axons innervating a 932 

single NMJ: WT = 48.76 ± 11.73, SMA = 54.62 ± 0.38, WT+4-AP = 17.78 ± 2.50, SMA+4-AP = 933 

7.42 ± 0.95, p for WT vs WT+4-AP = 0.0273, p for WT vs SMA+4-AP = 0.0055, p for SMA vs 934 

SMA+4-AP = 0.0108, p for SMA vs SMA+4-AP = 0.0024, one-way ANOVA with Tukey’s 935 

correction. >40 NMJs per animal were analyzed and the mean was formed. 3 mice of each 936 

group were analyzed). 937 

(H) High magnification of sprouting events at the NMJs of the QL muscle visualized with 938 

neurofilament (NF, green) and (BTX, red) from the same groups as in (A) at P11. White dashed 939 

circles mark single NMJs. Arrow indicates a single motor axon. Scale bar = 10μm.  940 

(I) Proportion of NMJ innervating terminal branches of a single axon in the QL from the same 941 

groups as in (G) at P6 and P11. (P11 one terminal axon branch: WT = 92.53 ± 2.47, SMA = 942 

89.78 ± 3.27, WT+4-AP = 85.95 ± 0.33, SMA+4-AP = 52.05 ± 4.13, p for WT vs. SMA+4-AP < 943 

0.0001, p for SMA vs. SMA+4-AP < 0.0001; p for SMA+4-AP vs WT+4AP = 0.0002, one-way 944 

ANOVA with Tukey’s correction; P11 two terminal axon branches: WT = 5.51 ± 1.22, SMA = 945 

8.94 ± 2.39, WT+4-AP = 14.05 ± 0.33, SMA+4-AP = 40.13 ± 3.72, p for WT vs SMA-4-AP 946 

<0.0001, p for SMA vs SMA+4-AP <0.0001, p for WT+4-AP vs SMA+4-AP = 0.0002, one-way 947 
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ANOVA with Tukey’s correction. >40 NMJs per animal were analyzed and the mean was 948 

formed. 3 mice of each group were analyzed). 949 

Data are presented as mean ± SEM. Asterisks on top of bars without a horizontal line indicate 950 

the significance compared to the WT group. * = p < 0.05; ** = p < 0.01; *** = p < 0.001.  951 

 952 

Figure 4. 4-AP-induced synaptic connectivity requires a more mature neuronal network.  953 

(A) NMJ staining with bungarotoxin (BTX, red), synaptophysin (Syn, green), and neurofilament 954 

(NF, blue) in QL muscles from P11 SMA mice and SMA mice with 4-AP injections started at 955 

birth until P11 (Inj. P0-P11) or at P5 until P11 (Inj. P5-P11). Scale bar = 20μm. 956 

(B) Quantification of denervated NMJs in percent of the QL muscle of P11 WT, WT+4-AP, SMA, 957 

SMA+4-AP inj. P0-P11 and SMA+4-AP inj. P5-P11. (WT (3) = 0.32 ± 0.32, WT+4-AP (3) = 1.15 958 

± 0.83, SMA (4) = 49.96 ± 1.47, SMA+4-AP P0-P11 (6) = 24.03 ± 5.02, SMA+4-AP (3) P5-P11 = 959 

27.91 ± 4.19, p for WT vs SMA <0.0001, p for WT vs SMA+4-AP P0-P11 = 0.0067, p for WT vs 960 

SMA+4-AP P5-P11 = 0.0063, p for SMA vs SMA+4-AP P0-P11 = 0.0014, p for SMA vs SMA+4-961 

AP P5-P11 = 0.0198, one-way ANOVA with Tukey’s correction. Number of mice is reported in 962 

parentheses, >200 NMJs were analyzed per animal). 963 

(C) Immunostaining of VGluT1+ synapses (magenta) and ChAT+ motor neurons (blue) in L1 964 

spinal cord sections from the same groups as in (A) Scale bar = 10μm.  965 

(D) Number of VGluT1+ synapses on the somata and proximal dendrites (0-50 μm from the 966 

soma) of L1 motor neurons from the same groups as (B) at P11. (Soma: WT (14) = 32.71 ± 967 

1.66, WT+4-AP (10) = 32.1 ± 2.05, SMA (14) = 10.71 ± 0.96, SMA+4-AP P0-P11 (15) = 18.8 ± 968 

1.45, SMA+4-AP (10) P5-P11 = 17.3 ± 1.61, p for WT vs SMA+4-AP P0-P11 and P5-P11 969 

<0.0001, p for WT vs SMA <0.0001, p for SMA vs SMA+4-AP P0-P11 = 0.0018, p for SMA vs 970 

SMA+4-AP P5-P11 = 0.0325, one-way ANOVA with Tukey’s correction; Dendrites: WT (12) = 971 

0.253 ± 0.019, WT+4-AP (6) = 0.2 ± 0.013, SMA (16) = 0.1229 ± 0.010, SMA+4-AP P0-P11 (9) 972 

= 0.181 ± 0.012, SMA+4-AP (6) P5-P11 = 0.208 ± 0.0201, p for WT vs SMA+4-AP P0-P11 = 973 
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0.0144, p for WT vs SMA < 0.0001, p for SMA vs SMA+4-AP P0-P11 = 0.0444, p for SMA vs 974 

SMA+4-AP P5-P11 = 0.0055, one-way ANOVA with Tukey’s correction. Number of motor 975 

neurons from 3 mice is reported in parentheses). 976 

Data are presented as mean ± SEM. Asterisks on top of bars without a horizontal line indicate 977 

the significance compared to the WT group. * = p < 0.05; ** = p < 0.01; *** = p < 0.001. 978 

 979 

Figure 5. 4-AP improves synaptic function of sensory-motor circuit in SMA mice. 980 

(A) CMAP recordings from the QL muscle following L1 ventral root stimulation from WT, SMA 981 

and SMA+4-AP mice at P11. Arrows indicate maximum amplitude. Scale bars = 0.5mV, 3ms. 982 

(B) Quantification of CMAP amplitudes recorded from the QL muscle in the same groups as in 983 

(A). (CMAP in mV: WT (6) = 1.52 ± 0.16, SMA (6) = 0.05 ± 0.01, SMA+4-AP (6) = 0.45 ± 0.02, p 984 

for WT vs. SMA < 0.0001, p for WT vs. SMA+4-AP <0.0001, p for SMA vs SMA+4-AP = 0.0228, 985 

one-way ANOVA with Tukey’s correction. Number of mice is reported in parentheses). 986 

(C) Representative traces of extracellular recordings from L1 ventral root (VR) following L1 987 

dorsal root (DR) stimulation from the same groups as in (A). Shaded area marks the 988 

monosynaptic response. Arrowheads indicate the stimulus artifact. Scale bars = 0.2mV, 5ms. 989 

(D) Quantification of spinal ventral root amplitudes recorded from the same groups as in (A) at 990 

P11. (Amplitude in mV: WT (5) = 1.15 ± 0.05, SMA (6) = 0.15 ± 0.04, SMA+4-AP (7) = 0.45 ± 991 

0.10, p for WT vs. SMA < 0.0001, p for WT vs. SMA+4-AP <0.0001, p for SMA vs SMA+4-AP = 992 

0.0458, one-way ANOVA with Tukey’s correction. Number of mice is reported in parentheses). 993 

(E) Representative traces of the first (black) and fifth (red) VR responses recorded at P11 994 

following stimulation of the homonymous L1 DR at 10Hz from the same groups as in (A). Scale 995 

bars = 0.2mV and 10ms, inset scale bars = 0.1mV, 5ms. 996 

(F) Quantification of amplitude changes in percent of the monosynaptic ventral root response 997 

following 10Hz stimulation from the same groups as in (A). (Number of mice for WT = 7, SMA = 998 
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6, SMA+4-AP = 6, p for SMA vs SMA+4-AP at stimulus 5 = 0.0204, multiple t-test with Holm-999 

Sidak method). 1000 

(G) Single optical plane confocal images of L1 ChAT+ motor neurons (blue) expressing Kv2.1 1001 

channels (yellow) from the same groups as in (A) at P11. 1002 

(H) Percentage of somatic coverage of Kv2.1 expression in motor neurons for the same 1003 

experimental groups shown in (A). (WT (16) = 76.83 ± 3.38, SMA (23) = 52.4 ± 3.49, SMA+4-AP 1004 

(21) = 66.77 ± 3.64, p for WT vs. SMA < 0.0001, p for SMA vs SMA+4-AP = 0.0113, one-way 1005 

ANOVA with Tukey’s correction. Number of motor neurons from 3 mice is reported in 1006 

parentheses). 1007 

Data are presented as mean ± SEM. Asterisks on top of bars without a horizontal line indicate 1008 

the significance compared to the WT group. * = p < 0.05; ** = p < 0.01; *** = p < 0.001. 1009 

 1010 

Figure 6. Pharmacological p53 inhibition and 4-AP treatment show complementary 1011 

effects on the sensory-motor circuit in SMA. 1012 

(A) Immunostaining of ChAT+ motor neurons (green) in L1 spinal cord sections from SMA, 1013 

SMA+4-AP, SMA+PFT and SMA+4-AP/PFT mice at P11. Scale bar = 100μm. 1014 

(B) Quantification of L1 motor neuron counts from WT, SMA, SMA+4-AP, SMA+PFT and 1015 

SMA+4-AP/PFT mice at P11. (WT (5) = 282.2 ± 15.6, SMA (4) = 129.5 ± 17.81, SMA+4-AP (6) 1016 

= 141.7 ± 10.78, SMA+PFT (5) = 234 ± 10.71, SMA+4-AP/PFT (4) = 219 ± 21.6, p for WT vs. 1017 

SMA and SMA+4-AP < 0.0001, p for SMA vs SMA+PFT = 0.0010, p for SMA vs SMA+4-1018 

AP/PFT = 0.0076,  p for SMA+PFT vs SMA+4-AP = 0.0013, p for SMA+4-AP vs SMA+4-1019 

AP/PFT = 0.0119, one-way ANOVA with Tukey’s correction. Number of mice is reported in 1020 

parentheses). 1021 

(C) Immunostaining of VGluT1+ synapses (magenta) and ChAT+ motor neuron (blue) somata 1022 

(upper panel) and proximal dendrites (lower panel) in L1 spinal cord sections of the same 1023 

groups as in (A) at P11. Upper panel scale bar = 20μm, lower panel scale bar = 10μm.  1024 
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(D, E) Number of VGluT1+ synapses on the somata (D) and proximal dendrites (E) of L1 motor 1025 

neurons from the same groups as (B) at P11. (Soma: WT (14) = 32.71 ± 1.66, SMA (14) = 10.71 1026 

± 0.96, SMA+4-AP (15) = 18.8 ± 1.45, SMA+PFT (18) = 8.55 ± 0.95, SMA+4-AP/PFT (13) = 1027 

17.08 ± 1.72, p for WT vs all other groups <0.0001, p for SMA vs SMA+4-AP = 0.0007, p for 1028 

SMA vs SMA+4-AP/PFT = 0.0176, p for SMA+PFT vs SMA+4-AP < 0.0001, p for SMA+PFT vs 1029 

SMA+4-AP/PFT = 0.0002, one-way ANOVA with Tukey’s correction; Dendrites: WT (12) = 0.253 1030 

± 0.019, SMA (16) = 0.1229 ± 0.010, SMA+4-AP (10) = 0.1758 ± 0.012, SMA+PFT (13) = 1031 

0.1047 ± 0.0167, SMA+4-AP/PFT = 0.1828 ± 0.0166, p for WT vs SMA and SMA+PFT < 1032 

0.0001, p for WT vs SMA+4-AP = 0.0127, p for WT vs SMA+4-AP/PFT = 0.0195, p for SMA vs 1033 

SMA+4-AP/PFT = 0.0400, p for SMA+PFT vs SMA+4-AP = 0.0221, p for SMA+PFT vs SMA+4-1034 

AP/PFT = 0.0056, one-way ANOVA with Tukey’s correction. Number of motor neurons from 3 1035 

mice is reported in parentheses). 1036 

(F) NMJ staining with bungarotoxin (BTX, red), synaptophysin (Syn, green), and neurofilament 1037 

(NF, blue) of QL muscles from the same groups as in (A) at P11. Scale bar = 20μm 1038 

(G) Proportion of denervated NMJs in percent in the QL muscle of the same groups as in (B) at 1039 

P11. (WT (3) = 0.32 ± 0.32, SMA (4) = 49.96 ± 1.47, SMA+4-AP (6) = 24.03 ± 5.02, SMA+PFT 1040 

(4) = 39.07 ± 2.79, SMA+4-AP/PFT (3) = 25.89 ± 1.17, p for WT vs. SMA and SMA+PFT < 1041 

0.0001, p for WT vs. SMA+4-AP = 0.0043, p for WT vs SMA+4-AP/PFT = 0.0075, p for SMA vs 1042 

SMA+4-AP = 0.0008, p for SMA vs SMA+4AP/PFT = 0.0071, vs one-way ANOVA with Tukey’s 1043 

correction. Number of mice is reported in parentheses, >200 NMJs were analyzed per animal). 1044 

(H) Representative traces of the first (black) and fifth (red) VR responses recorded at P11 1045 

following stimulation of the homonymous L1 DR at 10Hz from the same groups as in (A). Scale 1046 

bars = 0.2mV and 10ms, inset scale bars = 0.1mV, 5ms. 1047 

(I) Quantification of amplitude changes in percent of the monosynaptic ventral root response 1048 

following 10 Hz stimulation from the same groups as in (B). (Number of mice for WT = 5, SMA = 1049 
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5, SMA+4-AP = 5, SMA+PFT = 5, SMA+4-AP/PFT = 5, p for SMA vs SMA+4-AP/PFT at 1050 

stimulus 4 = 0.0237 and 5 = 0.0487, multiple t-test with Holm-Sidak method). 1051 

(J) CMAP recordings from the QL muscle following L1 ventral root stimulation from the same 1052 

groups as in (A) at P11. Arrows indicate maximum amplitude. Scale bars = 0.2mV, 3ms. 1053 

(K) Quantification of CMAP amplitudes in mV recorded from the QL muscle in the same groups 1054 

as in (B) at P11. (CMAP in mV: WT (6) = 1.52 ± 0.16, SMA (6) = 0.08 ± 0.02, SMA+4-AP (6) = 1055 

0.45 ± 0.02, SMA+PFT (9) = 0.76 ± 0.15, SMA+4-AP/PFT (3) = 0.76 ± 0.18, p for WT vs. SMA 1056 

and SMA+4-AP < 0.0001, p for WT vs  SMA+PFT = 0.0016, p for WT vs SMA+4-AP/PFT = 1057 

0.0225, p for SMA vs SMA+PFT = 0.0043, p for SMA vs SMA+4-AP/PFT = 0.0499, one-way 1058 

ANOVA with Tukey’s correction. Number of mice is reported in parentheses). 1059 

Data are presented as mean ± SEM. Asterisks on top of bars without a horizontal line indicate 1060 

the significance compared to the WT group. * = p < 0.05; ** = p < 0.01; *** = p < 0.001.  1061 

 1062 

Figure 7. Combinatorial inhibition of motor neuron death and 4-AP treatment fully 1063 

restores the sensory-motor circuit in SMA. 1064 

(A) Representative traces of extracellular recordings from L1 ventral root (VR) following L1 1065 

dorsal root (DR) stimulation from SMA, SMA+4-AP, SMA+PFT and SMA+4-AP/PFT mice. 1066 

Shaded area marks the monosynaptic response. Arrowheads indicate the stimulus artifact. 1067 

Scale bars = 0.2mV, 10ms. 1068 

(B) Quantification of spinal ventral root amplitudes in mV recorded from WT, SMA, SMA+4-AP, 1069 

SMA+PFT and SMA+4-AP/PFT mice at P11. (Amplitudes in mV: WT (6) = 1.17 ± 0.05, SMA (7) 1070 

= 0.16 ± 0.04, SMA+4-AP (7) = 0.45 ± 0.10, SMA+PFT (9) = 0.26 ± 0.04, SMA+4-AP/PFT (5) = 1071 

1.03 ± 0.11; p for WT vs. SMA, p for SMA+4-AP and SMA+PFT < 0.0001, p for SMA vs SMA+4-1072 

AP = 0.0426, p for SMA+4-AP/PFT vs SMA, p for SMA+4-AP and SMA+PFT < 0.0001,  one-1073 

way ANOVA with Tukey’s correction. Number of mice is reported in parentheses). 1074 
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(C-E) Righting time (C), body weight (D) and Kaplan-Meyer analysis of survival (E) from the 1075 

same groups as in (B). (Number of mice for SMA+PFT = 18, SMA+4AP/PFT = 14, for other 1076 

groups please see legend of Fig.1K-M.  Righting time: SMA+PFT n = 18 (P10), 16 (P11), 5 1077 

(P12), 4 (P13), 3 (P13), 1 (P15); SMA+4-AP/PFT n = 14 (P7), 13 (P8), 12 (P10), 6 (P11), 4 1078 

(P13), 3 (P15), 2 (P16);  p for SMA+4-AP vs SMA+4-AP/PFT indicated with asterisks at P4 = 1079 

0.0038, P5 <0.0001, P6 = 0.0121, P7 < 0.0001, P9 = 0.0072, P10 = 0.0058, P11 = 0.0144; 1080 

Body weight: p for SMA vs SMA+4-AP/PFT indicated with asterisks at P8 = 0.0494, P10 = 1081 

0.0814, P11 = 0.0065, P12 = 0.0143 and P13 = 0.0097, multiple t-test with Holm-Sidak method; 1082 

Kaplan-Meyer analysis: p for SMA vs SMA+4-AP indicated with asterisks = 0.014, p for SMA vs 1083 

SMA+4-AP/PFT = 0.044, Mantel-Cox test).   1084 

Data are presented as mean ± SEM. Asterisks on top of bars without a horizontal line indicate 1085 

the significance compared to the WT group. * = p < 0.05; ** = p < 0.01; *** = p < 0.001. 1086 

 1087 
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Name Company Cat # Host Application Dilution 
SMN clone 8 BD Transd. Lab 610646 Mouse WB 1:10,000 
Tubulin DM1A Sigma T9026 Mouse WB 1:50,000 
p53 Leica Novocastra NCL-p53-CM5p Rabbit IF 1:1,000 
p-p53S15 Cell Signaling 9284 (Lots: 12,15) Rabbit IF 1:200 
VGluT1 Synaptic Systems 135 304 Guinea pig IF 1:5,000 
VGluT1 Covance (custom made) N/A Guinea pig IF 1:5,000 
Synaptophysin Synaptic Systems 101-004 Guinea pig IF 1:500 
Neurofilament Millipore AB1987 Rabbit IF 1:500 
c-Fos Abcam AB190289 Rabbit IF 1:20,000 
ChAT Millipore AB144P Goat IF 1:100 
Bungarotoxin Invitrogen B35451 N/A IF 1:500 
Kv2.1 Neuromab K89/34 concent. Mouse IF 1:500 
Parvalbumin Synaptic Systems 195 004 Guinea pig IF 1:5,000 
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