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Time course of alterations in adult spinal motoneuron properties in the SOD1(G93A) mouse model of ALS

Although ALS is an adult-onset neurodegenerative disease, motoneuron electrical properties are already altered during embryonic development. Motoneurons must therefore exhibit remarkable capacity for homeostatic regulation to maintain a normal motor output for most of the life of the patient. In the present paper, we demonstrate how maintaining homeostasis could come at a very high cost. We studied the excitability of spinal motoneurons from young adult SOD1(G93A) mice to end-stage. Initially homeostasis is highly successful in maintaining their overall excitability. This initial success, however, is achieved by pushing some cells far above the normal range of passive and active conductances. As the disease progresses, both passive and active conductances shrink below normal values in the surviving cells. This shrinkage may thus promote survival, implying the previously large values contribute to degeneration. These results support the hypothesis that motoneuronal homeostasis may be "hyper-vigilant" in ALS, and a source of accumulating stress.

Impact statement

During ALS, motoneurons attempt to maintain a normal motor output by altering their electrical properties, sometimes beyond the normal range, which may be causing long-lasting harm.

Introduction

ALS is a fatal neurodegenerative disorder characterized by progressive loss of cortical and spinal motoneurons. Five to ten percent of the ALS cases are familial (FALS), and ~20% of the FALS cases are due to mutations in the Superoxide Dismutase1 (SOD1) gene [START_REF] Rosen | Mutations in Cu/Zn superoxide dismutase gene are associated with familial amyotrophic lateral sclerosis[END_REF]. Studies in the mutant SOD1 (mSOD1) mouse and other animal models have revealed that multiple cellular functions become impaired as the disease progresses [START_REF] Ilieva | Non-cell autonomous toxicity in neurodegenerative disorders: ALS and beyond[END_REF][START_REF] Kanning | Motor neuron diversity in development and disease[END_REF][START_REF] Johnson | Interactions between focused synaptic inputs and diffuse neuromodulation in the spinal cord[END_REF][START_REF] Brownstone | Escape from homeostasis: spinal microcircuits and progression of amyotrophic lateral sclerosis[END_REF], implying that homeostatic mechanisms are failing. Yet, the intrinsic excitability of neonatal and young adult mSOD1 motoneurons undergoes a very potent and effective homeostatic response to compensate an earlier surge in excitability in the embryonic state [START_REF] Kuo | Hyperexcitability of cultured spinal motoneurons from presymptomatic ALS mice[END_REF][START_REF] Van Zundert | Neonatal neuronal circuitry shows hyperexcitable disturbance in a mouse model of the adult-onset neurodegenerative disease amyotrophic lateral sclerosis[END_REF][START_REF] Pieri | Increased persistent sodium current determines cortical hyperexcitability in a genetic model of amyotrophic lateral sclerosis[END_REF][START_REF] Martin | Embryonic alteration of motoneuronal morphology induces hyperexcitability in the mouse model of amyotrophic lateral sclerosis[END_REF]. The mechanisms of this successful homeostasis are however highly unusual.

The standard measure of the net excitability of motoneurons is the relation between frequency of firing of spikes and amplitude of injected current. This frequency-current (F-I) function is determined by multiple ionic currents.

Remarkably, the successful F-I homeostasis in the neonatal state is achieved by abnormal but compensatory increases in these currents. Persistent inward currents (PICs), which are mediated by voltage gated Na + and Ca 2+ channels, become aberrantly large. On its own, this change would increase F-I gain, but it is compensated by large increases in the leak currents that set the input conductance of the cell. These abnormal changes show that F-I homeostasis during the neonatal period is achieved via a compensatory mechanism. If, however, these compensatory increases persist into the young adult state, then the continued distortions in input conductances and PIC amplitudes could induce substantial stresses within the motoneurons. In this scenario, the initial success in homeostatic regulation of net excitability would be coupled to a severe cost, likely accelerating the onset of degeneration. On the other hand, if homeostatic processes instead successfully return input conductance and PIC values to normal ranges before the onset of denervation, then homeostasis for the F-I function would reduce stress on the cell and effects on subsequent degeneration would likely be small.

To investigate how homeostasis for excitability develops as the disease progresses, we undertook the first in vivo voltage clamp studies of motoneurons in the mouse and pursued these measurements across a wide range of ages, from P30 to P120. This age range spans the young adult period, the onset of denervation period (~P50, [START_REF] Pun | Selective vulnerability and pruning of phasic motoneuron axons in motoneuron disease alleviated by CNTF[END_REF] and the development of overt symptoms (~P90).

We hypothesized that input conductance and PIC values would continue to grow in the young adult state. Our results supported this hypothesis, revealing in fact a continual increase in amplitude of these parameters, followed by a collapse, so that motoneurons surviving beyond onset of overt symptoms (~P90) had aberrantly small values of each. These results are consistent with the possibility that homeostasis for excitability is not in fact weak but excessively strong and that this overreaction contributes to subsequent degeneration [START_REF] Mitchell | Dynamic Meta-Analysis as a Therapeutic Prediction Tool for Amyotrophic Lateral Sclerosis[END_REF].

Methods

Animals

This study was performed in strict accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health. All of the animals were handled according to protocols approved by Northwestern University's institutional animal care and use committee (IACUC). All surgery was performed under sodium pentobarbital anesthesia, and every effort was made to minimize suffering. Because of the reproducible and stereotyped progression of symptoms, we chose to use mice overexpressing the human SOD1(G93A) gene, in which glycine has been substituted by alanine at residue 93 as a mouse model of ALS. All mice had a B6SJL background (Jackson Lab, Bar Harbor, ME). The transgene copy number was compared to a housekeeping gene at Transnetyx (Cordova, TN), and only mice with relative copy number >45 were used in this study. Control group consisted of non-transgenic littermates, with the same B6SJL background (WT). 33 animals of either sex were used in this study, and they were divided into different age groups for analysis: P30-60 (N=9 mice), P60-90 (N=12 mice), and P90-120 (N=12 mice).

In vivo preparation

Procedures were similar to those in our previous studies [START_REF] Manuel | Adult mouse motor units develop almost all of their force in the subprimary range: a new all-or-none strategy for force recruitment?[END_REF]. Initially, atropine (0.2mg/kg) was administered subcutaneously to prevent salivation. Ten minutes later, anesthesia was initiated with an intraperitoneal injection of pentobarbital sodium (70 mg/kg) and maintained by intravenous infusion of supplemental doses of pentobarbital (6 mg/kg) mixed in perfusion solution containing 4% glucose, 1% NaHCO3, and 14% Plasmion. The trachea was cannulated, allowing the mouse to be artificially ventilated with 100% O2. The endtidal PCO2 was continuously monitored and maintained around 4% by adjusting ventilator parameters including respiratory rate around 120-150 bpm and tidal volume around 0.09-0.23 mL. The hind limb muscles were then dissected; biceps femoris was removed to expose the sciatic nerve, which was thereafter placed over a stimulating electrode. A laminectomy was performed at T13-L1 level, and L3-L4 spinal segments were exposed. To prevent the spinal cord from dehydration, a custom made bath was affixed using silicone elastomer and covered with mineral oil. To locate the motoneurons of interest, the sciatic nerve was stimulated at intensity 1.8× threshold for the apparition of an afferent volley.

Electrophysiology

Intracellular recordings of spinal motoneurons were performed by impaling them with glass micropipette electrodes filled with 3M KCl with resistance of 8-15 MΩ.

Motoneurons were identified by the presence of antidromic action potential from stimulation of the sciatic nerve. Cells with unstable resting membrane potential (RMP) or with RMP more depolarized than -50mV were excluded from analysis.

PICs were recorded in discontinuous voltage clamp mode, with switching rates of 6-8 kHz. Clamp feedback gain was between 0.3 and 1.5. In addition to the feedback gain from Axoclamp amplifier, an additional low-frequency feedback loop with a gain of 11 and a cutoff of -3 dB at 0.3 kHz was used to improve voltage control in such large cells as motoneurons [START_REF] Lee | Bistability in spinal motoneurons in vivo: systematic variations in persistent inward currents[END_REF]. Outputs were observed at all times to assure reasonable settling of the electrode. To record PICs, a slow triangular voltage ramp (-80 to -40 mV) was applied [START_REF] Lee | Bistability in spinal motoneurons in vivo: systematic variations in persistent inward currents[END_REF].

Leak current was determined by fitting a regression line through the subthreshold region of the I-V function. Then, this leak was subtracted from the total function to determine the PIC amplitude (measured both on the ascending and descending part of the ramp). In addition, the voltage at which the PIC was maximal on each part of the ramp was recorded (PIC peak voltage), as well as the voltage at which the current trace deviated from the leak current (PIC onset voltage) on the ascending ramp, and joined back the leak trace on the descending ramp (PIC end voltage).

Input conductance was estimated as the slope of the leak current.

To assess intrinsic properties of the motoneuron in current clamp mode, we measured the frequency-current (F-I) relationship of action potential firing. The F-I relationship was determined based on the firing produced by a triangular current injection. The interspike frequency was then plotted against the intensity of the injected current. All these measurements were carried out in the discontinuous current clamp mode of the Axoclamp 2A amplifier, with switching rates of 6-8 kHz.

Mouse motoneurons possess two regimes of firing: a sub-primary range of firing, followed by a linear primary range [START_REF] Manuel | Fast kinetics, high-frequency oscillations, and subprimary firing range in adult mouse spinal motoneurons[END_REF][START_REF] Manuel | Adult mouse motor units develop almost all of their force in the subprimary range: a new all-or-none strategy for force recruitment?[END_REF]. The "gain" of the F-I relationship was determined by fitting a regression line over the linear primary range (separately on the ascending and descending phase of the ramp). The other parameters measured in the F-I relationship were: the current at which the first action potential (AP) fires on the ascending ramp (recruitment current). the current at which the last AP fires on the descending ramp (current at de-recruitment); the voltage threshold for spiking, which was determined as the voltage where the slope of the membrane voltage reaches 10mV/s before the first AP [START_REF] Sekerli | Estimating action potential thresholds from neuronal time-series: new metrics and evaluation of methodologies[END_REF]; the current and firing frequency at the transition between the sub-primary and primary ranges [START_REF] Manuel | Adult mouse motor units develop almost all of their force in the subprimary range: a new all-or-none strategy for force recruitment?[END_REF].

Data analysis

Recordings were acquired and analyzed using Spike2 v.7 (CED, Cambridge, UK).

Data were collected and analyzed using Pandas v.1.0.0 [START_REF] Mckinney | pandas: a foundational Python library for data analysis and statistics[END_REF]), SciPy Python v.1.4.1 (Virtanen et al., 2020) and DABEST v.0.3.0 (Ho et al., 2019). Figures were generated using matplotlib v.3.1.3 [START_REF] Hunter | Matplotlib: A 2D Graphics Environment[END_REF] and seaborn v.0.10.0 [START_REF] Waskom | mwaskom/seaborn: v0.10.0[END_REF].

Statistical analysis

All data are reported as mean ± standard deviation with their respective sample size. No test was performed to detect outliers, and no data points were excluded from analysis. When comparing between WT and mSOD1 samples, we focus on estimation statistics that rely on effect sizes and confidence intervals (95%CI), rather than null hypothesis significance testing, as recommended by several scientific societies and editorial boards [START_REF] Bernard | Changing the Way We Report, Interpret, and Discuss Our Results to Rebuild Trust in Our Research[END_REF][START_REF] Makin | Ten common statistical mistakes to watch out for when writing or reviewing a manuscript[END_REF][START_REF] Wasserstein | Moving to a World Beyond "p < 0.05[END_REF][START_REF] Michel | New Author Guidelines for Displaying Data and Reporting Data Analysis and Statistical Methods in Experimental Biology[END_REF]. Unless otherwise specified, effect sizes are reported as difference of means and Hedges' g [START_REF] Hedges | Distribution Theory for Glass's Estimator of Effect size and Related Estimators[END_REF], as calculated using DABEST v.0.3.0. [START_REF] Ho | Moving beyond P values: data analysis with estimation graphics[END_REF]. Where appropriate, data are presented as Cumming plots (Cumming, 2012) generated using DABEST. In these plots, the raw data are plotted as swarms of points. In addition, the mean ± standard deviation of each group is plotted as a notched line immediately to the right of each group. The effect size and bootstrapped 95% CIs are plotted on a separate axes beneath the raw data. Confidence intervals were bias-corrected and accelerated, and are displayed with the bootstrap distribution of the mean; resampling was performed 5000 times [START_REF] Ho | Moving beyond P values: data analysis with estimation graphics[END_REF]). Welch's t-test [START_REF] Welch | The generalisation of student's problems when several different population variances are involved[END_REF] results are provided for information only. 28nA,N=15;N=16 vs. mSOD1: 2.75±2.40nA,N=24;N=15 vs. mSOD1: 1.90±1.78nA,N=14;t(27)=2.08,p=0.05. We set out to measure persistent inward currents (PICs) in 103 motoneurons from SOD1(G93A) mice (mSOD1), and their non-transgenic (WT) littermate, aged between 31 and 123 days old. PICs were measured in response to a slow (5 mV/s) ramp in voltage-clamp mode. The amplitude of the PIC was measured on the leaksubtracted trace at the point where the downward deflection of the trace was maximal (see Figure 1). In WT animals, the PIC amplitude remained roughly steady during the age period studied (Figure 1C). However, in mSOD1 motoneurons, PIC amplitudes decreased strikingly over time (slope=-0.45 nA/week, r=-0.54 95%CI[-0.70--0.31], p=3.4e-5). When broken down by age groups (Figure 1D), our results shows that, in the young adult stage (P30-60), when animals are presymptomatic and neuromuscular-junction denervation is just starting, SOD1 mutation lead to an almost 3× increase in PIC amplitudes compared to WT motoneurons. This increase appears to be a continuation of the trend observed in neonates, where PICs were already increased ~2-fold compared to controls [START_REF] Quinlan | Altered postnatal maturation of electrical properties in spinal motoneurons in a mouse model of amyotrophic lateral sclerosis[END_REF]. In the presymptomatic group (P60-90), however, this effect became negligible despite the fact that substantial denervation is already underway.

Results

Motoneurons from young adult mutant mice have overly large PICs

At symptomatic stages (P90-120), the trend seen in young animals is reversed: PICs are much smaller in mSOD1 motoneurons compared to WT motoneurons. Similar results could be observed on the PIC amplitudes measured on the descending ramp (Table 1).

In addition to its effect on PIC amplitude, SOD1 mutation also affected the voltage at which PICs are recruited. The "PIC onset voltage", measured as the voltage at the point where the leak-subtracted motoneuron I-V curve initially begins to curve downward, was hyperpolarized by 10 mV in young mSOD1 mice compared to WT controls (WT: -58.03±6.35mV, N=19 vs. mSOD1: -69.41±5.71mV, N=15; g=-1.83 95%CI[-2.64--0.78]; t(32) =5.49, p=5.1e-06). The SOD1 mutation had a similarly large effect on the voltage at which the PIC reached its maximum in young animals (WT: -43.83±4.79mV, N=19 vs. SOD1: -52.32±4.20mV, N=15; g=-1.83 95%CI[-2.63--1.04]; t(32)=5.50, p=4.8e-06). Similarly to the situation with PIC amplitude, the effect of the SOD1 mutation on its activation voltage was reduced in older animals, at both presymptomatic and symptomatic ages (Table 1).

These profound changes in PIC amplitude and activation voltage would be expected to have an impact on the firing properties of motoneurons. We therefore performed current-clamp recordings in the same motoneurons as above. We the first spike on a triangular ramp of current in WT and mSOD1 motoneurons in each of the age groups. In young adult and presymptomatic mice, mutant motoneurons require the same amount of current than WT motoneuron to fire, P30-60 WT: 4.73±3.14nA, N=19 vs. mSOD1: 6.21±2.51nA, N=14; g=0.50 95%CI[-0.24-1.24]; t(31)=-1.51, p=0.14. P60-90 WT: 5.28±2.64nA, N=16 vs. mSOD1: 4.53±3.38nA, N=20; g=-0.24 95%CI[-0.93-0.41]; t(34)=0. 75, p=0.46 Despite the large alterations in PIC amplitude and activation voltage, and despite the change in the voltage threshold for spiking, the excitability of the motoneurons was remarkably unaffected by the SOD1 mutation, regardless of age. Figure 2 shows the response of WT and mSOD1 young adult motoneurons to a slow triangular ramps of current (F-I relationship). We measured the intensity of the current required to elicit the first spike on the ascending ramp ("recruitment current").

Young adult (P30-60) mutant motoneurons, whose neuromuscular junctions are just starting to be denervated, and pre-symptomatic motoneurons (P60-90), which experience substantial denervation, did not require, on average, less current to reach firing threshold than WT controls (Figure 2C). At symptomatic stages (P90-120), the SOD1 mutation does lead to a decrease in the recruitment current compared to WT animals (Figure 2C), which is probably caused by the degeneration of the high threshold motoneurons at this stage.

As shown previously [START_REF] Manuel | Fast kinetics, high-frequency oscillations, and subprimary firing range in adult mouse spinal motoneurons[END_REF], most F-I curves, regardless of age and genotype, showed a distinct sub-primary range (SPR) with a steep slope followed by a linear phase called primary range (PR). We used the "gain" of the motoneuron, i.e. the slope of the F-I curve in the PR, as another measure of excitability of motoneurons. Despite the alterations in PICs in mutant motoneurons, the gain of the motoneuron F-I curves were unaffected by both age and mutation (Figure 2D). The fact that young adult motoneurons are not hyperexcitable despite substantial alteration in the PICs suggests that other compensatory mechanisms are acting to preserve the functional output of the cells. Motoneuron input conductance is an important factor controlling neuron excitability. We estimated the input conductance of mSOD1 and WT motoneurons from the slopes of their I-V relations around the level of the resting membrane potential (see Figure 1 and Methods).

Compensatory changes responsible to maintain excitability

Input conductances of mSOD1 and WT motoneurons were plotted against the age of the animal in Figure 3A. Consistent with the continuous increase in size of the animals over the age span studied, WT motoneurons exhibit a moderate increase in input conductance in WT motoneurons over time (slope=0.02 μS/week). On the other hand, mSOD1 motoneurons showed the opposite trend (slope=-0.04 μS/week). Young adult mutant motoneurons had an input conductance almost twice as high as WT controls at P30-P60 (Figure 3B). This increase is relatively greater ( ~1.7 fold) than that observed in neonatal motoneurons at P0-7 (~1.25 fold) [START_REF] Quinlan | Altered postnatal maturation of electrical properties in spinal motoneurons in a mouse model of amyotrophic lateral sclerosis[END_REF], suggesting that the trend for increased conductance has become stronger as the animal matures into the young adult state. However, by the late pre-symptomatic stage (P60-90), the mutation had no longer any effect on input conductance. Finally, symptomatic (P90-120) mSOD1 motoneurons had a smaller input conductance than WT controls, but this difference could be due to the degeneration of the largest, high-threshold units at this stage. The increase in input conductance is not the only compensatory change happening in young adult mutant motoneurons. In particular, one would have expected the leftward shift in the activation voltage of PICs seen in these motoneurons to have a profound impact on their firing behavior. This discrepancy can be explained by a parallel almost 10 mV hyperpolarization of the resting membrane potential in young adult mSOD1 motoneurons (Figure 4, P30-60). This effect is still observable at pre-symptomatic stages, but to a lesser degree (Figure 4, P60-90). At symptomatic ages, however, mutant motoneurons had similar resting membrane potentials as WT controls (Figure 4, P90-120).

When taking into account this hyperpolarization of the resting membrane potential, the relative values of the voltage threshold for spiking (∆Vth, difference between the voltage threshold and the resting membrane potential), as well as the relative activation voltage of the PICs (∆VPIC) and the relative voltage at the peak of the PIC (∆Vpeak) were all similar between WT and mSOD1 motoneuron regardless of age (Table 1), which suggest that these are the quantities that are homeostatically regulated. Our results show that, during the disease progression, motoneurons are actively engaged in a homeostatic process to maintain their firing output. It is plausible that this process would, by itself, cause undue stress to the cell. For example, the ratio of PIC to conductance is a major determinant of net excitability [START_REF] Huh | PICs in motoneurons do not scale with the size of the animal: a possible mechanism for faster speed of muscle contraction in smaller species[END_REF]. If these two parameters grow in proportion, then net excitability is likely to stay about the same. We thus analyzed PIC amplitudes normalized by input conductances (Figure 5A). Although pre-symptomatic and symptomatic cells manage to maintain a normal normalized-PIC amplitudes, young adult mSOD1 motoneurons have a larger normalized PIC amplitude than their WT controls (Figure 5A). This implies that, in these animals, the cells that are abnormally large (large input conductance) also have PICs that are larger than expected for their size. It is likely that these cells are under considerable stress to respond to the high metabolic demand imposed by their large size, as well as the potential massive influx of calcium caused by their abnormally large PICs. This effect is also visible in the plots of Figure 5B-D showing the relationship between PIC amplitude and input conductance. In the young adult animals (Figure 5B), the majority of the mutant motoneurons are clustered in the upper right hand corner, with values of both conductances and PIC amplitudes that are outside of the range of WT controls. At the pre-symptomatic stages, the WT and mSOD1 populations roughly overlap (Figure 5C), and at the symptomatic ages, the situation is reversed, with the appearance of a cluster (N=6) of very small cells (asterisk in Figure 5D), most of which also have very small PICs. These results show that the overall initial increase in PIC and conductance amplitudes driven by the SOD1 mutation generates a sub-population of motoneurons with conductance and PIC amplitudes that are actually above those of the normal, WT range (P30-60). The steady reduction in these amplitudes is so strong that by P90-120, a sub-population develops that falls below the normal range.

Arms race between PICs and input conductance

Hypoexcitable cells Figure 6: Some cells are hypoexcitable and cannot fire repetitively

A. Example of a mSOD1 motoneuron (from a P88 mouse) that is unable to fire repetitively in response to a triangular ramp of current. Top trace: membrane potential, bottom trace: injected current. B. This same motoneuron was able to generate a single full-height action potential in response to a square pulse of current. Same organization as in A. C. Non-firing motoneurons had a similar input conductance compared to motoneurons that were able to fire repetitively. Firing: 0.49±0.22μS, N=47 vs. non-firing: 0.38±0.20μS, N=6; g=-0.54 95%CI [-1.11-0.50 As previously shown [START_REF] Delestrée | Adult spinal motoneurones are not hyperexcitable in a mouse model of inherited amyotrophic lateral sclerosis[END_REF][START_REF] Martínez-Silva M De | Hypoexcitability precedes denervation in the large fast-contracting motor units in two unrelated mouse models of ALS Rubin LL[END_REF], mSOD1 motoneuron tend to lose their ability to fire repetitively as the disease progresses. In the present study, out of the 53 mutant motoneurons recorded, 6 motoneurons could not fire repetitively to current ramps despite still being able to fire a single or a few action potentials to current steps. Figure 8 shows an example of such a motoneuron. Although those cells were not, on average, larger than those that fired repetitively (Figure 6B), non-firing cells were characterized by a very PIC amplitude (Figure 6C, see also [START_REF] Huh | PICs in motoneurons do not scale with the size of the animal: a possible mechanism for faster speed of muscle contraction in smaller species[END_REF]). Even more striking were the difference in PIC amplitude normalized by the input conductance of the cells. Non-firing motoneurons had a much smaller normalized PIC amplitude (1.91±1.82nA/μS, N=6) compared to repetitively firing motoneurons (7.80±4.79nA/μS, N=47; g=-1.27 95%CI[-1.65--0.80]; t(51) =5.77, p=2.6e-05). Finally, although some non-firing motoneurons could be found in WT mice, non-firing motoneurons appear on average 25 days earlier in mSOD1 mice (Figure 6D).

Table 1: summary of the properties of the motoneurons, broken down by age range

The table shows the various properties that were measured in each motoneuron. The rows are sorted in descending order of effect size at P30-60. WT and mSOD1 columns show mean values ± standard deviation, with the 95%CI around the mean below. The "Mean diff." column shows the mean difference between mSOD1 and WT population, with 95% CI below. The "Hedges' g" column shows a graphical representation of the effect size. ∆F: difference between the instantaneous firing frequency at de-recruitment and at recruitment. ∆I: difference between the derecruitment and recruitment currents. ∆Vth: voltage threshold for spiking relative to the resting membrane potential. ∆VPIC: PIC onset voltage relative to the resting membrane potential. ∆Vpeak: voltage at the peak of the PICs relative to the resting membrane potential

Discussion

In this paper, we studied how motoneuron electrical properties evolve over the time course of ALS, focusing particularly on the persistent inward currents (PICs).

We show that, in young adult mutant mice, before and up to the time where denervations are just starting, PICs are abnormally large compared to controls. This increase in PIC amplitude is accompanied by a parallel increase in motoneuron input conductance with the net effect that the excitability of the cells remains normal. Later, while the animals remain pre-symptomatic but denervation has begun, motoneuron properties return to normal levels. Finally, in symptomatic animals, mutant motoneurons tend to have smaller input conductance and smaller recruitment current.

Homeostatic regulation of motoneuron output

Although ALS is classically considered an adult-onset disease, we know from earlier studies of motoneurons in animal models of ALS that the change in motoneurons' intrinsic excitability is the first sign to be seen in the pathogenesis, long before any overt motor deficits manifest. Hyperexcitability is observed in cultured E13 spinal motoneurons [START_REF] Kuo | Hyperexcitability of cultured spinal motoneurons from presymptomatic ALS mice[END_REF], E15 cortical motoneurons [START_REF] Pieri | Increased persistent sodium current determines cortical hyperexcitability in a genetic model of amyotrophic lateral sclerosis[END_REF], E17.5 spinal motoneurons (Martin et al., 2013 p.20), as well as early postnatal hypoglossal motoneurons [START_REF] Van Zundert | Neonatal neuronal circuitry shows hyperexcitable disturbance in a mouse model of the adult-onset neurodegenerative disease amyotrophic lateral sclerosis[END_REF]. Consequently, the motor system in general, and motoneurons in particular, must exhibit remarkable capability for homeostatic regulation to maintain a quasi-normal motor output until overt symptoms appear, but there are many combinations of intrinsic properties that can produce the same firing pattern [START_REF] Marder | Variability, compensation and homeostasis in neuron and network function[END_REF]. In neonatal mSOD1 mice, the majority of motoneurons exhibited normal excitability (based on recruitment current and F-I gain), although the most resistant population of motoneuron seem to retain some hyperexcitability [START_REF] Quinlan | Altered postnatal maturation of electrical properties in spinal motoneurons in a mouse model of amyotrophic lateral sclerosis[END_REF][START_REF] Leroy | Early intrinsic hyperexcitability does not contribute to motoneuron degeneration in amyotrophic lateral sclerosis[END_REF]). Yet, PICs were almost twice as large in mutant compared to WT neonatal motoneurons. This increased PIC amplitude was seemingly compensated by a parallel increase in input conductance [START_REF] Quinlan | Altered postnatal maturation of electrical properties in spinal motoneurons in a mouse model of amyotrophic lateral sclerosis[END_REF]. In young adult animals, this trend seems to continue, as the present study demonstrated an almost 3× increase in PIC amplitude, accompanied by an almost 2× increase in input conductance. Similarly, we observed large changes in PIC onset and peak voltages, compensated by a commensurate hyperpolarization of the resting membrane potential. These trends with disease progression from the neonatal state through development of severe symptoms are summarized in Figure 7. An overall pattern of oscillations is evident, with the PIC oscillations tending to increase excitability but the conductance and rest potential oscillations tending to reduce it. The properties of the motoneurons seem to normalize at the late presymptomatic stage (P60-90), but it is unclear whether this is due to changes in the homeostatic pathways involved, or whether it is caused by the start of the degeneration process in the most vulnerable motoneurons. At symptomatic stages, motoneurons appear to be hypoexcitable. They have a smaller input conductance (Figure 3), and smaller recruitment current (Figure 2), but that most likely reflect the fact that the largest cells have degenerated by this age, and that the remaining cells may have shrunk (see below, and [START_REF] Dukkipati | The vulnerability of spinal motoneurons and soma size plasticity in a mouse model of amyotrophic lateral sclerosis[END_REF].

The hidden cost of homeostatic regulation

Although the degeneration of motoneurons in ALS constitutes a failure in cell homeostasis, our results show that, throughout the "silent", presymptomatic phase of ALS, motoneurons are actively engaged in a highly successful homeostatic process to maintain their firing output. However, this process is not perfect, and, by itself, could be a major source of stress for the cells. We do not know whether the cells increase their conductance to compensate for the fast increase in PICs or vice versa, but the end result is the appearance of cells with both input conductance and PIC amplitudes outside of the normal range (Figure 5B). The increase in input conductance could be due to the insertion of more channels in the membrane.

However, direct measurements of soma sizes have revealed that pre-symptomatic mutant cells are physically larger than controls [START_REF] Shoenfeld | Soma size and Cav1.3 channel expression in vulnerable and resistant motoneuron populations of the SOD1G93A mouse model of ALS[END_REF][START_REF] Dukkipati | The vulnerability of spinal motoneurons and soma size plasticity in a mouse model of amyotrophic lateral sclerosis[END_REF]. This increase in size, coupled with the larger calcium entry in the cells due to the larger PICs (which are in part calcium-medicated [START_REF] Li | Persistent sodium and calcium currents cause plateau potentials in motoneurons of chronic spinal rats[END_REF]), is bound to cause undue metabolic stress on those cells that are outside of the normal range, despite the fact that cells manage to maintain a normal output. These cells are likely to be Fast Fatigable (FF) motoneurons, as they are the cells with the largest input conductance, and the largest PICs [START_REF] Lee | Bistability in spinal motoneurons in vivo: systematic variations in persistent inward currents[END_REF][START_REF] Huh | PICs in motoneurons do not scale with the size of the animal: a possible mechanism for faster speed of muscle contraction in smaller species[END_REF] in normal conditions, and they are the cells that are the most vulnerable to ALS [START_REF] Pun | Selective vulnerability and pruning of phasic motoneuron axons in motoneuron disease alleviated by CNTF[END_REF][START_REF] Hegedus | Time course of preferential motor unit loss in the SOD1 G93A mouse model of amyotrophic lateral sclerosis[END_REF][START_REF] Hegedus | Preferential motor unit loss in the SOD1 G93A transgenic mouse model of amyotrophic lateral sclerosis[END_REF].

As the disease progresses, those large, vulnerable cells become the first motoneurons that will embark on a degeneration pathway [START_REF] Saxena | A role for motoneuron subtype-selective ER stress in disease manifestations of FALS mice[END_REF][START_REF] Saxena | Neuroprotection through Excitability and mTOR Required in ALS Motoneurons to Delay Disease and Extend Survival[END_REF][START_REF] Martínez-Silva M De | Hypoexcitability precedes denervation in the large fast-contracting motor units in two unrelated mouse models of ALS Rubin LL[END_REF], and will lose their ability to fire repetitively [START_REF] Martínez-Silva M De | Hypoexcitability precedes denervation in the large fast-contracting motor units in two unrelated mouse models of ALS Rubin LL[END_REF]. This early loss of the large cells is consistent with stress induced by aberrantly large conductances and PICs. This loss is also likely the primary reason why motoneurons appear to recover normal properties at late presymptomatic stages. Nevertheless, it is probable that all motoneurons, regardless of type, experience this form of stress. Interestingly, we observed that some of the smallest motoneurons, which are the most resistant to the disease, appear to shrink in the oldest animals (Figure 5D), consistent with anatomical observations [START_REF] Kiernan | Changes in Sizes of Cortical and Lower Motor Neurons in Amyotrophic Lateral Sclerosis[END_REF][START_REF] Dukkipati | The vulnerability of spinal motoneurons and soma size plasticity in a mouse model of amyotrophic lateral sclerosis[END_REF]. At this point, it is unclear whether this shrinkage is a pathological feature or a strong homeostatic effort by the surviving motoneurons to counteract the stress generated by their initial hypertrophy.

Hyper-vigilant homeostasis

Mitchell and colleagues have recently proposed that cellular homeostasis is in ALS motoneurons is in fact too strong [START_REF] Mitchell | Dynamic Meta-Analysis as a Therapeutic Prediction Tool for Amyotrophic Lateral Sclerosis[END_REF][START_REF] Irvin | Seeking homeostasis: temporal trends in respiration, oxidation, and calcium in SOD1 G93A Amyotrophic Lateral Sclerosis mice[END_REF].

Several aspects of our results are consistent with this hyper-vigilant homeostasis hypothesis. A major impetus for this hypothesis was that meta-analyses of data obtained from many studies on multiple cellular properties revealed patterns of oscillations as the disease progressed, suggesting the existence of high feedback gains for homeostatic processes. Similar oscillations are clearly present in our results, as illustrated in Figure 7. The highly successful homeostasis for net excitability, achieved at the cost of excessively high amplitudes for conductances and PICs, clearly shows homeostasis is strong. The development of subpopulations that are initially well above and then well below the normal range supports the possibility that this strong homeostasis is excessive. Direct tests of the hyper-vigilant homeostasis hypothesis will require quantitative comparisons of the responses of ALS and WT motoneurons to controlled homeostatic challenges.

Comparison with previous studies

The present study displays some differences with other studies, including by our own. Others have described signs of hyperexcitability in spinal motoneurons [START_REF] Meehan | Intrinsic properties of lumbar motor neurones in the adult G127insTGGG superoxide dismutase-1 mutant mouse in vivo: evidence for increased persistent inward currents[END_REF][START_REF] Jensen | Spinal motoneurones are intrinsically more responsive in the adult G93A SOD1 mouse model of Amyotrophic Lateral Sclerosis[END_REF], and in the motor cortex [START_REF] Kim | Changes in the Excitability of Neocortical Neurons in a Mouse Model of Amyotrophic Lateral Sclerosis Are Not Specific to Corticospinal Neurons and Are Modulated by Advancing Disease[END_REF], accompanied with changes in local circuitry [START_REF] Hedegaard | Postactivation depression of the Ia EPSP in motoneurons is reduced in both the G127X SOD1 model of amyotrophic lateral sclerosis and in aged mice[END_REF][START_REF] Kim | Changes in the Excitability of Neocortical Neurons in a Mouse Model of Amyotrophic Lateral Sclerosis Are Not Specific to Corticospinal Neurons and Are Modulated by Advancing Disease[END_REF][START_REF] Bączyk | Synaptic restoration by cAMP/PKA drives activity-dependent neuroprotection to motoneurons in ALS[END_REF][START_REF] Jara | The Electrophysiological Determinants of Corticospinal Motor Neuron Vulnerability in ALS[END_REF], although that aspect was not investigated in the present work. We have previously studied the properties of motoneurons in the same SOD1(G93A) mouse model of ALS group [START_REF] Delestrée | Adult spinal motoneurones are not hyperexcitable in a mouse model of inherited amyotrophic lateral sclerosis[END_REF][START_REF] Martínez-Silva M De | Hypoexcitability precedes denervation in the large fast-contracting motor units in two unrelated mouse models of ALS Rubin LL[END_REF] but have mainly focused on a short period of time just at the onset of denervations (P45-55). Although that time point partly overlaps with the present young adult stage, we had not detected differences in input conductances [START_REF] Martínez-Silva M De | Hypoexcitability precedes denervation in the large fast-contracting motor units in two unrelated mouse models of ALS Rubin LL[END_REF]. This might be due to the fact that the difference in input conductance is largest at earlier time points (Figure 3A). Indeed, the difference is gone at P60-90, and we did report an increase in input conductance in an earlier series of experiments, which was more pronounced at younger time points [START_REF] Delestrée | Adult spinal motoneurones are not hyperexcitable in a mouse model of inherited amyotrophic lateral sclerosis[END_REF]. Similarly, we did not detect a difference in resting membrane potential in the Martínez-Silva et al. ( 2018) study. Again, the discrepancy could be due to the difference in the distributions of the ages of the animals studied.

It is also possible that, despite our best efforts, the disease is not following the exact same time course in the two colonies used (the present paper is based on animals bred at Northwestern University in Chicago, while our previous studies were conducted on animals bred in Paris). It is therefore conceivable that even though the ages overlap, those ages correspond to slightly different stages of the disease.

In the present study, we recorded only 13 motoneurons out of 103 (7/50 WT and 6/53 mSOD1) that were unable to fire repetitively, contrary to our previous study where we showed that a large proportion of vulnerable motoneurons became hypoexcitable before the onset of denervation (P45-55, [START_REF] Martínez-Silva M De | Hypoexcitability precedes denervation in the large fast-contracting motor units in two unrelated mouse models of ALS Rubin LL[END_REF]. This discrepancy could be explained by the experimental constraints of the present study. Indeed, obtaining stable voltage clamp recordings in vivo in mice is quite a challenge, requiring electrodes able to pass very large amounts of current and motoneuron able to withstand the protocol. Since we have only included for analysis cells in which the voltage clamp protocol was completed successfully, we hypothesize that we may have biased our sample towards the healthiest cells that have yet to take the path of degeneration.

Limitations

The results presented here have been collected on the SOD1(G93A) mouse model of ALS, a model that has attracted criticisms due to it being an overexpression model, and its failure to bring seemingly promising therapies to the clinic [START_REF] Philips | Rodent Models of Amyotrophic Lateral Sclerosis[END_REF]. Nevertheless, some parallel with other studies suggest that our results could be extended to other models. First, [START_REF] Meehan | Intrinsic properties of lumbar motor neurones in the adult G127insTGGG superoxide dismutase-1 mutant mouse in vivo: evidence for increased persistent inward currents[END_REF] have studied an unrelated mSOD1(G127X) model and have shown that although the net excitability of the motoneurons was not affected by the mutation, there were nonetheless signs of increased PICs in these motoneurons. Second, we observed that, in late symptomatic animals, some cells exhibited a very small input conductance, well below the normal range at this age, suggesting that these cells actually shrank. This observation matches morphological measurements in mSOD1 mice [START_REF] Dukkipati | The vulnerability of spinal motoneurons and soma size plasticity in a mouse model of amyotrophic lateral sclerosis[END_REF], but also observations from sporadic human patients [START_REF] Kiernan | Changes in Sizes of Cortical and Lower Motor Neurons in Amyotrophic Lateral Sclerosis[END_REF].

We demonstrated a remarkably successful homeostatic control of motoneuron firing, that we can attribute to commensurate changes in PICs and input conductance. However, it is likely that other currents are also implicated in this process [START_REF] Marder | Variability, compensation and homeostasis in neuron and network function[END_REF]. Limitations inherent to in vivo electrophysiology prevent us from isolating many different currents and further in vitro investigations in adults [START_REF] Jiang | In vitro sacral cord preparation and motoneuron recording from adult mice[END_REF][START_REF] Mitra | An in vitro spinal cord slice preparation for recording from lumbar motoneurons of the adult mouse[END_REF][START_REF] Jiang | Hyperexcitability in synaptic and firing activities of spinal motoneurons in an adult mouse model of amyotrophic lateral sclerosis[END_REF][START_REF] Bhumbra | Recurrent excitation between motoneurones propagates across segments and is purely glutamatergic[END_REF] are warranted to shed more light on the panoply of channels involved in this process.

Conclusion

Overall, our results show homeostasis for net excitability in mutant SOD1 motoneurons is remarkably strong in the presymptomatic state. This success however comes at a cost of large compensatory changes in basic electrical properties. These results support the hypothesis that ALS is not due to a single specific root cause but instead caused by an inherent instability at the system-level [START_REF] Mitchell | Dynamic Meta-Analysis as a Therapeutic Prediction Tool for Amyotrophic Lateral Sclerosis[END_REF], possibly caused by an "hyper-vigilant" homeostatic system in motoneurons. Initial perturbations in the electrical properties of motoneurons would be overcompensated for, leading to new sources of stress, which, in turn, would be overcorrected, and so on and so forth until the metabolic burden becomes too high to sustain for the motoneuron. FF motoneurons have higher metabolic needs (Le [START_REF] Masson | A Computational Model of Motor Neuron Degeneration[END_REF] and lower calcium-buffering capabilities [START_REF] Grosskreutz | Calcium dysregulation in amyotrophic lateral sclerosis[END_REF] in the first place, which make them particularly vulnerable to this vicious cycle.
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 1 Figure 1: PIC amplitude is larger is young adult mSOD1 mice A. Example of a PIC recording from a P43 WT mouse. Top trace: recorded current, bottom trace: voltage command. The red dashed line shows the leak current estimated by fitting a straight line around the point of zero current, and which is used to measure the input conductance of the cell. Below is a plot of the leaksubtracted current vs. the voltage command color coded for the ascending phase (thick red line) and the descending phase (thin blue line). The amplitude of the PIC is measured at the point indicated by the double arrow. Note that, in this example, a breakaway spike was filtered out. B. Example of a PIC recording from a P62 mSOD1 mouse. Same organization as in A. C. Plot of the amplitude of the PICs (in nA) vs. the age of the mouse in WT (blue square) and mSOD1 mice (red diamonds). The solid

  Figure 2. Mutant motoneurons are not hyperexcitable A. Example of the response of a P101 WT mouse to a triangular ramp of current. From bottom to top, traces are: injected current, membrane potential and instantaneous firing frequency. The dash-dotted line shows the measure of the recruitment current, the current intensity at which the motoneuron starts to fire. The red dashed line shows the linear fit of the firing frequency in the primary range, used to estimate the gain of the F-I relationship. B. Example of the response of a P60 mSOD1 mouse. Same organization as in A. C. Current intensity required for eliciting

Figure 3 :

 3 Figure 3: Young mutant motoneurons have an aberrantly large input conductance A. Plot of the motoneuron input conductance vs. age in WT (blue squares) and mSOD1 (red diamonds) animals. The solid lines correspond to the linear regression lines with 95% confidence intervals (shaded areas). Pearson correlation coefficients & 95%CI, WT: r=0.40 95%CI[0.14-0.61], p=0.0035, mSOD1: r=-0.73 95%CI[-0.83--0.57], p=6.1e-10. B. Breakdown of the difference in input conductance between WT and mSOD1 animals by age groups. P30-60 WT: 0.42±0.16μS, N=19 vs. mSOD1: 0.72±0.18μS, N=15; g=1.73 95%CI[0.92-2.41]; t(32)=-5.06, p=2.2e-05. P60-90 WT: 0.46±0.16μS, N=16 vs. mSOD1: 0.42±0.15μS, N=24; g=-0.28 95%CI[-0.96-0.37]; t(38)=0.88, p=0.39. P90-120 WT: 0.60±0.15μS, N=15 vs. mSOD1: 0.33±0.13μS, N=14; g=-1.85 95%CI[-2.57--1.16]; t(27)=5.16, p=2.1e-05.

Figure 4 .

 4 Figure 4. The resting membrane potential of young adult mutant mice is hyperpolarized Breakdown of the difference in input conductance between WT and mSOD1 animals by age groups. P30-60 WT: -62.38±5.52mV, N=19 vs. mSOD1: -71.45±8.78mV, N=15; g=-1.24 95%CI[-2.13--0.23]; t(32)=3.49, p=0.002. P60-90 WT: -60.98±5.35mV, N=16 vs. mSOD1: -66.18±5.63mV, N=22; g=-0.92 95%CI[-1.54--0.18]; t(36)=2.89, p=0.0067. P90-120 WT: -64.71±7.42mV, N=15 vs. mSOD1: -61.99±5.43mV, N=13; g=0.40 95%CI[-0.35-1.10]; t(26)=-1.12, p=0.27.

Figure 5 .

 5 Figure 5. Some motoneurons exhibit properties outside of the normal rangeA. Breakdown of the difference in normalized PIC amplitude (PIC amplitude divided by input conductance) between WT and mSOD1 animals by age groups. P30-60 WT: 5.35±4.11nA/μS, N=19 vs. mSOD1: 9.32±3.94nA/μS, N=15; g=0.96 95%CI[0.16-1.76]; t(32)=-2.86, p=0.0075. P60-90 WT: 5.65±3.35nA/μS, N=16 vs. mSOD1: 6.46±5.39nA/μS, N=24; g=0.17 95%CI[-0.50-0.66]; t(38)=-0.59, p=0.56. P90-120 

Figure 7 :

 7 Figure 7: summary of the changes in motoneuron properties over time Schematic representation of the changes in four key electrophysiological properties over time. The dots represent the effect size (Hedges' g) and the vertical bars show the 95%CI around g. The thin lines are cubic splines interpolation of the data over time. The points have been slightly staggered so that the vertical bars do not occlude each other. Data from neonates (P0-5 and P6-12) are from Quinlan et al. (2011).
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