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Augmentation of spinal cord 
glutamatergic synaptic currents 
in zebrafish primary motoneurons 
expressing mutant human TARDBP 
(TDP-43)
Virginie petel Légaré, Ziyaan A. Harji, Christian J. Rampal, Xavier Allard-Chamard, 
esteban C. Rodríguez & Gary A. B. Armstrong  

Though there is compelling evidence that de-innervation of neuromuscular junctions (NMJ) occurs early 
in amyotrophic lateral sclerosis (ALS), defects arising at synapses in the spinal cord remain incompletely 
understood. To investigate spinal cord synaptic dysfunction, we took advantage of a zebrafish 
larval model and expressed either wild type human TARDBP (wtTARDBP) or the ALS-causing G348C 
variant (mutTARDBP). The larval zebrafish is ideally suited to examine synaptic connectivity between 
descending populations of neurons and spinal cord motoneurons as a fully intact spinal cord is preserved 
during experimentation. Here we provide evidence that the tail-beat motor pattern is reduced in both 
frequency and duration in larvae expressing mutTARDBP. In addition, we report that motor-related 
synaptic depolarizations in primary motoneurons of the spinal cord are shorter in duration and fewer 
action potentials are evoked in larvae expressing mutTARDBP. To more thoroughly examine spinal cord 
synaptic dysfunction in our ALS model, we isolated AMPA/kainate-mediated glutamatergic miniature 
excitatory post-synaptic currents in primary motoneurons and found that in addition to displaying a 
larger amplitude, the frequency of quantal events was higher in larvae expressing mutTARDBP when 
compared to larvae expressing wtTARDBP. In a final series of experiments, we optogenetically drove 
neuronal activity in the hindbrain and spinal cord population of descending ipsilateral glutamatergic 
interneurons (expressing Chx10) using the Gal4-UAS system and found that larvae expressing 
mutTARDBP displayed abnormal tail-beat patterns in response to optogenetic stimuli and augmented 
synaptic connectivity with motoneurons. These findings indicate that expression of mutTARDBP results 
in functionally altered glutamatergic synapses in the spinal cord.

While most forms of ALS occur sporadically in the population (sALS), a small subset (~5–10%) with the same 
cardinal symptoms and progression is inherited (fALS). A breakthrough came in 2006 with the discovery that 
TDP-43 is a major component of ubiquitin-positive tau-negative cytoplasmic neuronal aggregates with clearance 
of nuclear TDP-43 occurring in the majority (>90%) of ALS cases1. Subsequent genetic sequencing identified 
dozens of mutations in the gene encoding TDP-43 (TARDBP) that account for a small percentage of both sALS 
cases (~1%) and dominantly inherited fALS cases (3–4%)2,3. TDP-43 is a ubiquitously expressed member of the 
heterogeneous nuclear ribonucleoprotein family of proteins. Though its biological function is not fully under-
stood, TDP-43 is involved in several steps of RNA metabolism, and evidence for gene transcription4, splicing5,6 
and autoregulation of its own cellular expression levels7–10 has been reported. Previous work examining RNA 
targets processed by TDP-43 have identified transcripts associated with synapse formation, regulation of neuro-
transmitter signaling, and neuronal development8,11–15. As with a mouse knockout model16, zebrafish Tdp-43 loss 
of function models are developmentally lethal and display impaired NMJ synaptic function prior to death17–20. 
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Investigations of the pathophysiological basis of altered synaptic function in the spinal cord of animal models 
expressing ALS-associated TDP-43 variants remains a poorly explored area of research yet would be useful for 
identifying cellular pathways involved in motoneuron dysfunction.

Corticomotoneuronal dysfunction in ALS was initially proposed by Charcot21, but it was not until the advent 
of recording motor-evoked potentials in muscles following transcranial magnetic stimulation of the motor cortex 
in symptomatic patients, that evidence of cortical hyperexcitability with reduced intracortical inhibition was 
identified as an early (and possibly pre-symptomatic)22 pathophysiological feature of ALS22–27. There remains con-
siderable debate about the underlying cause of cortical hyperexcitability in ALS28, and evidence of both neuronal 
intrinsic (e.g. increased persistent Na+ currents in motoneurons, altered AMPA receptor subunit composition) 
and extrinsic (e.g. increased glutamatergic synaptic activity) factors have been reported in mouse SOD1G93A cor-
tical cultures29,30 and in vitro slice recordings of pyramidal motoneurons31. What role cortical hyperexcitability 
plays in the degenerative process of upper motoneurons, along with the consequences of increased excitatory glu-
tamatergic synaptic output to the lower spinal motor network, remains to be fully understood. However, evidence 
from a rat SOD1 model suggests that targeted knockdown of mutant SOD1 in the motor cortex alone can extend 
the lifespan, delay lower motoneuron degeneration, and maintain NMJs32. Studies taking a similar approach 
using transgenic TARDBP models have yet to be undertaken. Despite the proposed role excitotoxicity has in the 
pathogenesis of ALS, in vivo experiments examining glutamatergic synaptic transmission in the spinal cord have 
been a challenge to perform as slice preparations of murine spinal cords severs descending synaptic inputs to 
ventral horn motoneurons.

Using zebrafish, an aquatic vertebrate, which lends easily to investigations of spinal cord synaptic function, we 
examined in vivo spinal cord excitatory synaptic defects arising following the expression of the ALS-associated 
TARDBP missense mutation 1176G > T (encoding the G348C variant). This model was previously shown to have 
impairments in both touch-evoked locomotor behaviour and synaptic transmission at the NMJ33–36. Here, we 
report findings demonstrating that descending excitatory glutamatergic synaptic currents in spinal cord primary 
motoneurons are increased in amplitude lending support to the theory that in ALS spinal cord motoneurons are 
subjected to increased and possibly deleterious excitatory inputs.

Methods
Zebrafish lines. Wild type (TL) zebrafish (Danio rerio) were bred and maintained according to standard pro-
cedures37. This study was performed in accordance with the guidelines of the Canadian Council for Animal Care 
and conducted at the Research Centre of the University of Montréal Hospital Centre. In addition, we confirm that 
the experimental protocols were approved by the animal care committee of the Research Centre of the University 
of Montréal Hospital Centre. To obtain transgenic zebrafish larvae expressing ChRWR-EGFP in Chx10 expressing 
neurons, Tg(UAS:ChRWR-EGFP) zebrafish were crossed with Tg(Chx10:Gal4) zebrafish. In some experiments 
transgenic larvae expressing Hb9:GFP were used for preparing example images of spinal cord motoneurons. All 
experiments were performed on sexually undifferentiated zebrafish larvae 48–56 hpf.

preparation and Injection of TARDBP mRNA. Human TARDBP cDNA was obtained from Open 
Biosystems. The mutation encoding the G348C variant was introduced using site-directed mutagenesis in the 
appropriate vector using QuikChange XL Site-Directed Mutagenesis Kit (Stratagene) as previously described36. 
Constructs encoding N-FLAG and C-Myc were incorporated and subcloned into pCS2+ plasmid vectors which 
were subsequently used to generate mRNA.

Injections in 1 cell stage blastulae were performed as previously described33,36. Briefly, wtTARDBP and mut-
TARDBP (G348C) mRNAs were transcribed from NotI-linearized pCS2+ using SP6 polymerase with the mMES-
SAGE Machine Kit (Ambion). The mRNA was diluted in nuclease free water (Ambion) with 0.05% Fast Green 
(Sigma) to a final concentration of 25 ng/µl and backfilled in a pulled (Sutter instrument company) thin-walled 
borosilicate capillary tube and pressure injected into the cell using a PicoSpritzer III (General Valve). No obvi-
ous gross anatomical disparity in larval body shape was observed across treatments at 54 hpf, nor was there any 
apparent delay in development, as migration of the lateral line primordium (used for staging development)38 was 
unaffected by exogenous mRNA expression.

Evoked tail-beat behaviour. Touch-evoked assessment of larval tail-beat patterns was performed at room 
temperature (22–25 °C) in larvae aged 54 hpf. Larvae were suspended in a dish containing 1% solution low melt-
ing point agarose (Sigma). After the gel was set, the agarose around the larval tail was removed, liberating the tail 
and allowing for an unobstructed tail-beat pattern following a light touch with a pair of forceps. Tail-beat pat-
terns were recorded digitally at 200 frames/sec (Grasshopper 2 camera, Point Grey Research) and subsequently 
analysed using ImageJ software. Optogenetically-evoked tail-beat patterns of activity were similarly obtained by 
embedding larvae in agarose and exposing larvae to blue light from a wide-field fluorescence light source (X-Cite 
120Q, Excelitas technologies) at an intensity of 0.4 mW/mm2.

Whole-cell voltage clamp recordings. As described previously39, zebrafish were anaesthetized in 0.04% 
tricaine (Sigma) dissolved in modified Evan’s solution containing, in mM: 134 NaCl, 2.9 KCl, 2.1 CaCl2, 1.2 
MgCl2, 10 HEPES, 10 glucose. The solution was adjusted to 290 mOsm and a pH of 7.8. The zebrafish were then 
restrained with fine (0.001 in.) tungsten wires pierced through their notochords and secured to a Sylgard-lined 
dish. The outer layer of skin between the pins was removed using a fine glass electrode and forceps, exposing the 
musculature. The preparation was then visualized by oblique illumination (Olympus BX61W1). For motoneuron 
recordings, collagenase (1 mg/ml) was perfused over the preparation for 10 min. This allowed for partial digestion 
before muscle cells overlying the spinal cord were removed by aspiration to expose the spinal cord, while leaving 
the ventral root and deeper ventral muscle cells intact.
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Standard whole-cell voltage clamp or current clamp recordings were obtained from the CaP motoneuron or 
fast twitch trunk muscle cells in somites 13–16. 8–10 MΩ glass electrodes were pulled from thin-walled Kimax-51 
borosilicate glass (Kimble Chase) and filled with the following intracellular solution (in mM: 116 K-gluconate; 
16 KCl; 2 MgCl2; 10 HEPES; 10 EGTA; adjusted to pH 7.2, 290 mOsm). Muscle cells and neurons were held near 
their resting potential at −65 mV and series resistance was <15 MΩ and compensated to 70–90%. Cells with 
resting membrane potentials less then −55 mV were not used. In touch-evoked motoneuron recordings, 15 µM 
tubocurarine (Sigma) was used to block NMJ synaptic transmission. In recordings of optogenetically-evoked 
glutamatergic excitatory post-synaptic currents (EPSCs) in CaP motoneurons, 100 µM bicuculline (Sigma) and 
5 µM strychnine (Sigma) were perfused over the preparation and baseline voltage recordings were adjusted to 
zero to facilitate EPSC event detection. In recordings of quantal currents, 1 µM TTX (Sigma), 50 µM DL-2-amino-
5-phosphonovaleric acid (APV, Sigma), 100 µM bicuculline (Sigma) and 5 µM strychnine (Sigma) were perfused 
over the preparation to isolate AMPA/kainate-mediated miniature excitatory post-synaptic currents (mEPSC). 
All electrophysiological data were sampled at 50 kHz using an Axopatch 200B amplifier (Molecular Devices) or 
BVC-700A amplifier (Dagan), digitized using a Digidata 1440A (Molecular Devices) and stored on a computer 
for later analysis using pCLAMP 10 software (Molecular Devices).

Western blots. Larvae aged 54 hpf were deyolked using Ginsburg Fish Ringer (NaCl, KCl, NaHCO3) solu-
tion. For each condition, 40 larvae were homogenized using 1x RIPA buffer (EMD Millipore RIPA lysis Buffer 
10×) and protease inhibitor cocktail (cOmplete™, Mini, EDTA-free Protease Inhibitor Cocktail). Lysate was 
recovered following centrifugation. For each sample, protein was quantified using a Bradford assay, and 35 μg 
at equal concentration were loaded on 12.5% SDS polyacrylamide gel. Separated proteins were transferred to a 
nitrocellulose membrane and blocked in 5% milk (TSBT) for 1 hr at room temperature. Membrane was incubated 
with myc primary antibody (monoclonal, Cell Signaling Technology (9b11), 1:1000) in blocking buffer at 4 °C 
overnight. Mouse secondary antibody (Jackson Immuno, 1:10 000) was applied for 1 hour at room temperature, 
and enhanced chemiluminescence was used for visualization. Following stripping using a mild stripping buffer 
(Glycine, SDS, Tween 20, pH 2.2), membrane was re-probed with Actin (C4 MPBio, 1: 10 000), and visualised 
using the same method as previously described.

Image acquisition. Images of larval trunk and spinal cords were visualized using a Quorum Technologies 
spinning disk confocal microscope with CSU10B (Yokogawa) spinning head mounted on an Olympus BX61W1 
fluorescence microscope and connected to a Hamamatsu ORCA-ER camera. Images were acquired using Volocity 
software (Quorum Technologies).

statistical analysis. SigmaPlot 11.0 integrated with SigmaStat 3.1 was used to assess data groupings for 
significance. Statistical analyses used one-way repeated measures ANOVA, followed by a post-hoc Tukey multi-
ple comparison test. Significance was assessed at p ≤ 0.05 (asterisks, comparison to wild type larvae) or p ≤ 0.05 
(dagger, comparison to wtTARDBP expressing larvae).

Results
expression of mutTARDBP impairs locomotor tail-beat pattern. Transient expression of mut-
TARDBP in zebrafish larvae aged 52–56 hours post fertilization (hpf) (Fig. 1A,B) has been previously shown 
to result in reduced touch-evoked locomotor swim duration, velocity and distance when compared to lar-
vae expressing wild type TARDBP (wtTARDBP) mRNA33,34 despite having similar protein expression levels 
(Supplementary Material, Fig. S1). To gain further insight into the underlying motor defect arising in larvae 
expressing mut TARDBP, touch-evoked locomotor tail-beat patterns were video recorded in animals partially 
embedded in agarose and aged 54 hpf (Supplementary Material, Video S1, Fig. 1C). No differences in tail-beat 
frequency or tail-beat duration were found between wild type larvae and larvae expressing wtTARDBP (Fig. 1C). 
However, larvae expressing mutTARDBP displayed both a reduction in tail-beat duration (p < 0.04) and tail-
beat frequency (p < 0.05) when compared to either wild type larvae or zebrafish larvae expressing wtTARDBP 
(Fig. 1C,D). Tail-beat durations recorded across all three treatment groups were lower than previously reported 
touch-evoked swim durations in unrestrained (freely swimming) larvae expressing the same constructs33, and 
may have resulted from reduced sensory feedback from hair cells of the anterior lateral line40 due to the partial 
embedding of the larvae.

MutTARDBP expression results in attenuated rhythmic muscle endplate currents (EPCs). To 
investigate where defects in pattern generation arise in larvae expressing mutTARDBP, whole-cell voltage clamp 
recordings of touch-evoked rhythmic muscle endplate currents (EPCs) were recorded from fast-twitch muscle 
cells of the trunk (Fig. 1E) using previously established techniques and held at −65 mV41. At 48 hpf, each side of 
the larval zebrafish trunk muscular system is composed of 32 hemisomites with each somite containing a super-
ficial slow-twitch muscle cell layer followed by three layers of fast-twitch muscles cells that are polyinnervated 
by 3 primary and around 20 secondary motoneurons. No difference in the delay between touching the tail and 
the start of rhythmic muscle EPCs was found among the treatment groups suggesting that the sensory system 
of larvae expressing mutTARDBP is not impaired (Fig. 1F). Not surprisingly, the maximum touch-evoked EPC 
amplitude was found to be reduced in larvae expressing mutTARDBP when compared to either wtTARDBP or 
wild type larvae (p < 0.05; Fig. 1G). This finding likely reflects previously reported presynaptic impairment of 
synaptic transmission at the NMJ and not a muscle-specific defect33,34. In addition, both mean frequency and 
burst duration of rhythmic EPCs were found to be reduced in larvae expressing mutTARDBP when compared to 
muscle recordings from wild type larvae (p < 0.05; Fig. 1H,I) but not larvae expressing wtTARDBP. This obser-
vation suggests that in addition to synaptic transmission defects at the NMJ, defects in the circuitry coordinating 
motor behaviour is altered in larvae expressing mutTARDBP.
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Figure 1. Expression of mutTARDBP results in touch-evoked defects in locomotor pattern generation. (Ai), 
Schematic representation of human wild type TARDBP and mutant TARDBP encoding the ALS-causing 
missense mutation G348C situated in the C-terminal glycine rich region. Other general structures of TARDBP 
include an N-terminal nuclear localization motif (L), RNA binding domains (RRM1 and RRM2) and a 
proposed nuclear export motif (E). (Aii–Aiv), Representative images of 52–54 hpf zebrafish larvae. Scale bar 
represents 1 mm. (B) Example still frames from high speed video recordings of touch-evoked locomotor tail-
beat patterns in zebrafish larvae. Tail-beat patterns were found to be reduced in tail beat duration (C) and mean 
frequency (D) when compared to either wild type zebrafish or zebrafish larvae expressing wtTARDBP. Defects 
in pattern generation were observed in the synaptic inputs to muscle cells of the trunk during fictive locomotor 
patterns. (E) Example traces of whole-cell patch clamp recordings of rhythmic fast-twitch EPCs evoked by a 
light touch to the tail. No differences were found between the tail touch and the start of the EPCs (F), but the 
maximum EPC amplitude (G), mean EPC frequency (H) as well as the EPC burst duration (I) were all found 
to be reduced in larvae expressing mutTARDBP. Numbers in parentheses represent sample sizes. Asterisks and 
daggers represent statistical differences from wild type (p < 0.05) and wtTARDBP (p < 0.05) larvae respectively.
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primary motoneurons expressing mutTARDBP display reduced durations of motor-related 
depolarizations. To investigate where defects in motor pattern generation originate, whole-cell current 
clamp recordings of touch-evoked patterns of motor-related activity were recorded in primary motoneurons. The 
caudal and primary (CaP) motoneuron42 is one of three primary motoneurons located in each hemisomite of the 
spinal cord and is easily identified by its ventral position in the spinal cord and large cell body with distinctive 
ventral axon projection and is labelled by the Tg[Hb9:GFP] line43 (Fig. 2A). As this neuron has been previously 
used to investigate NMJ synaptic defects33, and to reduce the variability that likely exists within the motoneuron 
population, it was used here to examine fictive motor activity patterns following a light touch to the tail in immo-
bilized larvae (Fig. 2B). Similar to the findings in touch-evoked rhythmic muscle EPC recordings, no difference 
between the delay and start of touch-evoked CaP depolarizations was found among the experimental groups 

Figure 2. Attenuation of fictive synaptic depolarizations to spinal primary motoneurons during touch-evoked 
locomotor activity in larvae expressing mutTARDBP. (A) From left to right: a bright field image of a 54 hpf 
zebrafish trunk in a transgenic larvae expressing GFP (magenta) under the control of the motoneuron specific 
promotor Hb9, with a patch electrode dialyzing a CaP motoneuron with sulforhodamine (cyan). Fictive motor 
patterns were elicited with a light puff of water onto the tail using a picospritzer. (B) Example traces of CaP 
motoneuron synaptic depolarizations following light touch. Note the presence of increased spontaneous EPSPs 
following touch-evoked motor-related depolarizations (insets). (C) No differences were found in the delay 
between the touch and start of depolarizations among wild type larvae, larvae expressing wtTARDBP or larvae 
expressing mutTARDBP. However, both the duration of synaptic depolarizations (D) and the number of APs 
(E) elicited following light touch in larvae expressing mutTARDBP were found to be reduced when compared to 
either wild type larvae or larvae expressing wtTARDBP. Though fewer APs were generated in larvae expressing 
mutTARDBP, the frequency of APs (F) was not found to be different from wild type larvae or wtTARDBP 
larvae. Numbers in parentheses represent sample sizes. Asterisks and daggers represent statistical differences 
from wild type (p < 0.05) and wtTARDBP (p < 0.05) larvae respectively.
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(Fig. 2B,C). At this stage in zebrafish development, motoneuron depolarizations are mediated by a primarily 
tonic depolarizing glycinergic-mediated synaptic current44 driven by developmentally reversed high intracel-
lular concentration of Cl− in the vertebrate nervous system45–48 and rhythmic glutamatergic synaptic input to 
spinal motoneurons49,50. Mean touch-evoked membrane depolarization of the CaP membrane potential was not 
found to differ among the experimental groups (wild type, 6.5 ± 0.7 mV; wtTARDBP, 6.2 ± 1.2 mV; mutTARDBP 
5.9 ± 0.4 mV), but the duration of the touch-evoked episode duration was found to be reduced in CaP motoneu-
rons expressing mutTARDBP (p < 0.05, Fig. 2D) when compared to recordings in either wild type or wtTARDBP 
expressing CaP motoneurons. In addition, fewer action potentials (APs) were generated (p < 0.05, Fig. 2E) in 
zebrafish larvae expressing mutTARDBP compared to APs generated in wild type CaP motoneurons. Despite 
the reduction in the number of evoked APs observed in CaP motoneurons expressing mutTARDBP the mean 
frequency of APs was not found to differ among the experimental groups (Fig. 2F).

Quantal glutamatergic mEPSCs occur at a higher frequency and are scaled-up in primary moto-
neurons expressing mutTARDBP. A general observation made in recordings of touch-evoked activity 
in CaP motoneurons expressing mutTARDBP, and to a lesser extent wtTARDBP, was a persistent increase in 
spontaneous synaptic depolarizations following locomotor-related membrane depolarizations (Fig. 2B insets). To 
further investigate the nature of these spontaneous events, recordings of AMPA/kainate-mediated glutamatergic 
miniature excitatory post-synaptic currents (mEPSCs) were made in CaP motoneurons (Fig. 3A). In 10 min-
ute recordings of AMPA/Kainate mEPSCs, larvae expressing mutTARDBP were strikingly found to display an 
increase in the frequency of events (p < 0.01, Fig. 3B) when compared to quantal events recorded in either wild 
type or wtTARDBP expressing CaP motoneurons. The mean amplitude of mEPSCs was also found to be larger in 
CaP motoneurons expressing mutTARDBP (p < 0.01, Fig. 3C) when compared to larvae expressing wtTARDBP 
but not mEPSCs recorded in wild type CaP motoneurons. When the entire population of mEPSC amplitudes was 
plotted as a cumulative histogram, a right-shifted skewing of mEPSC amplitudes in CaP motoneurons express-
ing mutTARDBP was evident (Fig. 3D), indicating synaptic scaling of glutamatergic synaptic strength in spinal 
motoneurons expressing mutTARDBP. This increase in mEPSC amplitude was also accompanied by an increase 
in half-width duration (p < 0.01, Fig. 3E) and an increased quantal rise time (10–90% of amplitude) of events 
(p < 0.01, Fig. 3F), but not a change in the decay constant (Fig. 3G) in CaP motoneurons expressing mutTARDBP 
when compared to mEPSCs recorded in wild type larvae or larvae expressing wtTARDBP.

Augmentation of glutamatergic synaptic strength in primary motoneurons expressing mut-
TARDBP. To further investigate spinal glutamatergic defects, locomotor activity was evoked optogenetically 
in larvae expressing channelrhodopsin wide receiver variant51 in neurons expressing the transcription factor 
Chx1052 using the Gal4-UAS system (Tg(Chx10:Gal4;UAS:ChRWR-EGFP), Fig. 4A). The transcription factor 
Chx10 is expressed in reticulospinal neurons of the larval zebrafish hindbrain and spinal cord that have ipsilat-
eral descending axon projections and belong to the glutamatergic V2a class of interneurons53. These neurons 
form synaptic connections with spinal motoneurons and play a significant role in coordinating descending loco-
motor synaptic drive in the larval spinal cord52–55. Optogenetically-evoked locomotor tail-beat patterns were 
video recorded in animals aged 54 hpf and partially embedded in agarose with the tail free to move (Fig. 4B). 
Activity patterns were evoked by 5 second exposure to blue light and could be separated into three general groups: 
anguilliform tail-beat, tail thrashing, and slight twitching of the trunk in response to blue light. Both wild type 
and larvae expressing wtTARDBP displayed mainly anguilliform tail-beat patterns in response to optogenetic 
stimulation (Supplementary Material, Video S2, Fig. 4B,C). In contrast, optogenetically-evoked locomotor activ-
ity in larvae expressing mutTARDBP resulted in a more vigorous tail thrashing patterns of activity (Fig. 4B,C). 
To investigate the physiological nature of this altered pattern of activity whole-cell voltage clamp recordings of 
optogenetically-evoked descending glutamatergic excitatory post-synaptic currents (EPSCs) were recorded in 
CaP motoneurons. EPSCs recorded in CaP motoneurons expressing mutTARDBP revealed that both mean and 
maximum glutamatergic EPSC were larger in amplitude than synaptic currents recorded in wild type CaP moto-
neurons (p < 0.05, Fig. 4D–F). Furthermore, optogenetically-evoked glutamatergic EPSCs were also found to 
occur at a higher frequency in larvae expressing mutTARDBP when compared to wild type CaP recordings of 
EPSCs (p < 0.05, Fig. 4G). The total number of EPSCs recorded over a 5 second exposure to a blue light stimulus 
in larvae expressing mutTARDBP was higher than the total number of EPSCs recorded in CaP motoneurons in 
either wild type or larvae expressing wtTARDBP (p < 0.01, Fig. 4H). This indicates that when driven optogeneti-
cally, descending glutamatergic/motoneuron coupling is stronger in the spinal cords of larval zebrafish expressing 
mutTARDBP, suggesting that scaled glutamatergic synapses are functionally stronger following the expression 
of mutTARDBP.

Discussion
Though considerable advances in our understanding of the genetics of ALS have been made in the past decade, 
our understanding of spinal cord synaptic defects arising in the disease remains largely unexplored. In this study, 
we took advantage of the larval zebrafish, a model system that lends itself easily to physiological investigation 
of spinal cord synaptic function. Building upon previous studies that reported motor impairment36 and NMJ 
synaptic impairment33,34, we turned our attention to defects in the descending excitatory synaptic components 
of the spinal cord motor system of larvae expressing the ALS-associated TARDBP missense mutation 1176G > T 
(encoding the G348C variant). This model has been previously shown to display motor impairment characterized 
by reduced burst swim durations, distances and swim velocities at 54 hpf33. To gain a better understanding of the 
underlying cause of motor impairment we recorded high-speed videos of touch-evoked tail beat motor patterns 
in larvae partially embedded in agarose. These experiments revealed that both the total duration of the tail beat 
and the instantaneous frequency of the tail beat pattern were reduced in larvae expressing mutant TARDBP 
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(Fig. 1B–D). Similarly, whole cell patch-clamp recordings of touch-evoked rhythmic muscle EPCs were found 
to be reduced in amplitude and frequency as well as shorter in burst duration (Fig. 1E,G–I). We have previously 
argued that much of the impairment in motor function in larvae expressing mutTARDBP arises as a result of 
impaired NMJ synaptic function33, and our observation of reduced rhythmic EPC amplitude is in alignment 
with this theory. However, an argument can be made that reduced tail beat and reduced EPC frequencies arise 
as a result of an upstream impairment in the neuronal circuit of the locomotor pattern generator in the spinal 
cord. Studies examining gait rhythm of patients with ALS have revealed that motor function is altered in several 
ways: 1) the variability in the magnitude of stride-to-stride footsteps is increased and 2) the average stride time is 
longer and walking speeds are slower56,57. The clinical manifestation of ALS is marked by both muscle fatigability 
and weakness and may account for an increased stride time/reduced walking speed. However, variability in gait 
rhythm likely has its origins in the locomotor central pattern generating neuronal circuit of ALS patients. We 
believe that our observations of perturbed locomotor pattern generation in zebrafish expressing mutTARDBP 
could serve as a good model to investigate this poorly understood pathophysiological characteristic of the disease.

Figure 3. Synaptic scaling of AMPA-mediated glutamatergic mEPSCs in primary motoneurons expressing 
mutTARDBP. (A) Example 10 second recordings of quantal AMPA-mediated glutamatergic mEPSCs recorded 
in CaP motoneurons. AMPA-mediated glutamatergic mEPSCs in mutTARDBP larvae were found to occur at 
an increased frequency when compared to either wild type larvae or larvae expressing wtTARDBP (B). The 
amplitude of mEPSCs recorded in CaP motoneurons expressing mutTARDBP were found to be significantly 
larger in amplitude when compared to larvae expressing wtTARDBP (C). Furthermore, when the entire 
recorded population of mEPSCs was examined, the cumulative probability of AMPA-mediated quantal events 
in larvae expressing mutTARDBP was found to be skewed right, indicating synaptic scaling (D). In addition, the 
half-width duration (E) and the rise time (F) of quantal events in larvae expressing mutTARDBP were found to 
be increased but no difference in the decay constant (G) was evident. Numbers in parentheses represent sample 
sizes. Asterisks and daggers represent statistical differences from wild type (p < 0.05) and wtTARDBP (p < 0.05) 
larvae respectively.
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Figure 4. Augmentation of descending excitatory glutamatergic synaptic inputs to primary motoneurons 
expressing mutTARDBP. (A) Example bright field of image of a 56 hpf transgenic Chx10:ChRWF-EGFP 
zebrafish larva (left, scale bar represents 1 mm). Bright field image showing a section of the zebrafish trunk 
showing 6 somites (middle, scale bar represents 50 μm) with corresponding EGFP fluorescence image depicting 
spinal V2a interneurons expressing Chx10:ChRWF-EGFP (right, scale bar represents 50 μm and in inset 25 
μm). (B) Example still frames from high speed video recordings of optogenetic stimulation of locomotor tail-
beat patterns in zebrafish larvae partially embedded in agarose. (C) Proportion of larvae exhibiting different 
patterns of optogenetic-evoked activity, with the majority of larvae expressing mutTARDBP displaying 
tail thrashing. Sample sizes for optogenetically-evoked patterns of activity for wild type, wtTARDBP and 
mutTARDBP larval groups were 17, 21, and 22 respectively. (D) Example whole-cell voltage clamp recordings of 
optogenetically-evoked synaptic currents in CaP motoneurons (above) and EPSC raster plots from individual 
larvae (below). Recorded EPSC were binned into three groups, representing: 5 seconds before optogenetic 
stimulation, 5 seconds during light exposure, and the following 5 seconds after stimulation. Both the mean (E) 
and maximum amplitudes (F) of EPSCs recorded in CaP motoneurons in larvae expressing mutTARDBP were 
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Much of the general organization of the vertebrate spinal cord is conserved across species58,59 and the devel-
opment of the motor circuit in zebrafish larvae has been extensively studied (for review see60–62). At 2 dpf, larvae 
display a robust touch response, characterized by vigorous anguilliform burst swimming that, in freely swim-
ming larvae, can last for several seconds63,64. Trunk muscles coordinating locomotor behaviour at this stage in 
development are innervated by three primary, and around twenty secondary motoneurons in each spinal cord 
hemisegment65. Among the primary motoneurons, the CaP motoneuron, which extends its axon to the ventral 
region of the trunk musculature (Fig. 2A), has been studied previously within the context of this model. Larvae 
expressing mutTARDBP were shown to display impaired NMJ synaptic connectivity with fast-twitch muscle cells 
characterized by reduced fidelity of NMJ synaptic transmission and reduced EPC amplitudes that were more 
variable in amplitude when compared to NMJs in larvae expressing wtTARDBP33,34. In the spinal cord, whole-cell 
patch-clamp recordings of CaP motoneurons (Fig. 2A,B) expressing mutTARDBP were also found to be more 
excitable in that they displayed a reduced rheobase current and more action potentials were generated upon 
current injection33. In this study, whole-cell patch clamp recordings of touch-evoked CaP motoneuron activity in 
larvae expressing mutTARDBP showed reduced durations of motor activity-related membrane depolarizations 
and fewer action potentials when compared to our control experimental groups (Fig. 2D,E). Though our subse-
quent experiments did not focus on the nature of the reduced duration of the tonic membrane depolarizations, it 
is conceivable that these motoneurons have altered glycinergic synaptic currents. Evidence that reduced glyciner-
gic synaptic transmission could arise in ALS spinal cords has come from a study using a zebrafish Sod1G93R model 
that reported a decrease in quantal release frequency of glycinergic mEPSC in CaP motoneurons at 4 dpf, at a 
time when these neurons were shown to mount a stress response66. Moreover, in vitro motoneuron patch-clamp 
recordings from dissociated spinal cord cultures of SOD1G93A transgenic mice have revealed reduced amplitudes 
of glycinergic miniature inhibitory post-synaptic currents67. Taken together, dysregulation of inhibitory com-
ponents of the motor system that tip the excitatory/inhibitory balance of synaptic inputs in favour of excitation 
could play a role in excitotoxicity (for review see68).

A general observation made in our recordings of CaP motoneurons following touch-evoked fictive motor 
patterns was the presence of increased spontaneous excitatory post-synaptic potentials (Fig. 2B insets). To investi-
gate the nature of these events more accurately, we isolated and recorded AMPA/kainate-mediated glutamatergic 
mEPSCs in CaP motoneurons (Fig. 3A) and found that in addition to occurring at a higher frequency, the quantal 
size of these events was also significantly larger in larvae expressing mutTARDBP (Fig. 3B,C). The increase in 
mEPSC frequency is similar to what has been observed in in vitro slice recordings of layer V pyramidal neurons 
from the motor cortex of pre-symptomatic mice expressing the ALS-associated TARDBPQ331K variant, which 
show an increase in spontaneous EPSC frequency when compared to recordings derived from wild type animals31 
but differ from in vitro slice recordings derived from TARDBPA315T mice which display reduced EPSC frequen-
cies69. When we examined the entire population of mEPSCs, plotted as a cumulative histogram, a right-shifted 
skewing of the curve from mutTARDBP-expressing larvae was observed indicating synaptic scaling (Fig. 3D). 
Synaptic scaling likely results from the insertion of additional AMPA receptors at excitatory synapses in CaP 
motoneurons. Changes in glutamate receptor abundance are intimately linked with homeostatic synaptic plas-
ticity70 and we believe that this is relevant for ALS pathophysiology. Homeostatic synaptic plasticity orchestrates 
the long-term stabilization of neuronal circuit function in spite of destabilizing biotic and abiotic influences. 
Dysfunction in mechanisms that regulate homeostatic synaptic plasticity has been implicated in several pathol-
ogies, including autism spectrum disorder, mental retardation, psychiatric disorders, epilepsy and Alzheimer’s 
disease71–78. Certain aspects of ALS pathology could manifest as a result of defective or augmented cellular path-
ways that normally coordinate synaptic plasticity. Generally, a neuron’s response to perturbations can be divided 
into three areas: the homeostatic control of neurotransmitter release, receptor expression/synaptic scaling, and 
control over the intrinsic excitability of a cell (for review see79–81). Alterations in any or all of these may arise in the 
ALS spinal cord but have not been explored in animal models of TDP-43.

One possibility is that before neurodegeneration occurs in the ALS spinal cord, increased and deleterious 
descending glutamatergic synaptic activity drives a maladaptive homeostatic compensatory change in lower 
motoneurons. Alternatively, or perhaps occurring in concert, impaired functioning of TDP-43 ALS-causing vari-
ants and/or loss of nuclear localization of TDP-43 could perturb the processing of transcripts that are involved in 
coordinating cellular processes that stabilize neuronal function following perturbations. Though we were unable 
to address these questions in the present study, we were able to take advantage of the unsurpassed optical trans-
parency of zebrafish larvae and optogenetically drove locomotor behaviour by expressing channelrhodopsin in 
the hindbrain and spinal cord population of Chx10 expressing (Fig. 4A) glutamatergic V2a class of interneu-
rons53. These neurons have ipsilateral descending axon projections that form en passant excitatory synapses with 
spinal cord motoneurons. As with our touch-evoked motor behaviour, optogenetically driving activity in this 
population of glutamatergic interneurons could reliably evoke swimming behaviour in both wild type and larvae 
expressing wtTARDBP (Fig. 4B,C). However, unlike the reduced touch-evoked motor behaviour observed in 
mutTARDBP-expressing larvae, optogenetically driving motor activity in these animals resulted in uncoordinated 
thrashing of the tail indicating that descending excitatory inputs to spinal cord motoneurons are functionally 

found to be higher than EPSCs recorded in wild type CaP motoneurons. Furthermore, the mean frequency 
of optogenetically driven EPSCs was found to be higher in larvae expressing mutTARDBP when compared to 
wild type EPSCs in CaP motoneurons (G). When the total number of evoked EPSCs was examined over the 
5 second stimulus, larvae expressing mutTARDBP were found to generate more EPSCs than both wild type 
and wtTARDBP expressing larvae (H). Asterisks and daggers represent statistical differences from wild type 
(p < 0.05) and wtTARDBP (p < 0.05) larvae respectively.
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altered (Fig. 4B,C). Whole-cell patch clamp recordings of EPSCs in CaP motoneurons during optogenetic stim-
ulation of Chx10 interneurons revealed that EPSCs were larger in both mean and maximal amplitudes in lar-
vae expressing mutTARDBP (Fig. 4E,F) and more EPSCs were evoked at a higher frequency (Fig. 4G,H) when 
compared to wild type larvae. Part of the increase in amplitude of EPSCs likely arises as a result of the increase 
in quantal size observed in larvae expressing mutTARDBP. We also believe that the increase in frequency of 
mEPSCs observed in larvae expressing mutTARDBP may indicate that the readily releasable pool of synaptic 
vesicles at these excitatory synapses is larger and may also partially account for the increase in EPSC amplitude 
and frequency when these synaptic connections are optogenetically forced to fire. Though the exact molecular 
mechanisms underlying the change in connectivity between descending excitatory glutamatergic interneurons 
and spinal motoneurons in our model remains to be uncovered, it is clear that this is an understudied area of ALS 
research and worthy of further investigations.

Data Availability
The datasets generated during and/or analysed during the current study are available from the corresponding 
author on reasonable request.

References
 1. Neumann, M. et al. Ubiquitinated TDP-43 in frontotemporal lobar degeneration and amyotrophic lateral sclerosis. Science 314, 

130–133, https://doi.org/10.1126/science.1134108 (2006).
 2. Kabashi, E. et al. TARDBP mutations in individuals with sporadic and familial amyotrophic lateral sclerosis. Nat Genet 40, 572–574 

(2008).
 3. Sreedharan, J. et al. TDP-43 Mutations in Familial and Sporadic Amyotrophic Lateral Sclerosis. Science 319, 1668–1672, https://doi.

org/10.1126/science.1154584 (2008).
 4. Law, W. J., Cann, K. L. & Hicks, G. G. TLS, EWS and TAF15: a model for transcriptional integration of gene expression. Briefings in 

Functional Genomics 5, 8–14, https://doi.org/10.1093/bfgp/ell015 (2006).
 5. Buratti, E. et al. TDP-43 binds heterogeneous nuclear ribonucleoprotein A/B through its C-terminal tail: an important region for the 

inhibition of cystic fibrosis transmembrane conductance regulator exon 9 splicing. The Journal of biological chemistry 280, 
37572–37584, https://doi.org/10.1074/jbc.M505557200 (2005).

 6. D’Ambrogio, A. et al. Functional mapping of the interaction between TDP-43 and hnRNP A2 in vivo. Nucleic Acids Res 37, 
4116–4126, https://doi.org/10.1093/nar/gkp342 (2009).

 7. Zhou, Y., Liu, S., Liu, G., Öztürk, A. & Hicks, G. G. ALS-Associated FUS Mutations Result in Compromised FUS Alternative Splicing 
and Autoregulation. PLOS Genetics 9, e1003895, https://doi.org/10.1371/journal.pgen.1003895 (2013).

 8. Polymenidou, M. et al. Long pre-mRNA depletion and RNA missplicing contribute to neuronal vulnerability from loss of TDP-43. 
Nat Neurosci 14, 459–468 (2011).

 9. Ayala, Y. M. et al. TDP‐43 regulates its mRNA levels through a negative feedback loop. The EMBO Journal 30, 277–288, https://doi.
org/10.1038/emboj.2010.310 (2011).

 10. Avendaño-Vázquez, S. E. et al. Autoregulation of TDP-43 mRNA levels involves interplay between transcription, splicing, and 
alternative polyA site selection. Genes &. Development 26, 1679–1684, https://doi.org/10.1101/gad.194829.112 (2012).

 11. Sephton, C. F. et al. Identification of neuronal RNA targets of TDP-43-containing ribonucleoprotein complexes. The Journal of 
biological chemistry 286, 1204–1215, https://doi.org/10.1074/jbc.M110.190884 (2011).

 12. Tollervey, J. R. et al. Characterizing the RNA targets and position-dependent splicing regulation by TDP-43. Nat Neurosci 14, 
452–458 (2011).

 13. Honda, D. et al. The ALS/FTLD-related RNA-binding proteins TDP-43 and FUS have common downstream RNA targets in cortical 
neurons. FEBS Open Bio 4, 1–10, https://doi.org/10.1016/j.fob.2013.11.001 (2014).

 14. Lagier-Tourenne, C. et al. Divergent roles of ALS-linked proteins FUS/TLS and TDP-43 intersect in processing long pre-mRNAs. 
Nat Neurosci 14, 459–469 (2012).

 15. Xiao, S. et al. RNA targets of TDP-43 identified by UV-CLIP are deregulated in ALS. Molecular and Cellular Neuroscience 47, 
167–180, https://doi.org/10.1016/j.mcn.2011.02.013 (2011).

 16. Kraemer, B. C. et al. Loss of murine TDP-43 disrupts motor function and plays an essential role in embryogenesis. Acta 
Neuropathologica 119, 409–419, https://doi.org/10.1007/s00401-010-0659-0 (2010).

 17. Schmid, B. et al. Loss of ALS-associated TDP-43 in zebrafish causes muscle degeneration, vascular dysfunction, and reduced motor 
neuron axon outgrowth. Proceedings of the National Academy of Sciences of the United States of America 110, 4986–4991, https://doi.
org/10.1073/pnas.1218311110 (2013).

 18. Hewamadduma, C. A. A. et al. Tardbpl splicing rescues motor neuron and axonal development in a mutant tardbp zebrafish. Human 
molecular genetics 22, 2376–2386, https://doi.org/10.1093/hmg/ddt082 (2013).

 19. Dzieciolowska, S., Drapeau, P. & Armstrong, G. A. B. Augmented quantal release of acetylcholine at the vertebrate neuromuscular 
junction following tdp-43 depletion. PLOS One 12, e0177005, https://doi.org/10.1371/journal.pone.0177005 (2017).

 20. Bose, P., Armstrong, G. A. B. & Drapeau, P. Neuromuscular junction abnormalities in a zebrafish loss-of-function model of TDP-43. 
Journal of Neurophysiology, https://doi.org/10.1152/jn.00265.2018 (2018).

 21. Charcot, J. -M. & Joffroy, A. Deux cas d’atrophie musculaire progressive: avec lésions de la substance grise et des faisceaux antéro-
latéraux de la moelle épinière. (V. Masson, 1869).

 22. Vucic, S., Nicholson, G. A. & Kiernan, M. C. Cortical hyperexcitability may precede the onset of familial amyotrophic lateral 
sclerosis. Brain 131, 1540–1550, https://doi.org/10.1093/brain/awn071 (2008).

 23. Desiato, M. T. & Caramia, M. D. Towards a neurophysiological marker of amyotrophic lateral sclerosis as revealed by changes in 
cortical excitability. Electroencephalography and Clinical Neurophysiology/Electromyography and Motor Control 105, 1–7 (1997).

 24. Vucic, S., Cheah, B. C., Yiannikas, C. & Kiernan, M. C. Cortical excitability distinguishes ALS from mimic disorders. Clinical 
Neurophysiology 122, 1860–1866 (2011).

 25. Menon, P., Kiernan, M. C. & Vucic, S. Cortical hyperexcitability precedes lower motor neuron dysfunction in ALS. Clinical 
Neurophysiology 126, 803–809 (2015).

 26. Eisen, A., Pant, B. & Stewart, H. Cortical Excitability in Amyotrophic Lateral Sclerosis: A Clue to Pathogenesis. Canadian Journal of 
Neurological Sciences / Journal Canadien des Sciences Neurologiques 20, 11–16, https://doi.org/10.1017/S031716710004734X (1993).

 27. Williams, K. L. et al. Pathophysiological insights into ALS with C9ORF72; expansions. Journal of Neurology, Neurosurgery 
&amp;amp; Psychiatry (2013).

 28. Leroy, F. & Zytnicki, D. Is hyperexcitability really guilty in amyotrophic lateral sclerosis? Neural Regeneration Research 10, 
1413–1415, https://doi.org/10.4103/1673-5374.165308 (2015).

 29. Pieri, M., Carunchio, I., Curcio, L., Mercuri, N. B. & Zona, C. Increased persistent sodium current determines cortical 
hyperexcitability in a genetic model of amyotrophic lateral sclerosis. Experimental Neurology 215, 368–379 (2009).

https://doi.org/10.1038/s41598-019-45530-3
https://doi.org/10.1126/science.1134108
https://doi.org/10.1126/science.1154584
https://doi.org/10.1126/science.1154584
https://doi.org/10.1093/bfgp/ell015
https://doi.org/10.1074/jbc.M505557200
https://doi.org/10.1093/nar/gkp342
https://doi.org/10.1371/journal.pgen.1003895
https://doi.org/10.1038/emboj.2010.310
https://doi.org/10.1038/emboj.2010.310
https://doi.org/10.1101/gad.194829.112
https://doi.org/10.1074/jbc.M110.190884
https://doi.org/10.1016/j.fob.2013.11.001
https://doi.org/10.1016/j.mcn.2011.02.013
https://doi.org/10.1007/s00401-010-0659-0
https://doi.org/10.1073/pnas.1218311110
https://doi.org/10.1073/pnas.1218311110
https://doi.org/10.1093/hmg/ddt082
https://doi.org/10.1371/journal.pone.0177005
https://doi.org/10.1152/jn.00265.2018
https://doi.org/10.1093/brain/awn071
https://doi.org/10.1017/S031716710004734X
https://doi.org/10.4103/1673-5374.165308


1 1Scientific RepoRts |          (2019) 9:9122  | https://doi.org/10.1038/s41598-019-45530-3

www.nature.com/scientificreportswww.nature.com/scientificreports/

 30. Pieri, M. et al. Altered excitability of motor neurons in a transgenic mouse model of familial amyotrophic lateral sclerosis. 
Neuroscience Letters 351, 153–156 (2003).

 31. Fogarty, M. J., Noakes, P. G. & Bellingham, M. C. Motor Cortex Layer V Pyramidal Neurons Exhibit Dendritic Regression, Spine 
Loss, and Increased Synaptic Excitation in the Presymptomatic hSOD1&lt;sup&gt;G93A&lt;/sup&gt; Mouse Model of Amyotrophic 
Lateral Sclerosis. The Journal of Neuroscience 35, 643 (2015).

 32. Thomsen, G. M. et al. Delayed disease onset and extended survival in the SOD1G93A rat model of amyotrophic lateral sclerosis after 
suppression of mutant SOD1 in the motor cortex. The Journal of neuroscience: the official journal of the Society for Neuroscience 34, 
15587–15600, https://doi.org/10.1523/JNEUROSCI.2037-14.2014 (2014).

 33. Armstrong, G. A. B. & Drapeau, P. Calcium channel agonists protect against neuromuscular dysfunction in a genetic model of TDP-
43 mutation in ALS. The Journal of Neuroscience 33, 1741–1752 (2013).

 34. Patten, S. A. et al. Neuroleptics as therapeutic compounds stabilizing neuromuscular transmission in amyotrophic lateral sclerosis. 
JCI Insight 2, e97152, https://doi.org/10.1172/jci.insight.97152 (2017).

 35. Vaccaro, A. et al. Pharmacological reduction of ER stress protects against TDP-43 neuronal toxicity in vivo. Neurobiology of Disease 
55, 64–75, https://doi.org/10.1016/j.nbd.2013.03.015 (2013).

 36. Kabashi, E. et al. Gain and loss of function of ALS-related mutations of TARDBP (TDP-43) cause motor deficits in vivo. Human 
Molecular Genetics 19, 671–683 (2010).

 37. Westerfield, M. The zebrafish book: a guide for the laboratory use of zebrafish (Danio rerio). (M. Westerfield, 1995).
 38. Kimmel, C. B., Ballard, W. W., Kimmel, S. R., Ullmann, B. & Schilling, T. F. Stages of embryonic development of the zebrafish. 

Developmental Dynamics 203, 253–310, https://doi.org/10.1002/aja.1002030302 (1995).
 39. Buss, R. R. & Drapeau, P. Activation of Embryonic Red and White Muscle Fibers During Fictive Swimming in the Developing 

Zebrafish. Journal of Neurophysiology 87, 1244–1251 (2002).
 40. Ghysen, A. & Dambly-Chaudière, C. Development of the zebrafish lateral line. Current Opinion in Neurobiology 14, 67–73, https://

doi.org/10.1016/j.conb.2004.01.012 (2004).
 41. Armstrong, G. A. B. & Drapeau, P. Loss and gain of FUS function impair neuromuscular synaptic transmission in a genetic model 

of ALS. Human Molecular Genetics 22, 4282–4292 (2013).
 42. Westerfield, M., McMurray, J. & Eisen, J. Identified motoneurons and their innervation of axial muscles in the zebrafish. The Journal 

of Neuroscience 6, 2267–2277 (1986).
 43. Flanagan-Steet, H., Fox, M. A., Meyer, D. & Sanes, J. R. Neuromuscular synapses can form in vivo by incorporation of initially 

aneural postsynaptic specializations. Development 132, 4471–4481, https://doi.org/10.1242/dev.02044 (2005).
 44. Buss, R. R. & Drapeau, P. Synaptic Drive to Motoneurons During Fictive Swimming in the Developing Zebrafish. Journal of 

Neurophysiology 86, 197–210 (2001).
 45. Brustein, E. & Drapeau, P. Serotoninergic Modulation of Chloride Homeostasis during Maturation of the Locomotor Network in 

Zebrafish. The Journal of Neuroscience 25, 10607–10616, https://doi.org/10.1523/jneurosci.2017-05.2005 (2005).
 46. Cherubini, E., Gaiarsa, J. L. & Ben-Ari, Y. GABA: an excitatory transmitter in early postnatal life. Trends in Neurosciences 14, 

515–519, https://doi.org/10.1016/0166-2236(91)90003-D (1991).
 47. Ben-Ari, Y. Developing networks play a similar melody. Trends in Neurosciences 24, 353–360, https://doi.org/10.1016/S0166-

2236(00)01813-0 (2001).
 48. Payne, J. A., Rivera, C., Voipio, J. & Kaila, K. Cation–chloride co-transporters in neuronal communication, development and trauma. 

Trends in Neurosciences 26, 199–206, https://doi.org/10.1016/S0166-2236(03)00068-7 (2003).
 49. McDearmid, J. R. & Drapeau, P. Rhythmic motor activity evoked by NMDA in the spinal zebrafish larva. J Neurophysiol 95, 401–417 

(2006).
 50. Ali, D. W., Buss, R. R. & Drapeau, P. Properties of miniature glutamatergic EPSCs in neurons of the locomotor regions of the 

developing zebrafish. J Neurophysiol 83, 181–191 (2000).
 51. Umeda, K. et al. Targeted expression of a chimeric channelrhodopsin in zebrafish under regulation of Gal4-UAS system. 

Neuroscience Research 75, 69–75, https://doi.org/10.1016/j.neures.2012.08.010 (2013).
 52. Kimura, Y. et al. Hindbrain V2a Neurons in the Excitation of Spinal Locomotor Circuits during Zebrafish Swimming. Current 

Biology 23, 843–849, https://doi.org/10.1016/j.cub.2013.03.066 (2013).
 53. Kimura, Y., Okamura, Y. & Higashijima, S. alx, a zebrafish homolog of Chx10, marks ipsilateral descending excitatory interneurons 

that participate in the regulation of spinal locomotor circuits. J Neurosci 26, 5684–5697 (2006).
 54. Higashijima, S.-I. Transgenic zebrafish expressing fluorescent proteins in central nervous system neurons. Development, Growth & 

Differentiation 50, 407–413, https://doi.org/10.1111/j.1440-169X.2008.01023.x (2008).
 55. Ausborn, J., Mahmood, R. & El Manira, A. Decoding the rules of recruitment of excitatory interneurons in the adult zebrafish 

locomotor network. Proceedings of the National Academy of Sciences 109, E3631–E3639, https://doi.org/10.1073/pnas.1216256110 
(2012).

 56. Hausdorff, J. M. et al. Dynamic markers of altered gait rhythm in amyotrophic lateral sclerosis. Journal of Applied Physiology 88, 
2045–2053, https://doi.org/10.1152/jappl.2000.88.6.2045 (2000).

 57. Goldfarb, B. J. & Simon, S. R. Gait patterns in patients with amyotrophic lateral sclerosis. Arch Phys Med Rehabil 65, 61–65 (1984).
 58. Grillner, S. Neurobiological bases of rhythmic motor acts in vertebrates. Science 228, 143–149, https://doi.org/10.1126/

science.3975635 (1985).
 59. Tresch, M. C., Saltiel, P., d’Avella, A. & Bizzi, E. Coordination and localization in spinal motor systems. Brain Research Reviews 40, 

66–79, https://doi.org/10.1016/S0165-0173(02)00189-3 (2002).
 60. Goulding, M. Circuits controlling vertebrate locomotion: moving in a new direction. Nature Reviews Neuroscience 10, 507, https://

doi.org/10.1038/nrn2608 (2009).
 61. Fetcho, J. R., Higashijima, S.-i & McLean, D. L. Zebrafish and motor control over the last decade. Brain Research Reviews 57, 86–93 

(2008).
 62. Brustein, E. et al. Steps during the development of the zebrafish locomotor network. J Physiol Paris 97, 77–86 (2003).
 63. Saint-Amant, L. & Drapeau, P. Time course of the development of motor behaviors in the zebrafish embryo. Journal of Neurobiology 

37, 622–632, doi:10.1002/(sici)1097-4695(199812)37:4<622::aid-neu10>3.0.co;2-s (1998).
 64. Downes, G. B. & Granato, M. Supraspinal input is dispensable to generate glycine-mediated locomotive behaviors in the zebrafish 

embryo. Journal of Neurobiology 66, 437–451, https://doi.org/10.1002/neu.20226 (2006).
 65. Bernhardt, R. R., Chitnis, A. B., Lindamer, L. & Kuwada, J. Y. Identification of spinal neurons in the embryonic and larval zebrafish. 

J Comp Neurol 302, 603–616 (1990).
 66. McGown, A. et al. Early interneuron dysfunction in ALS: Insights from a mutant sod1 zebrafish model. Annals of Neurology 73, 

246–258, https://doi.org/10.1002/ana.23780 (2013).
 67. Chang, Q. & Martin, L. J. Glycine Receptor Channels in Spinal Motoneurons Are Abnormal in a Transgenic Mouse Model of 

Amyotrophic Lateral Sclerosis. The Journal of Neuroscience 31, 2815–2827, https://doi.org/10.1523/jneurosci.2475-10.2011 (2011).
 68. Turner, M. R. & Kiernan, M. C. Does interneuronal dysfunction contribute to neurodegeneration in amyotrophic lateral sclerosis? 

Amyotrophic Lateral Sclerosis 13, 245–250, https://doi.org/10.3109/17482968.2011.636050 (2012).
 69. Handley, E. E. et al. Synapse Dysfunction of Layer V Pyramidal Neurons Precedes Neurodegeneration in a Mouse Model of TDP-43 

Proteinopathies. Cerebral Cortex 27, 3630–3647, https://doi.org/10.1093/cercor/bhw185 (2017).
 70. O’Brien, R. J. et al. Activity-Dependent Modulation of Synaptic AMPA Receptor Accumulation. Neuron 21, 1067–1078 (1998).

https://doi.org/10.1038/s41598-019-45530-3
https://doi.org/10.1523/JNEUROSCI.2037-14.2014
https://doi.org/10.1172/jci.insight.97152
https://doi.org/10.1016/j.nbd.2013.03.015
https://doi.org/10.1002/aja.1002030302
https://doi.org/10.1016/j.conb.2004.01.012
https://doi.org/10.1016/j.conb.2004.01.012
https://doi.org/10.1242/dev.02044
https://doi.org/10.1523/jneurosci.2017-05.2005
https://doi.org/10.1016/0166-2236(91)90003-D
https://doi.org/10.1016/S0166-2236(00)01813-0
https://doi.org/10.1016/S0166-2236(00)01813-0
https://doi.org/10.1016/S0166-2236(03)00068-7
https://doi.org/10.1016/j.neures.2012.08.010
https://doi.org/10.1016/j.cub.2013.03.066
https://doi.org/10.1111/j.1440-169X.2008.01023.x
https://doi.org/10.1073/pnas.1216256110
https://doi.org/10.1152/jappl.2000.88.6.2045
https://doi.org/10.1126/science.3975635
https://doi.org/10.1126/science.3975635
https://doi.org/10.1016/S0165-0173(02)00189-3
https://doi.org/10.1038/nrn2608
https://doi.org/10.1038/nrn2608
https://doi.org/10.1002/neu.20226
https://doi.org/10.1002/ana.23780
https://doi.org/10.1523/jneurosci.2475-10.2011
https://doi.org/10.3109/17482968.2011.636050
https://doi.org/10.1093/cercor/bhw185


1 2Scientific RepoRts |          (2019) 9:9122  | https://doi.org/10.1038/s41598-019-45530-3

www.nature.com/scientificreportswww.nature.com/scientificreports/

 71. Horn, D., Levy, N. & Ruppin, E. Neuronal-Based Synaptic Compensation: A Computational Study in Alzheimer’s Disease. Neural 
Computation 8, 1227–1243, https://doi.org/10.1162/neco.1996.8.6.1227 (1996).

 72. Savioz, A., Leuba, G., Vallet, P. G. & Walzer, C. Contribution of neural networks to Alzheimer disease’s progression. Brain Research 
Bulletin 80, 309–314 (2009).

 73. Moretti, P. et al. Learning and Memory and Synaptic Plasticity Are Impaired in a Mouse Model of Rett Syndrome. The Journal of 
Neuroscience 26, 319–327, https://doi.org/10.1523/jneurosci.2623-05.2006 (2006).

 74. Huber, K. M., Gallagher, S. M., Warren, S. T. & Bear, M. F. Altered synaptic plasticity in a mouse model of fragile X mental 
retardation. Proceedings of the National Academy of Sciences 99, 7746–7750, https://doi.org/10.1073/pnas.122205699 (2002).

 75. Goto, Y., Yang, C. R. & Otani, S. Functional and Dysfunctional Synaptic Plasticity in Prefrontal Cortex: Roles in Psychiatric 
Disorders. Biological Psychiatry 67, 199–207 (2010).

 76. Murphy, T. H. & Corbett, D. Plasticity during stroke recovery: from synapse to behaviour. Nat Rev Neurosci 10, 861–872 (2009).
 77. Cotman, C. W. & Monaghan, D. T. Excitatory Amino Acid Neurotransmission: NMDA Receptors and Hebb-Type Synaptic 

Plasticity. Annual Review of Neuroscience 11, 61–80, https://doi.org/10.1146/annurev.ne.11.030188.000425 (1988).
 78. Vissel, B. et al. The Role of RNA Editing of Kainate Receptors in Synaptic Plasticity and Seizures. Neuron 29, 217–227 (2001).
 79. Davis, G. W. Homeostatic Signaling and the Stabilization of Neural Function. Neuron 80, 718–728 (2013).
 80. Marder, E. Variability, compensation, and modulation in neurons and circuits. Proceedings of the National Academy of Sciences 108, 

15542–15548, https://doi.org/10.1073/pnas.1010674108 (2011).
 81. Turrigiano, G. Too Many Cooks? Intrinsic and Synaptic Homeostatic Mechanisms in Cortical Circuit Refinement. Annual Review 

of Neuroscience 34, 89–103, https://doi.org/10.1146/annurev-neuro-060909-153238 (2011).

Acknowledgements
This work was supported by grants from A.L.S. Canada – Brain Canada, Weston Brain Institute, the Muscular 
Dystrophy Association, Healthy Brains for Healthy lives, and the Natural Sciences and Engineering Research 
Council of Canada.

Author Contributions
V.P.L., Z.A.H., C.J.R., X.A.-C., E.C.R. and G.A.B.A. wrote the manuscript and analyzed the data. Figures 1–4 were 
prepared by G.A.B.A.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-019-45530-3.
Competing Interests: The authors declare no competing interests.
Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2019

https://doi.org/10.1038/s41598-019-45530-3
https://doi.org/10.1162/neco.1996.8.6.1227
https://doi.org/10.1523/jneurosci.2623-05.2006
https://doi.org/10.1073/pnas.122205699
https://doi.org/10.1146/annurev.ne.11.030188.000425
https://doi.org/10.1073/pnas.1010674108
https://doi.org/10.1146/annurev-neuro-060909-153238
https://doi.org/10.1038/s41598-019-45530-3
http://creativecommons.org/licenses/by/4.0/

	Augmentation of spinal cord glutamatergic synaptic currents in zebrafish primary motoneurons expressing mutant human TARDBP ...
	Methods
	Zebrafish lines. 
	Preparation and Injection of TARDBP mRNA. 
	Evoked tail-beat behaviour. 
	Whole-cell voltage clamp recordings. 
	Western blots. 
	Image acquisition. 
	Statistical analysis. 

	Results
	Expression of mutTARDBP impairs locomotor tail-beat pattern. 
	MutTARDBP expression results in attenuated rhythmic muscle endplate currents (EPCs). 
	Primary motoneurons expressing mutTARDBP display reduced durations of motor-related depolarizations. 
	Quantal glutamatergic mEPSCs occur at a higher frequency and are scaled-up in primary motoneurons expressing mutTARDBP. 
	Augmentation of glutamatergic synaptic strength in primary motoneurons expressing mutTARDBP. 

	Discussion
	Acknowledgements
	Figure 1 Expression of mutTARDBP results in touch-evoked defects in locomotor pattern generation.
	Figure 2 Attenuation of fictive synaptic depolarizations to spinal primary motoneurons during touch-evoked locomotor activity in larvae expressing mutTARDBP.
	Figure 3 Synaptic scaling of AMPA-mediated glutamatergic mEPSCs in primary motoneurons expressing mutTARDBP.
	Figure 4 Augmentation of descending excitatory glutamatergic synaptic inputs to primary motoneurons expressing mutTARDBP.




