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Abstract  24 

Amyotrophic Lateral Sclerosis (ALS) is a devastating motoneuron disease without effective 25 

cure currently available. Death of motoneurons (MNs) in ALS is preceded by failure of 26 

neuromuscular junctions and axonal retraction. Neuregulin 1 (NRG1) is a neurotrophic factor 27 

highly expressed in MNs and neuromuscular junctions that supports axonal and neuromuscular 28 

development and maintenance. NRG1 and its ErbB receptors are involved in ALS. Reduced 29 

NRG1 expression has been found in ALS patients and in the ALS SOD1G93A mouse model, 30 

however the expression of the isoforms of NRG1 and its receptors is still controversial. Due to 31 

the reduced levels of NRG1 Type III (NRG1-III) in the spinal cord of ALS patients, we used 32 

gene therapy based on intrathecal administration of adeno-associated virus to overexpress 33 

NRG1-III in SOD1G93A mice. The mice were evaluated from 9 to 16 weeks of age by 34 

electrophysiology and rotarod tests. At 16 weeks samples were harvested for histological and 35 

molecular analyses. Our results indicate that overexpression of NRG1-III is able to preserve 36 

neuromuscular function of the hindlimbs, improve locomotor performance, increase the number 37 

of surviving MNs, and reduce glial reactivity in the treated female SOD1G93A mice. 38 

Furthermore, the NRG1-III/ErbB4 axis appears to regulate MN excitability by modulating the 39 

chloride transporter KCC2 and reduces the expression of the MN-vulnerability marker MMP-40 

9. However, NRG1-III did not have a significant effect on male mice, indicating relevant sex 41 

differences. These findings indicate that increasing NRG1-III at the spinal cord is a promising 42 

approach for promoting MN protection and functional improvement in ALS. 43 
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Introduction 48 

Amyotrophic Lateral Sclerosis (ALS) is an adult-onset motoneuron degenerative disease, 49 

characterized by progressive paralysis of skeletal muscles [1]. Around 10% of the cases are 50 

inherited, caused by mutations in several genes, the most prevalent mutations involving 51 

superoxide dismutase 1 (SOD1), TAR-DNA binding protein (TDP-43) and the hexanucleotide 52 

repeat expansions in chromosome 9 open reading frame 72 (C9ORF72) [2-6]. The 53 

pathophysiological mechanisms underlying the development of ALS are multifactorial [7,8], 54 

but the precise molecular mechanism that specifically affects the motoneuron (MN) to cause its 55 

death is still to be elucidated. Several animal models carrying ALS-related mutations have been 56 

developed during the last decades; the most widely used ALS model is a transgenic mouse over-57 

expressing the human mutated form of the SOD1 gene with a glycine to alanine conversion at 58 

the 93rd amino acid (SOD1G93A) [9,10], which recapitulates the most relevant clinical and 59 

pathological features of both familial and sporadic ALS [10,11]. Alterations in SOD1 protein 60 

have been also found in sporadic ALS patients [12], and accumulation of wild-type SOD1 was 61 

reported to produce ALS in mice [13].  62 

Nowadays, no effective cure exists for ALS. One of the promising therapeutic approaches for 63 

ALS is gene therapy, since it permits to specifically deliver one-time treatments to cells such 64 

as MNs, avoiding non-specific effects [14]. Particularly, adeno-associated vectors (AAV) are 65 

one of the most used gene therapy vectors for human clinical applications due to their 66 

advantages over other viruses [15].  67 

Neuregulin 1 (NRG1) is a widely expressed protein of the epidermal growth factor (EGF) 68 

family, involved in several biological functions directed to maintain the nervous system 69 

homeostasis [16,20].  NRG1 promotes survival of terminal Schwann cells after denervation and 70 

the axonal sprouting required for new neuromuscular junction (NMJ) formation [21,22]. The 71 

diversity of the amino-terminal sequences of NRG1 and the alternative splicing processes result 72 
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in six major isoforms, NRG1 type I-VI [23,24].  NRG1-III expression is reduced in the spinal 73 

cord of both ALS patients and SOD1G93A mice. However, some controversy exists about the 74 

levels of NRG1-I in the spinal cord of SOD1G93A mice [25,26]. Importantly, loss-of-function 75 

mutations of NRG1 receptor ErbB4 cause a form of late-onset, autosomal-dominant ALS in 76 

human patients [27]. Furthermore, we recently reported that ErbB4 ectodomain fragments were 77 

reduced in cerebrospinal fluid and plasma of ALS patients, indicating an impairment of the 78 

NRG1-ErbB signaling [28]. Also, in SOD1G93A mice and in ALS patients, spinal cord 79 

microglial cells express the activated form of ErbB2 receptor and there are enhanced levels of 80 

NRG1 in microglial cells [26]. Therefore, more evidence is needed to define the role of NRG1 81 

and ErbB receptors in the MN and non-neuronal cells of the spinal cord in MN degeneration. 82 

Here, we investigated the distribution of NRG1 and ErbB4 receptor in the spinal cord of ALS 83 

patients and SOD1G93A mice. Furthermore, we overexpressed NRG1-III by gene therapy to test 84 

its effect on motor function and spinal MN preservation in the SOD1G93A ALS mouse. The 85 

results showed that viral-mediated delivery of NRG1-III promotes motor function improvement 86 

of the hindlimb muscles and increases MN survival suggesting that the modulation of the 87 

NRG1-III/ErbB4 axis is relevant for MN survival and function.  88 

 89 

Materials and Methods 90 

Human samples 91 

Cryopreserved lumbar spinal cord sections from five ALS patients and two healthy controls 92 

without evidence of neurological disease were provided by the Tissue Bank of the Hospital de 93 

Bellvitge. ALS patients were 3 male and 2 females, ranging from 57 to 79 years at the time of 94 

death, and all had sporadic forms of the disease. Healthy controls were male and had 63 and 66 95 

years. Postmortem time intervals ranged from 2 to 6 hours. 96 
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Animals 97 

Transgenic mice carrying the mutation G93A in the SOD1 gene and nontransgenic wild-type 98 

(WT) littermates as controls were used. SOD1G93A high copy mice (Tg[SOD1-G93A]1Gur) 99 

with B6xSJL background were obtained from the Jackson Laboratory (Bar Harbor, ME). These 100 

mice were bred and maintained as hemizygotes by mating transgenic males with F1 hybrid 101 

(B6SJLF1/J) females obtained from Janvier Laboratories (France). To reduce possible 102 

variability in the copy number of SOD1 transgene we renew the male progenitor mice every 103 

year. Transgenic mice were genotyped by polymerase chain reaction amplification of DNA 104 

extracted from tail samples. Mice were kept in standard conditions of temperature (22±2 °C) 105 

and a 12:12 light:dark cycle with access to food and water ad libitum along the study. The 106 

experimental procedures had been approved by the Ethics Committee of the Universitat 107 

Autònoma de Barcelona, in accordance with the guidelines of the European Union Council 108 

(Directive 2010/63/EU) and Spanish regulations on the use of laboratory animals.  109 

Experimental Design  110 

The study included B6xSJL female and male mice that were divided in two groups of WT mice 111 

and two groups of SOD1G93A mice, that were administered at 8 weeks of age with either AAV 112 

coding for NRG1 type III or mock vector, respectively. We first performed a complete study in 113 

female mice, and after analyses, the study was also performed in male mice, considering the 114 

differences in disease progression between sexes in this transgenic mouse [29]. For the 115 

functional studies we used the following number of mice per group: WT Mock mice (n=6 116 

females, n=6 males), WT NRG1-III mice (n=6 females, n=8 males), SOD Mock mice (n=13 117 

females, n=6 males), SOD NRG1-III mice (n=20 females, n=6 males). For the survival analysis 118 

other groups of female mice were used: SOD Mock mice (n=9), SOD NRG1-III mice (n=9).  119 

 120 
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Viral vectors production and administration 121 

Full length NRG1-III sequence, obtained from G Corfas (University of Michigan, MI), cloned 122 

between AAV2 ITRs under the regulation of the CMV promoter and containing a Flag-tag 123 

sequence, was used to produce an AAVrh10 pseudotype. AAV viral stock was generated by 124 

triple transfection into HEK293-AAV cells (Stratagene, Carlsbad, CA, USA) of the expression 125 

plasmid, RepCap plasmids containing AAV genes and pXX6 plasmid containing adenoviral 126 

genes needed as helper virus [30]. AAV particles were purified by iodixanol gradient after 127 

benzonase treatment by the Vector Production Unit of UAB-VHIR (www.viralvector.eu). 128 

Titration was evaluated by picogreen quantification [31]. Control serotype matching AAV 129 

vectors containing AAV ITRs and the same regulatory sequences without the therapeutic gene 130 

(empty or mock vector) were also generated. 131 

AAVrh10-NRG1-III or AAV-mock construct was administered intrathecally at the lumbar 132 

region of 8 weeks-old mice under ketamine/xylacine (100/10 mg/kg i.p.) anesthesia, as 133 

previously described [32]. After exposure of the lumbar vertebrae, 10 μl of viral vectors (1x1011 134 

vg of AAVrh10-NRG1-III vector or mock vector) were delivered into the cerebrospinal fluid 135 

(CSF) using a Hamilton syringe and a 30-gauge needle, placed between L3 and L4 vertebrae. 136 

Adequate injection into the intrathecal space was confirmed by the animal’s tail flick. The 137 

needle was left in place at the injection site for 1 additional minute to avoid reflux. Then, the 138 

wound was sutured by planes.  139 

Electrophysiological tests 140 

For motor nerve conduction tests, the sciatic nerve was stimulated by single pulses of 20µs 141 

duration (Grass S88) delivered by two needle electrodes transcutaneously placed at the sciatic 142 

notch. The compound muscle action potential (CMAP) was recorded from tibialis anterior 143 

(TA), gastrocnemius (GM) and plantar (PL) interossei muscles with microneedle electrodes 144 

http://www.viralvector.eu)/
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[11,33] at 9, 12, 14 and 16 weeks of age. Recorded potentials were amplified and displayed on 145 

a digital oscilloscope (Tektronix 450S), measuring the latency and amplitude of the CMAP. 146 

During the tests, the mouse body temperature was kept constant by means of a thermostated 147 

heating pad. 148 

Motor unit number estimation (MUNE) was performed using the incremental technique [11,34] 149 

with the same setting explained above for motor nerve conduction tests. Starting from a 150 

subthreshold intensity the sciatic nerve was stimulated with pulses of gradually increasing 151 

intensity. Then, quantal increases in the CMAP were recorded. The increments higher than 50 152 

µV were considered as indicative of the recruitment of an additional motor unit. The mean 153 

amplitude of individual motor units was calculated as the average of consistent increases. 154 

Finally, the estimated number of motor units resulted from the equation: MUNE = CMAP 155 

maximal amplitude/mean amplitude of single motor unit action potentials.  156 

For evaluation of the central pathways, motor evoked potentials (MEP) were recorded from the 157 

TA muscles after electrical stimulation of the motor cortex with pulses of 0.1 ms duration and 158 

supramaximal intensity, delivered through subcutaneous needle electrodes placed over the skull 159 

overlaying the sensorimotor cortex [11]. 160 

Locomotor test and clinical disease onset 161 

Rotarod test was performed to evaluate motor coordination, strength and balance of the animals 162 

[35]. Mice were placed onto the rod rotating at a constant speed of 14 rpm. The time during 163 

which each animal remained on the rotating rod was measured. Each mouse was given three 164 

trials and the longest time until falling recorded; 180 sec was chosen as the cut-off time. The 165 

test was performed weekly from 9 to 16 weeks of age. Clinical disease onset for each animal 166 

was determined as the first week that the cut-off time was lower than 180 seconds.  167 

Survival analysis 168 
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For survival assessment, 9 SOD1G93A mice per group were followed until the defined endpoint, 169 

which was considered when the mouse was unable to upright standing in 30 s when placed on 170 

its side. 171 

Histological analyses 172 

At 16 weeks of age, after functional follow-up, the mice were transcardially perfused with 4% 173 

paraformaldehyde in PBS. The lumbar spinal cord was harvested, postfixed during 2h, and 174 

cryopreserved in 30% sucrose in PBS. For spinal MN evaluation, 20 μm transverse sections 175 

were cut using a cryotome (Leica, Germany) and collected in sequential series of 10 slides. 176 

Slides corresponding to L4-L5 lumbar spinal cord sections separated 100 µm were stained with 177 

cresyl violet. Motoneurons were identified following strict size and morphological criteria, so 178 

that only neurons located in the ventral horn, with diameter larger than 20 μm, polygonal shape 179 

and prominent nucleoli were counted.  180 

Slides containing 20 μm thick lumbar spinal cord transverse sections from both ALS patients 181 

and SOD1G93A mice were used for immunolabeling of NRG1 and its ErbB receptors. The 182 

endogenous peroxidase activity was inhibited (70% methanol, 30% TBS, 2% H2O2) and a 183 

blocking solution (5% normal horse serum and 1% BSA in TBS-T) was added. Slides were 184 

incubated overnight at 4ºC with primary antibodies against anti-pan NRG1 (1:500, sc-348, 185 

Santa Cruz, USA), anti-NRG1 type III (1:200, AB 5551, Millipore, USA), anti-ErbB4 (1:100, 186 

4795S, Cell Signaling, USA), anti-ionized calcium binding adapter molecule 1 (Iba-1, 1:1000; 187 

019-19741, Wako, Japan), and anti-glial fibrillary acidic protein (GFAP, 130300; Invitrogen, 188 

USA). Slides were then washed with TBS-T and incubated with a secondary antibody horse 189 

anti rabbit HRP conjugate (Vector Laboratories, USA) overnight at 4ºC. Afterwards, we 190 

incubated the slides with the VECTASTAIN® Elite ABC complex for 1h and the DAB solution 191 

(Vector Laboratories, USA) for brown color development. Dehydration with a series of ethanol 192 

gradients was performed. Finally, after xylol incubation, slides were mounted with DPX 193 
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(06522, Sigma, USA) and analyzed under microscope (Nikon Eclipse Ni, Japan). 194 

Immunofluorescence  195 

Spinal cord sections were blocked with PBS-Triton-Donkey serum and incubated 24h at 4°C 196 

with primary antibodies: anti-Iba-1, anti-GFAP, anti-ErbB4, anti-MMP9 (1:200, ab38898, 197 

Abcam, UK), anti-KCC2 (1:400, 07-432, Millipore, USA) and anti-ChAT (1:100, AB144P, 198 

Millipore, USA). After washes, sections were incubated overnight with the corresponding 199 

secondary antibody: Alexa 488-conjugated secondary antibody (1:200; A21206, Invitrogen, 200 

USA) or Cy3-conjugated secondary antibody (1:200; 712-165-150, Jackson IR, USA). Finally, 201 

Fluoronissl (1:200, 990210, Invitrogen USA) and DAPI (1:2000; D9563-10MG, Sigma) were 202 

used to stain MNs and nuclei respectively. Slides were mounted in Fluoromount-G (Southern 203 

Biotech, USA). GFAP, Iba1, MMP-9, ChAT and KCC2 labeling were viewed using 204 

fluorescence microscopy (Olympus BX51, Japan, or Nikon Eclipse Ni, Japan). ErbB4 staining 205 

was analyzed under confocal microscopy (Zeiss LSM 700, Germany). For assessing astroglia 206 

and microglia immunoreactivity, photographs of the ventral horn were taken at ×40 and, after 207 

defining a threshold for background, the integrated density of GFAP and Iba1 labeling, 208 

respectively, was measured using ImageJ software.  209 

Nucleic acids extraction and real time PCR 210 

To obtain DNA or RNA samples, the mice were sacrificed by decapitation after deep anesthesia. 211 

L4-L5 spinal cord segments were rapidly dissected. DNA was extracted from the samples with 212 

0.1 mg/ml of proteinase K (Roche Diagnostics), followed by phenol/chloroform extraction. RT 213 

primers for cyclophilin B, as housekeeping gene, or NRG1-III were as follows: mCyclophilinB 214 

Fwd6009: TCAACCTCTCCTCTCCTGCC; mCyclophilinB mCyclophilinBRv6141: 215 

GGTTTCTCCACTTCGATCTTGC; NRG1-III forward: AGAACCCACTGCTTACTGGC; 216 

NRG1-III reverse: CGGTCCTTCTTCTTGCCCTT. Viral genome copies per cell were 217 
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calculated using a standard curve generated from known amounts of a plasmid DNA containing 218 

a CMV- NRG1-III sequence or a 500 bp cyclophilin PCR product (CyclophilinB-Fwd5617: 219 

CATGCCTATGGTCCTAGCTT and CyclophilinB-Rv6141) purified by Geneclean (Q-220 

Biogene) in 10 ng per ml of salmon sperm DNA (Sigma) and assuming that 1 mg of mouse 221 

genomic DNA contains 3x105 haploid genomes. 222 

For mRNA extraction, tissues were maintained in RNA-later solution and processed for mRNA 223 

analyses in Qiazol (Qiagen) and tissue homogenized for 6 minutes with Tyssue Lyser LT 224 

(Qiagen) at 50 Hz twice. Then, samples were purified with chloroform (Panreac), precipitated 225 

with isopropanol (Panreac), washed with 70% ethanol and resuspended in 20 µl of RNAse free 226 

water. The RNA concentration was measured using a NanoDrop ND-1000 (Thermo Scientific). 227 

One µg of RNA was reverse-transcribed using 10 µmol/l DTT, 200 U M-MuLV reverse 228 

transcriptase (New England BioLabs), 10 U RNase Out Ribonuclease Inhibitor (Invitrogen), 1 229 

µmol/l oligo(dT), and 1 µmol/l of random hexamers (BioLabs, Beverly, MA, USA). The 230 

reverse transcription cycle conditions were 25°C for 10 min, 42°C for 1 h and 72°C for 10 min. 231 

We analyzed the mRNA expression of NRG1-I, NRG1-III and ErbB receptors by means of 232 

specific primer sets (NRG1-I forward TGGGAACGAGCTGAACCGCA, NRG1-I reverse 233 

TCCAGAGTCAGCCAGGGATG; NRG1-III forward TTCCCTTCTCCAGCTCGGACC, 234 

NRG1-III reverse GTCCCAGTCGTGGATGTAGATG; ErbB2 forward 235 

ATGTGTGGACCTGGACGAAC, ErbB2 reverse GCCTACGCATGGTATACTC; ErbB3 236 

forward AGACTGTTTAGGCCAAGCAGAG, ErbB3 reverse 237 

TGAATCCTGCGTCCACGCCA; ErbB4 forward AGATCACCAGCATCGAGCAC, ErbB4 238 

reverse TGGTCTACATAGACTCCACC). Mouse 36B4 expression was used to normalize the 239 

expression levels of the different genes of interest for mouse samples (m36B4 forward 240 

ATGGGTACAAGCGCGTCCTG, reverse AGCCGCAAATGCAGATGGAT). 241 
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Gene-specific DNA or mRNA analysis was performed by SYBR-green real-time PCR using 242 

the MyiQ5 real-time PCR detection system (Bio-Rad Laboratories, Barcelona, Spain). The 243 

thermal cycling conditions comprised 5 min polymerase activation at 95°C, 45 cycles of 15 s 244 

at 95ºC, 30s at 60ºC, 30s at 72ºC and 5s at 65°C to 95°C (increasing 0.5°C every 5s). 245 

Fluorescence detection was performed at the end of the PCR extension, and melting curves 246 

were analyzed by monitoring the continuous decrease in fluorescence of the SYBR Green 247 

signal. Quantification relative to 36B4 controls for mRNA or Cyclophilin for DNA was 248 

calculated using the Pfaffl method [36]. 249 

Western Blot analysis 250 

Fresh lumbar spinal cord tissues were sonicated and homogenized in RIPA lysis buffer (50 mM 251 

Tris-Cl pH 7.4, 150 mM NaCl, 1mM EDTA, 1% NP-40, 0.25% sodium deoxycholate) 252 

containing a mixture of protease inhibitors (Millipore). Protein concentration was determined 253 

by PierceTM BCA Protein Assay Kit (ThermoFisher). Twenty-five to 35 µg of protein were 254 

separated on 10% SDS-polyacrylamide gel electrophoresis (VWR Life Science), transferred to 255 

polyvinylidene difluoride membranes (GE Healthcare) and immunoblotted. The following 256 

antibodies were used: rabbit anti-phospho Akt (S473 and T308) and total Akt (1:500; Cell 257 

Signaling), rabbit anti-phospho Erk1/2 and total Erk (1:500; Cell Signaling), rabbit anti-258 

GAPDH (1:1000, Cell Signaling). Detection was performed with swine anti-rabbit HRP-259 

conjugated secondary antibody (1:10,000; Dako) and Westar Eta C Ultra 2.0 ECL substrate 260 

(CYANAGEN). Image LabTM software (Bio-Rad) was used for image density quantification. 261 

Statistical analysis 262 

All experiments were performed by researchers blinded with respect to treatment received by 263 

each mouse, using randomized groups. Sample sizes were selected according to previous 264 

observations in our lab. Data were expressed as mean ± SEM. Electrophysiological and 265 
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locomotion tests results were analyzed using two-way ANOVA, with Tukey’s post-hoc test. 266 

For MUNEs and MEPs electrophysiological results t-Student test was used. For clinical disease 267 

onset and survival results Log-rank (Mantel-Cox) test was applied. Histological and molecular 268 

biology data were analyzed using t-Student or ANOVA followed by Tukey’s post-hoc test when 269 

necessary. Differences were considered significant when p value < 0.05. 270 

 271 

Results 272 

Neuregulin 1 type III expression is downregulated in the spinal cord of ALS patients and 273 

SOD1G93A mice 274 

To determine the localization and level of expression of NRG1 in the spinal cord of SOD1G93A 275 

mice and ALS patients, immunohistochemistry and qPCR analyses were performed. For 276 

immunohistochemistry, two types of antibodies were used according to its specificity for the 277 

C-terminal domain of all NRG1 isoforms or the N-terminal of NRG1-III. In spinal cord samples 278 

of ALS patients, immunoreactivity of the C-terminal domain of NRG1 appeared reduced in 279 

preserved MNs and was mostly expressed by neighboring cells (Fig. 1a), likely microglial cells 280 

according to their morphology, whereas in healthy controls NRG1 was mainly localized in the 281 

spinal MNs. In contrast, NRG1-III was specifically expressed in MNs in healthy controls and 282 

also in ALS patients, despite the lower expression compared with control samples. These results 283 

are in agreement with the mRNA levels of NRG1-I and NRG1-III in the ventral quadrant of the 284 

lumbar spinal cord segments from SOD1G93A mice (Fig. 1b). At the symptomatic stage of the 285 

disease (16 weeks), NRG1-I was upregulated (1.15  0.02; p value = 0.0094), whereas NRG1-286 

III isoform was downregulated (0.68  0.05; p value = 0.0068) compared to the WT mice (Fig. 287 

1b). 288 
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To assess the role of NRG1-III, we administered intrathecally 1x1011 vg of the AAVrh10NRG1-289 

III vector in a volume of 10 µl into the lumbar region to overexpress the full-length form of 290 

NRG1-III in SOD1G93A mice. We previously reported that by this method of administration 291 

AAVrh10 efficiently infects MNs in the spinal cord, while astrocytes and oligodendrocytes are 292 

only minimally transduced [32]. Messenger RNA levels of NRG1-III confirmed overexpression 293 

in the spinal cord of treated WT (1.4  0.03; p = 0.0004 vs WT Mock) and SOD1G93A (1.1  294 

0.06; p = 0.0003 vs SOD Mock) mice (Fig. 1c). These results corresponded with the viral 295 

genome counting, largely increased in the treated WT (12.8  2.9; p value = 0.0025 vs WT 296 

Mock) and SOD1G93A (19.2  2.2; p < 0.00001 vs SOD Mock) mice (Fig. 1d). Moreover, 297 

NRG1-III immunoreactivity was enhanced in the spinal MNs of the ventral horn in mice that 298 

received the therapeutic vector (Fig. 1e).  299 

NRG1-III overexpression slows disease progression in SOD1G93A female mice  300 

We assessed the influence of NRG1-III overexpression on the functional outcome of female 301 

SOD1G93A mice. AAVrh10NRG1-III injected at 8 weeks resulted in an improvement of 302 

neuromuscular function. The electrophysiological results showed a significant reduction of the 303 

progressive decline of the CMAP amplitude of PL, TA and GM muscles during the follow-up 304 

in comparison with mice treated with the mock vector (Fig. 2a-c). The MEPs of the TA muscle 305 

showed also significantly preserved amplitude in the treated mice (Fig. 2d). We then estimated 306 

the size and number of motor units of the TA muscle and found a significant increase of the 307 

mean amplitude and of the number of preserved motor units (Fig. 2e) in agreement with the 308 

higher CMAP amplitude of the TA muscle. The improvement of the functional outcome of the 309 

treated compared to the mock group was also demonstrated by the rotarod test (Fig. 2f). In 310 

addition, NRG1-III-treated mice had a delay in the disease onset in discordance with previous 311 

results performed with mixed sex groups of animals treated with NRG1-III [25], although it did 312 

not reach statistical significance compared with the mock group (p=0.07) (Fig. 2g). Finally, 313 
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there was a slight although not significant increase in the median survival of the 314 

AAVrh10NRG1-III (112 days) treated with respect to mock treated SOD1G93A mice (96 days) 315 

(Fig. 2h). This increase in the median survival is in pace with the modest although significant 316 

difference found by Lasiene et al [25]. 317 

NRG1-III overexpression protects spinal MNs and decreases glial reactivity in SOD1G93A 318 

female mice 319 

Histopathological analysis of the lumbar spinal cord of SOD1G93A female mice at 16 weeks of 320 

age revealed that NRG1-III overexpression significantly increased the number of surviving 321 

MNs (12.9  0.4; number of MNs per section) compared to mice treated with mock virus (9.1 322 

 0.7) (p=0.0135)  (Fig. 3a,b). In WT mice the overexpression of NRG1-III did not modify the 323 

number of MNs (20.1  0.6) compared with the WT mock group (19.2  1.5) (p=0.8713) (Fig. 324 

3b). These data provide clear evidence of the beneficial effect of NRG1 type III in the ALS 325 

mice.  326 

Since ErbB receptors are also expressed in astrocytes and microglial cells, we assessed their 327 

immunoreactivity. We found that AAVrh10NRG1-III gene therapy reduced the reactivity of 328 

astrocytes (2.37x108  1.70x107 integrated density) and microglial cells (1.82x108  3.36x107) 329 

compared to SOD1G93A mock mice (6.05x108  2.08x108 and 8.78x108  4.28x108 330 

respectively)(p=0.0284 and p=0.0380 respectively), indicating a positive effect of NRG1-III on 331 

glial cells activation in degenerative pathologies (Fig. 3c, d).   332 

NRG1-III overexpression does not alter the disease progression of male SOD1G93A mice 333 

The same AAVrh10NRG1-III vector was administered to SOD1G93A and WT male mice at 8 334 

weeks of age. The electrophysiological results revealed that the treatment did not improve the 335 

progressive decline of the CMAP amplitude of the hindlimb muscles in SOD1G93A males in 336 

comparison with mice treated with the mock vector (Fig. 4a, b). Functional outcome assayed 337 
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by rotarod test was neither improved by treatment in SOD1G93A males in comparison with the 338 

mock group (Fig. 4c).  Moreover, histopathological analysis of the lumbar spinal cord of male 339 

SOD1G93A mice at 16 weeks of age revealed a similar number of surviving MNs of the NRG1-340 

III treated mice (8.1  0.1) and the mock vector treated mice (7.4  0.7) (Fig. 4d, e). There were 341 

no differences in functional and histological results between the groups of WT male mice 342 

receiving NRG1-III or mock vectors. 343 

Modulation of NRG1/ErbB4 signaling by NRG1-III overexpression 344 

We evaluated the expression and distribution of ErbB4 receptor in spinal cord samples of 345 

SOD1G93A mice and ALS human patients. The levels of ErbB4 mRNA in transgenic mice at 16 346 

weeks were slightly downregulated (0.81  0.02) compared to the WT mice (1.00  0.01) 347 

(p=0.0453) whereas NRG1-III overexpression tends to restore the receptor levels (0.96  0.01) 348 

(p=0.1016) (Fig. 5a). In addition, immunofluorescence labeling showed intranuclear 349 

localization of the C-terminal domain of ErbB4 receptor in spinal MNs of SOD1G93A mice (13 350 

 1.5 x106), that was not observed in control samples (2.6  0.8 x106) (Fig. 5b). The C-terminal 351 

domain of ErbB4 was also localized within the nucleus of the MNs in the spinal cord samples 352 

of ALS patients (Fig. 5c). 353 

We explored cell signaling pathways to corroborate the activation of the NRG1/ErbB4 axis by 354 

western blot analysis of lumbar spinal cord samples. We found that phosphorylation of Akt, for 355 

both Ser473 and Thr308 aminoacids, was downregulated in SOD1G93A mice and NRG1 356 

overexpression enhanced Akt activation compared to the mock treated group (Fig. 5f). On the 357 

contrary, an important activation of Erk in SOD1G93A mice was found, correlating with what 358 

was previously reported in MN derived from iPSC from SOD1 ALS patients [37]. Erk 359 

phosphorylation was particularly significant for the p42 isoform, while Nrg1-III treatment 360 

significantly reduced the ratio of phosphorylation of Erk (Fig. 5f).  361 
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We next analyzed whether NRG1-III overexpression influenced known markers related to MN 362 

vulnerability, MMP-9 and KCC2. MMP-9 is selectively expressed by the fast MNs, the first 363 

affected in ALS; our results show that the SOD1G93A treated mice had more MMP-9 negative 364 

MNs (72.2  3.5%) compared to the untreated mice (47.0  4.3%) (Fig. 5d). On the other hand, 365 

loss of the inhibitory tone induced by downregulation of KCC2 in spinal MNs has been shown 366 

to contribute to spasticity [38-39]. Immunohistochemical analysis showed a significant 367 

decrease of KCC2 immunofluorescence in SOD1G93A mice injected with mock construct (0.60 368 

 0.03), but not in those injected with the NRG1-III vector (0.84  0.04) compared to WT mice 369 

(Fig. 5e). 370 

 371 

Discussion 372 

The results of this study provide novel insights into the mechanisms of NRG1-III/ErbB4 373 

signaling on spinal MN preservation in the pathophysiology of ALS. NRG1-III is an important 374 

isoform for neuronal survival [17,40-43], for synaptic plasticity [44-47], and it is the most 375 

prominent NRG1 isoform expressed in adult spinal cord MNs [48-50]. Interestingly, mutant 376 

embryos that lack selectively this isoform suffer perinatal death [17]. NRG1-III is mostly 377 

localized at the endoplasmic reticulum-related subsurface cistern adjacent to the postsynaptic 378 

membrane of C-boutons [51], where it seems to regulate MN excitability.  379 

We found that NRG1-I was increased in the spinal cord of SOD1G93A mice, whereas NRG1-III 380 

appeared decreased in the spinal MNs, in agreement with previous observations by Song and 381 

colleagues [26]. Decreased transcript and protein levels of type I and type III NRG1 were found 382 

in the lumbar spinal cord of symptomatic SOD1G93A mice by Lasiene et al [25], but the antibody 383 

used on that study recognized both NRG1-I and NRG1-III, thus limiting the comparison. The 384 

increase of NRG1-I in ALS may exert a detrimental effect by promoting glial reactivity upon 385 
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the activation of ErbB2 receptor [26]. In contrast, NRG1-III may play a critical role on 386 

regulating MN activity. Indeed, we demonstrated that recombinant NRG1 exerts 387 

neuroprotective effects on MNs subjected to chronic excitotoxicity, and also enhances neurite 388 

outgrowth [52]. In the same line, Chen and colleagues [43] reported that administration of 389 

recombinant NRG1 promoted survival of MNs, and decreased muscle atrophy following 390 

brachial root avulsion in mice. Therefore, we overexpressed NRG1-III in the spinal cord of 391 

SOD1G93A mice as a therapeutic strategy to protect MNs. Lasiene and collaborators [25] also 392 

reported that overexpression of NRG1-III by gene therapy extended the survival of ALS mice 393 

via maintenance of C-boutons contacting on spinal MNs, although no functional effects were 394 

investigated. Here, we have used an AAVrh10 virus that shows higher tropism for MNs than 395 

AAV1 and a 250 times higher titer than Lasiene and colleagues [25], since we administered the 396 

virus intrathecally, diluted into the CSF instead of directly into the lumbar ventral cord 397 

parenchyma, which is a much less invasive route of administration and has better translational 398 

option. Our results show that this AAVrh10NRG1-III gene therapy approach produced 399 

significant preservation of neuromuscular function in the SOD1G93A female mice. There was 400 

also increased amplitude of the MEPs, reflecting improved central connectivity between upper 401 

and lower MNs that could be related to prevention of dendrites loss [53]. NRG1-III 402 

overexpression also preserved spinal MNs and reduced glial reactivity. The reduction of glial 403 

reactivity is in contrast with the qualitative observations of Lasiene et al that NRG1-III did not 404 

have any effect on neighboring glial cells [25]. Our viral-mediated therapy was able to delay 405 

the disease onset, and increase in 6 days the median survival of the SOD1G93A female mice, an 406 

extension that was not significant. A similar in modest although significant extension of lifespan 407 

was found in the study by Lasiene and colleagues [25]. These observations suggest that the 408 

NRG1-III therapy ameliorated the disease during the early stages but was not able to induce a 409 

long-term positive effect.  410 
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Surprisingly, we found that the same approach to overexpress NRG1-III in the spinal cord did 411 

not produce a similar positive effect on male SOD1G93A mice. Gender differences in this mouse 412 

model have been reported, with more severe symptoms and earlier manifestations in males 413 

[29,54]. Consequently, therapeutic interventions in females often lead to more significant 414 

results than in males [55]. On the other hand, expression of a NRG1 antagonist in the spinal 415 

cord of an EAE mouse model also reduced disease severity in female but not in male mice, 416 

suggesting a complex interplay between NRG1 and sex differences related to 417 

neuroinflammation [56]. Interestingly, in a model of spinal root ligation, progesterone 418 

specifically facilitated the expression of NRG1 in the spinal cord [57]. Indeed, progesterone 419 

contributes to rescue MNs from degeneration in the Wobbler mouse, a genetic model of spinal 420 

MN disease [58]. Consequently, progesterone might play a key role on the modulation of the 421 

NRG1 actions in the spinal cord of the SOD1G93A mice, enhancing the neuroprotective effects 422 

observed in female but not in male mice.  423 

The role of NRG1/ErbB signaling on inflammation is controversial. Resident glial cells and 424 

infiltrating immune cells in the central nervous system express ErbB receptors [59,60]. 425 

Increased ErbB2 receptor activation was observed on activated microglia in ALS patients and 426 

transgenic SOD1G93A mice [26], and NRG1 antagonist reduced microglial reactivity in the 427 

SOD1G93A mice through the reduction of ErbB2 phosphorylation [55]. However, administration 428 

of NRG1 has been shown to attenuate astrogliosis after spinal cord injury [61,62]. In this regard, 429 

our results show that overexpression of NRG1-III isoform decreased both astrocyte and 430 

microglia reactivity. Microglial cells showed thinner and ramified processes under NRG1-III 431 

overexpression compared to the control SOD1G93A mice, in which microglia had larger size and 432 

amoeboid morphology. Therefore, NRG1-III overexpression has a beneficial role by activating 433 

survival pathways and also by reducing the neuroinflammatory response. NRG1 is expressed 434 

and secreted by astrocytes [63] and NRG1 treatment attenuates the upregulation of chondroitin 435 
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sulfate proteoglycans, which play an inhibitory role for neural regeneration after spinal cord 436 

injury [61,64]. Therefore, a MN-astrocyte signaling mechanism might be involved, in which 437 

astrocytes may be acting via neuronal ErbB receptor to induce synaptic plasticity [57].  438 

Interestingly, we found that in both ALS patients and SOD1G93A mice the ErbB4 receptor 439 

translocated into the nucleus of the MNs, suggesting a detrimental relationship of this shift. 440 

Indeed, both NRG1-III and ErbB4 have intracellular domains that can be internalized by the 441 

neuron and translocated to the nucleus [40,65]. Presenilin-dependent cleavage of ErbB4 442 

generates the soluble B4-ICD that functions in the nucleus presumably regulating gene 443 

transcription and cell fate [65-67], or to the mitochondria where it promotes apoptosis of breast 444 

cancer cells [68]. Intriguingly, other data showed that ErbB4-mediated synapse maturation 445 

requires the extracellular domain of ErbB4, whereas the ICD tyrosine kinase activity modulates 446 

neurite formation [69]. Therefore, while NRG1-III cleavage produces neuroprotection, the 447 

ErbB4 ICD signaling participates on the neurodegeneration process.  448 

The increased ErbB4 activation in treated SOD1G93A mice was corroborated by restoration of 449 

Akt activation and reduction of the increased phosphorylation of ERK in the spinal cord after 450 

treatment. The role of ERK1/2 is controversial, since it was originally identified as a kinase that 451 

mediates neuronal survival, but it was later found to play a role in neurodegeneration [70]. 452 

Altogether this data suggest that the overexpression of NRG1-III promoted mechanisms of 453 

protection from excitotoxicity and inflammation and activated cell survival pathways. 454 

The balance between excitatory and inhibitory synaptic inputs is critical for the physiological 455 

control of MNs. Loss of NRG1 from cortical projection neurons resulted in increased inhibitory 456 

neurotransmission [47] and NRG1-III has an essential role in cholinergic transmission [71]. 457 

Indeed, blocking cholinergic neurotransmission in C-boutons increased neurotoxic misfolded 458 

SOD1 in MNs of SOD1G93A mice [72]. It may be hypothesized that the increased NRG1-III 459 

may interact with postsynaptic components of C-type synapses, such as Kv2.1 channel, 460 
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regulating the MN excitability. The maintenance of a low-intracellular chloride concentration 461 

by the KCC2 transporter is essential for the efficacy of the fast-synaptic inhibition of MNs. 462 

Interestingly, KCC2 is dysregulated in the spinal MNs of SOD1G93A mice [73,74]. We found 463 

that KCC2 transporter expression, which also regulates MN excitability, is upregulated 464 

following NRG1-III overexpression preventing late hyperreflexia. Therefore, NRG1-III/ErbB4 465 

signaling might also regulate the MN excitability through KCC2.  466 

Another potential marker of ALS-vulnerable MNs is MMP-9. MMP-9 expression prior to 467 

disease onset triggers neurodegeneration and enables activation of ER stress [75], whereas 468 

removal of MMP-9 gene leads to an increase in lifespan of SOD1G93A mice [76]. Intriguingly, 469 

treatment with NRG1 remarkably attenuates the production and activity of MMP-9 following 470 

spinal cord injury [61] and activation of EGFR (ErbB1) enhances nociception in dorsal root 471 

ganglia neurons through a mechanism involving the PI3K/AKT pathway and the upregulation 472 

of MMP-9 [77]. We showed that the NRG1-III overexpression decreased the number of MMP-473 

9 positive MNs, therefore enhancing a mechanism for neuroprotection to the most vulnerable 474 

population of MNs.  475 

In summary, NRG1-III overexpression, induced by intrathecal AAV gene therapy, improves 476 

motor function and significantly preserves the spinal MNs, through the activation of the NRG1-477 

III/ErbB signaling in female, but not in male SOD1G93A mice, regulating MN excitability and 478 

MN vulnerability markers.  479 

  480 



   

 21 

Acknowledgments 481 

This work was supported by grant TV3201428-10 of Fundació La Marató-TV3, grant #20289 482 

of AFM-Telethon, cooperative project 2015-01 from CIBERNED, and TERCEL 483 

(RD16/0011/0014) funds from the Instituto de Salud Carlos III of Spain. We thank Dr. Rosario 484 

Osta, from the University of Zaragoza, for providing SOD1G93A mice for this study, and Monica 485 

Espejo, Jessica Jaramillo, Israel Blasco and Pascal Weber-Gobin for technical support.  486 



   

 22 

References 487 

1.  Wijesekera LC, Leigh PN. Amyotrophic lateral sclerosis. Orphanet J Rare Dis 2009; 4:32.  488 

2.  Rosen DR, Siddique T, Patterson D, et al. Mutations in Cu/Zn superoxide dismutase gene 489 

are associated with familial amyotrophic lateral sclerosis. Nature 1993; 364:362. 490 

3.  Kabashi E, Valdmanis PN, Dion P, et al. TARDBP mutations in individuals with sporadic 491 

and familial amyotrophic lateral sclerosis. Nat Genet 2008; 40:572-574. 492 

4.  Yokoseki A, Shiga A, Tan CF, et al. TDP-43 mutation in familial amyotrophic lateral 493 

sclerosis. Ann Neurol 2008; 63:538-542. 494 

5.  DeJesus-Hernandez M, Mackenzie IR, Boeve BF, et al. Expanded GGGGCC 495 

hexanucleotide repeat in noncoding region of C9ORF72 causes chromosome 9p-linked 496 

FTD and ALS. Neuron 2011; 72:245-256. 497 

6.  Renton AE, Majounie E, Waite A, et al. A hexanucleotide repeat expansion in C9ORF72 498 

is the cause of chromosome 9p21-linked ALS-FTD. Neuron 2011; 72:257-68. 499 

7.  Brites D, Vaz AR. Microglia centered pathogenesis in ALS: insights in cell 500 

interconnectivity. Front Cell Neurosci 2014; 8:117. 501 

8.  Mancuso R, Navarro X. Amyotrophic lateral sclerosis: current perspectives from basic 502 

research to the clinic. Progr Neurobiol 2015; 133:1-26. 503 

9.  Gurney ME, Pu H, Chiu AY, et al. Motor neuron degeneration in mice that express a 504 

human Cu,Zn superoxide dismutase mutation. Science 1994; 264:1772-1775. 505 

10.  Ripps ME, Huntley GW, Hof PR, et al. Transgenic mice expressing an altered murine 506 

superoxide dismutase gene provide an animal model of amyotrophic lateral sclerosis. Proc 507 

Natl Acad Sci USA 1995; 92:689-693. 508 

11.  Mancuso R, Santos-Nogueira E, et al. Electrophysiological analysis of a murine model of 509 

motoneuron disease. Clin Neurophysiol 2001; 122:1660-1670. 510 



   

 23 

12.  Bosco DA, Landers JE. Genetic determinants of amyotrophic lateral sclerosis as 511 

therapeutic targets. CNS Neurol Disord Drug Targets 2010; 9:779-90. 512 

13.  Graffmo KS, Forsberg K, Bergh J, et al. Expression of wild-type human superoxide 513 

dismutase-1 in mice causes amyotrophic lateral sclerosis. Hum Mol Genet 2013; 22:51-60. 514 

14.  Federici T, Boulis NM. Gene-based treatment of motor neuron diseases. Muscle Nerve 515 

2006; 33:302-323. 516 

15.  Ehrhardt A, Haase R, Schepers A, et al. Episomal vectors for gene therapy. Curr Gene Ther 517 

2008; 8:147-161. 518 

16.  Syroid DE, Maycox PR, Burrola PG, et al. Cell death in the Schwann cell lineage and its 519 

regulation by neuregulin. Proc Natl Acad Sci USA 1996; 93:9229-9234. 520 

17.  Wolpowitz D, Mason TB, Dietrich P, et al. Cysteine-rich domain isoforms of the 521 

neuregulin-1 gene are required for maintenance of peripheral synapses. Neuron 2000; 522 

25:79-91. 523 

18.  Michailov GV, Sereda MW, Brinkmann BG, et al. Axonal neuregulin-1 regulates myelin 524 

sheath thickness. Science 2004; 304:700-703. 525 

19.  Nave KA, Salzer JL. Axonal regulation of myelination by neuregulin 1. Curr Opin 526 

Neurobiol 2006; 16:492-500. 527 

20.  Velanac V, Unterbarnscheidt T, Hinrichs W, et al. Bace1 processing of NRG1 type III 528 

produces a myelin-inducing signal but is not essential for the stimulation of myelination. 529 

Glia 2012; 60:203-217.  530 

21.  Fricker FR, Lago N, Balarajah S, et al. Axonally derived Neuregulin-1 is required for 531 

remyelination and regeneration following nerve injury in adulthood. J Neurosci 2011; 532 

31:3225–3233. 533 



   

 24 

22.  Mancuso R, Martínez-Muriana A, Leiva T, et al. Neuregulin-1 promotes functional 534 

improvement by enhancing collateral sprouting in SOD1G93A ALS mice and after partial 535 

muscle denervation. Neurobiol Dis 2016; 95:168-178. 536 

23.  Falls DL, Rosen KM, Corfas G, et al. ARIA, a protein that stimulates acetylcholine 537 

receptor synthesis, is a member of the neu ligand family. Cell 1993; 72:801–815. 538 

24.  Steinthorsdottir V, Stefansson H, Ghosh S, et al. Multiple novel transcription initiation 539 

sites for NRG1. Gene 2004; 342:97-105. 540 

25.  Lasiene J, Komine O, Fujimori-Tonou N, et al. Neuregulin 1 confers neuroprotection in 541 

SOD1-linked amyotrophic lateral sclerosis mice via restoration of C-boutons of spinal 542 

motor neurons. Acta Neuropathol Commun 2016; 4:15. 543 

26.  Song F, Chiang P, Wang J, et al. Aberrant neuregulin 1 signaling in amyotrophic lateral 544 

sclerosis. J Neuropathol Exp Neurol 2012; 71:104. 545 

27.  Takahashi Y, Fukuda Y, Yoshimura J, et al. ErbB4 mutations that disrupt the neuregulin-546 

ErbB4 pathway cause amyotrophic lateral sclerosis type 19. Am J Hum Genet 2013; 547 

93:900-905. 548 

28.  Lopez-Font I, Sogorb-Esteve A, Javier-Torrent M, et al. Decreased circulating ErbB4 549 

ectodomain fragments as a read-out of impaired signaling function in amyotrophic lateral 550 

sclerosis. Neurobiol Dis 2019; 124:428-438. 551 

29.  Mancuso R, Oliván S, Mancera P, et al. Effect of genetic background on onset and disease 552 

progression in the SOD1G93A model of amyotrophic lateral sclerosis. Amyotrophic Lateral 553 

Sclerosis 2012; 13:302-310. 554 

30.  Zolotukhin S, Byrne BJ, Mason E, et al. Recombinant adeno-associated virus purification 555 

using novel methods improves infectious titer and yield. Gene Ther 1999; 6:973-985. 556 



   

 25 

31.  Piedra J, Ontiveros M, Miravet S, et al. Development of a rapid, robust, and universal 557 

picogreen-based method to titer adeno-associated vectors. Hum Gene Ther Methods 2015; 558 

26:35-42. 559 

32.  Homs J, Pagès G, Ariza L, et al. Intrathecal administration of IGF-I by AAVrh10 improves 560 

sensory and motor deficits in a mouse model of diabetic neuropathy. Mol Ther Methods 561 

Clin Dev 2014; 15:1. 562 

33.  Navarro X, Udina E. Chapter 6: Methods and protocols in peripheral nerve regeneration 563 

experimental research: part III-electrophysiological evaluation. Int Rev Neurobiol 2009; 564 

87:105-26.  565 

34.  Shefner JM, Cudkowicz M, Brown RH JR. Motor unit number estimation predicts disease 566 

onset and survival in a transgenic mouse model of amyotrophic lateral sclerosis. Muscle 567 

Nerve 2006; 34:603-607. 568 

35.  Miana-Mena FJ, Muñoz MJ, Yagüe G, et al. Optimal methods to characterize the G93A 569 

mouse model of ALS. Amyotroph Lateral Scler Other Motor Neuron Disord 2005; 6:55-570 

62. 571 

36.  Pfaffl MW. A new mathematical model for relative quantification in real-time RT-PCR. 572 

Nucleic Acids Res 2001; 29:e45. 573 

37.  Bhinge A, Namboori SC, Zhang X, et al. Genetic correction of SOD1 mutant iPSCs reveals 574 

ERK and JNK activated AP1 as a driver of neurodegeneration in Amyotrophic Lateral 575 

Sclerosis. Stem Cell Reports 2017; 8:856-869. 576 

38.  Boulenguez P, Liabeuf S, Bos R, et al. Down-regulation of the potassium-chloride 577 

cotransporter KCC2 contributes to spasticity after spinal cord injury. Nat Med 2010; 578 

16:302-307.  579 



   

 26 

39.  Brocard C, Plantier V, Boulenguez P, et al. Cleavage of Na(+) channels by calpain 580 

increases persistent Na(+) current and promotes spasticity after spinal cord injury. Nat 581 

Med 2016; 22:404-411. 582 

40.  Bao J, Wolpowitz D, Role LW, et al. Back signaling by the Nrg-1 intracellular domain. J 583 

Cell Biol 2003; 161:1133-41. 584 

41.  Xu Z, Croslan DR, Harris AE, et al. Extended therapeutic window and functional recovery 585 

after intraarterial administration of neuregulin-1 after focal ischemic stroke. J Cereb Blood 586 

Flow Metab 2006; 26:527-535. 587 

42.  Li Y, Xu Z, Ford GD, et al. Neuroprotection by neuregulin-1 in a rat model of permanent 588 

focal cerebral ischemia. Brain Res 2007; 1184:277-283. 589 

43.  Chen S, Hou Y, Zhao Z, et al. Neuregulin-1 accelerates functional motor recovery by 590 

improving motoneuron survival after brachial plexus root avulsion in mice. 591 

Neuroscience 2019; 404:510-518. 592 

44.  Loeb JA, Fischbach GD. Neurotrophic factors increase neuregulin expression in 593 

embryonic ventral spinal cord neurons. J Neurosci 1997; 17:1416-1424.  594 

45.  Buonanno A, Fischbach GD. Neuregulin and ErbB receptor signaling pathways in the 595 

nervous system. Curr Opin Neurobiol 2001; 11:287-296. 596 

46.  Roysommuti S, Carroll SL, Wyss JM. Neuregulin-1beta modulates in vivo entorhinal-597 

hippocampal synaptic transmission in adult rats. Neuroscience 2003; 121:779-785. 598 

47.  Agarwal A, Zhang M, Trembak-Duff I, et al.  Dysregulated expression of neuregulin-1 by 599 

cortical pyramidal neurons disrupts synaptic plasticity. Cell Rep 2014; 8:1130-45. 600 

48.  Ho WH, Armanini MP, Nuijens A, et al. Sensory and motor neuron-derived factor. A novel 601 

heregulin variant highly expressed in sensory and motor neurons. J Biol Chem 1995; 602 

270:14523-14532. 603 



   

 27 

49. Meyer D, Yamaai T, Garratt A, et al. Isoform-specific expression and function 604 

of neuregulin. Development 1997; 124:3575-3586. 605 

50.  Loeb JA, Khurana TS, Robbins JT, et al. Expression patterns of transmembrane and 606 

released forms of neuregulin during spinal cord and neuromuscular synapse development. 607 

Development 1999; 126:781-791. 608 

51.  Gallart-Palau X, Tarabal O, Casanovas A, et al. Neuregulin-1 is concentrated in the 609 

postsynaptic subsurface cistern of C-bouton inputs to α-motoneurons and altered during 610 

motoneuron diseases. FASEB J 2014; 28:3618-3632.  611 

52.  Mòdol-Caballero G, Santos D, Navarro X, et al. Neuregulin 1 reduces motoneuron cell 612 

death and promotes neurite growth in an in vitro model of motoneuron degeneration. Front 613 

Cell Neurosci 2018; 11:431.  614 

53.  Schwenk BM, Hartmann H, Serdaroglu A, et al. TDP-43 loss of function inhibits 615 

endosomal trafficking and alters trophic signaling in neurons. EMBO J 2016; 35:2350-616 

2370. 617 

54.  Alves CJ, de Santana LP, dos Santos AJ, et al. Early motor and electrophysiological 618 

changes in transgenic mouse model of amyotrophic lateral sclerosis and gender differences 619 

on clinical outcome. Brain Res 2011; 1394:90-104. 620 

55.  Liu J, Allender E, Wang J, et al. Slowing disease progression in the SOD1 mouse model 621 

of ALS by blocking neuregulin-induced microglial activation. Neurobiol Dis 2018; 622 

111:118-126.  623 

56.  Allender E, Deol H, Schram S, et al. Neuregulin1 modulation of experimental autoimmune 624 

encephalomyelitis (EAE). J Neuroimmunol 2018; 318:56-64.  625 

57.  Lacroix-Fralish ML, Tawfik VL, Nutile-McMenemy N, et al. Neuregulin 1 is a 626 

pronociceptive cytokine that is regulated by progesterone in the spinal cord: implications 627 

for sex specific pain modulation. Eur J Pain 2008; 12:94-103. 628 



   

 28 

58.  Gonzalez-Deniselle MC, López-Costa JJ, Saavedra JP, et al. Progesterone neuroprotection 629 

in the Wobbler mouse, a genetic model of spinal cord motor neuron disease. Neurobiol 630 

Dis 2002; 11:457-468. 631 

59.  Tynyakov-Samra E, Auriel E, Levy-Amir Y, et al. Reduced ErbB4 expression in immune 632 

cells of patients with relapsing remitting multiple sclerosis. Mult Scler Int 2011; 633 

2011:561262. 634 

60.  Gauthier MK, Kosciuczyk K, Tapley L, et al. Dysregulation of the neuregulin-1-ErbB 635 

network modulates endogenous oligodendrocyte differentiation and preservation after 636 

spinal cord injury. Eur J Neurosci 2013; 38:2693-2715.  637 

61.  Alizadeh A, Dyck SM, Kataria H, et al. Neuregulin-1 positively modulates glial response 638 

and improves neurological recovery following traumatic spinal cord injury. Glia 2017; 639 

65:1152-1175.  640 

62.  Alizadeh A, Santhosh KT, Kataria H, et al. Neuregulin-1 elicits a regulatory immune 641 

response following traumatic spinal cord injury. J Neuroinflammation 2018; 15:53.  642 

63.  Pinkas-Kramarski R, Eilam R, Spiegler O, et al. Brain neurons and glial cells express Neu 643 

differentiation factor/heregulin: a survival factor for astrocytes. Proc Natl Acad Sci USA 644 

1994; 91:9387-9391. 645 

64. Bradbury EJ, Moon LD, Popat RJ, et al. Chondroitinase ABC promotes functional 646 

recovery after spinal cord injury. Nature 2002; 416:636-640. 647 

65.  Lee HJ, Jung KM, Huang YZ, et al. Presenilin-dependent gamma-secretase-like 648 

intramembrane cleavage of ErbB4. J Biol Chem 2002; 277:6318-6323. 649 

66.  Ni CY, Murphy MP, Golde TE, et al. Gamma-secretase cleavage and nuclear localization 650 

of ErbB-4 receptor tyrosine kinase. Science 2001; 294:2179-2181. 651 

67.  Sardi SP, Murtie J, Koirala S, et al. Presenilin-dependent ErbB4 nuclear signaling 652 

regulates the timing of astrogenesis in the developing brain. Cell 2016; 127:185-97. 653 



   

 29 

68.  Naresh A, Long W, Vidal GA, et al. The ERBB4/HER4 intracellular domain 4ICD is a 654 

BH3-only protein promoting apoptosis of breast cancer cells. Cancer Res 2006; 66:6412-655 

6420.  656 

69.  Krivosheya D, Tapia L, Levinson JN, et al. ErbB4-neuregulin signaling modulates synapse 657 

development and dendritic arborization through distinct mechanisms. J Biol Chem 2008; 658 

283:32944-32956. 659 

70.  Yu CG. Distinct roles for Erk1 and Erk2 in pathophysiology of CNS. Front Biol 2012; 660 

7:267-276.  661 

71.  Salvany S, Casanovas A, Tarabal O, et al. Localization and dynamic changes of 662 

neuregulin-1 at C-type synaptic boutons in association with motor neuron injury and repair. 663 

FASEB J 2019; 33:7833-7851.   664 

72.  Saxena S, Roselli F, Singh K, et al. Neuroprotection through excitability and mTOR 665 

required in ALS motoneurons to delay disease and extend survival. Neuron 2013; 80:80-666 

96.  667 

73.  Fuchs A, Ringer C, Bilkei-Gorzo A, et al. Downregulation of the potassium chloride 668 

cotransporter KCC2 in vulnerable motoneurons in the SOD1-G93A mouse model of 669 

amyotrophic lateral sclerosis. J Neuropathol Exp Neurol 2010; 69:1057-1070.  670 

74.  Mòdol L, Mancuso R, Alé A, et al. Differential effects on KCC2 expression and spasticity 671 

of ALS and traumatic injuries to motoneurons. Front Cell Neurosci 2014; 8:7.  672 

75.  Kaplan A, Spiller KJ, Towne C, et al. Neuronal matrix metalloproteinase-9 is a 673 

determinant of selective neurodegeneration. Neuron 2014; 81:333-348.  674 

76.  Xia X, Zhou H, Huang Y, et al. Allele-specific RNAi selectively silences mutant SOD1 675 

and achieves significant therapeutic benefit in vivo. Neurobiol Dis 2006; 23:578-586.  676 



   

 30 

77.  Martin LJ, Smith SB, Khoutorsky A, et al. 677 

Epiregulin and EGFR interactions are involved in pain processing. J Clin Invest 2017; 678 

127:3353-3366. 679 

  680 



   

 31 

Figure Legends 681 

Fig. 1. Neuregulin 1 type III expression in ALS patients and SOD1G93A mice. A) 682 

Microphotographs of pan-NRG1 and NRG1 type III labeling by DAB staining in the spinal 683 

cord ventral horn of healthy and ALS patients. Higher magnification images show that pan-684 

NRG1 labeling may colocalize with Iba1 in ALS patients (scale bar = 100 m). B) Quantitative 685 

PCR of NRG1 isoforms mRNA reveals a downregulation of type III whereas type I is increased 686 

in the spinal cord of SOD1G93A mice at 16 weeks of age. Data are shown as mean ± SEM. t-687 

Student, *p < 0.05 vs WT. C) mRNA expression shows that intrathecal administration of 688 

AAVrh10-NRG1-III induced overexpression of NRG1-III in the spinal cord of both WT and 689 

SOD1G93A mice. Data are shown as mean ± SEM. One-way ANOVA and Tukey’s post-doc 690 

test, *p < 0.05 vs WT Mock and #p < 0.05 vs SOD Mock. D) Viral genome analysis in lumbar 691 

spinal cord corroborated efficient intrathecal AAV injection in the treated mice. Data are shown 692 

as mean ± SEM. One-way ANOVA and Tukey’s post-doc test, *p < 0.05 vs WT Mock and #p 693 

< 0.05 vs SOD Mock. E) Microphotographs of NRG1-III labeling in the ventral horn of the 694 

spinal cord confirms the downregulation of this isoform in the SOD1G93A mice that is recovered 695 

upon viral-mediated overexpression (scale bar = 100 µm). Data are shown as mean ± SEM. 696 

 697 

Fig. 2. NRG1-III overexpression slows the disease progression of SOD1G93A female mice. 698 

Electrophysiological tests show that AAV-NRG1-III injection produced significant 699 

preservation of the CMAP amplitude of plantar (A), tibialis anterior (B), and gastrocnemius (C) 700 

hindlimb muscles in the SOD1G93A mice. Two-way ANOVA followed by Tukey’s pots-hoc 701 

test, #p<0.05 vs SOD Mock mice; *p<0.05 vs WT Mock. D) AAV-NRG1-III gene therapy 702 

increased the amplitude of MEPs in SOD1G93A mice, indicating improved connectivity between 703 

upper and lower MNs (#p<0.05 vs SOD Mock mice). t-Student test, *p < 0.05 vs SOD Mock. 704 

E) Electrophysiological estimation of motor unit number (MUNE) and mean amplitude of 705 
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single motor unit action potential (SMUA) of the tibialis anterior muscle shows preservation of 706 

large motor units in AAV-NRG1-III treated compared with Mock SOD1G93A mice (*p<0.05 vs 707 

SOD Mock mice). t-Student test, *p < 0.05 vs SOD Mock. The frequency distribution of the 708 

TA motor units demonstrates a shift to the right in the treated group. F) NRG1-III 709 

overexpression produced improvement in the Rotarod performance of treated SOD1G93A mice 710 

during the follow-up time. Two-way ANOVA followed by Tukey’s pots-hoc test, #p<0.05 vs 711 

SOD Mock mice. G) The onset of locomotion dysfunction was delayed but without significant 712 

differences. H) Overexpression of NRG1-III slightly improved the survival of the treated mice 713 

without reaching statistical significance (n=9 mice per group, Mantel-Cox test).  714 

 715 

Fig. 3. Effect of NRG1-III overexpression on MNs preservation and glial reactivity in SOD1G93A 716 

female mice. a) Representative images of the ventral horn of L4 spinal cord sections stained 717 

with cresyl violet of wild type and SOD1G93A mice, treated with NRG1-III or with mock vector 718 

(scale bar = 100 µm). b) Histological analysis showed higher number of MNs in the ventral 719 

horn of the treated mice compared with mock mice. One-way ANOVA followed by Tukey’s 720 

post-hoc test, *p<0.05 vs SOD Mock mice. c) Representative confocal images of astrocytes 721 

labeled against GFAP, and microglia labeled against Iba-1, in the spinal cord ventral horn of 722 

SOD1G93A mice (scale bar = 100 µm). d) AAV-NRG1-III therapy reduced the astrocyte and 723 

microglial reactivity in the spinal cord. t-Student, *p<0.05. Data are shown as mean ± SEM. 724 

 725 

Fig. 4. NRG1-III overexpression does not produce beneficial effects in male SOD1G93A mice. 726 

Electrophysiological tests showed that there were no differences in the CMAP amplitude of 727 

plantar (A) and gastrocnemius (B) muscles in the male SOD1G93A mice receiving either AAV-728 

NRG1-III or mock vector. Two-way ANOVA followed by Tukey’s post-hoc test, *p<0.05 vs 729 



   

 33 

SOD Mock. C) Treatment with NRG1-III did not improve the rotarod performance of the male 730 

SOD1G93A mice. D) Representative images of the ventral horn at L4 spinal cord of wild type 731 

and SOD1G93A mice, treated with NRG1-III or with mock vector (scale bar = 100 µm). E) 732 

Histological analysis showed a similar number of MNs in the spinal cord ventral horn of the 733 

treated SOD1G93A mice compared to the mock mice. One-way ANOVA followed by Tukey’s 734 

post-hoc test, *p<0.05 vs SOD Mock. Data are shown as mean ± SEM. 735 

 736 

Fig. 5. Effect of NRG1-III overexpression on NRG1/ErbB4 signaling and MN excitability 737 

markers in SOD1G93A mice. a) Treatment with NRG1-III tended to increase the ErbB4 receptor 738 

expression to normal levels in the SOD1G93A mice. One-way ANOVA followed by Tukey’s 739 

post-hoc test, *p<0.05 vs SOD Mock mice. b) Confocal images showed ErbB4 translocation to 740 

the nucleus of MNs in the SOD1G93A mice (scale bar = 20 µm). The integrated density of ErbB4 741 

immunolabeling was significantly increased in the nucleus in SOD1G93A mice. t-Student, 742 

*p<0.05. c) Microphotographs of spinal cord samples labeled for ErbB4 showed also presence 743 

of ErbB4 in the nucleus of MNs in ALS patients but not in healthy subjects (scale bar = 20 m). 744 

d) Representative images of spinal cord ventral horn MNs immunolabeled for ChAT (green) 745 

and MMP-9 (red). NRG1-III overexpression increased the number of MMP-9 negative MNs 746 

(scale bar = 100 µm). t-Student, *p<0.05. e) Representative images of KCC2 (red) labeling in 747 

the membrane of MNs labeled with FluoroNissl (green) (scale bar = 50 µm). Higher 748 

magnification images (bottom) show that KCC2 staining was decreased specially around the 749 

MN soma (scale bar = 25 µm). NRG1-III treatment rescued the KCC2 downregulation observed 750 

in the SOD1G93A mice. One-way ANOVA followed by Tukey’s post-hoc test, *p<0.05 vs SOD 751 

Mock mice. f) NRG1-III increases Akt phosphorylation (both Ser473 and Thr308) and 752 

diminishes Erk2 activation in SOD1G93A treated mice, as demonstrated by western blot. At least 753 

3 different western blots were used for quantification; relative phosphorylation compared to 754 
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total protein were normalized by GAPDH and represented by fold-change compared to WT 755 

animals. One-way ANOVA followed by Tukey’s post-hoc test, *p<0.05 vs SOD Mock. Data 756 

are shown as mean ± SEM. 757 

 758 


