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Abstract1

Cell-type specific changes in neuronal excitability have been proposed to contribute to the 2

selective degeneration of corticospinal neurons in amyotrophic lateral sclerosis (ALS) and to 3

neocortical hyperexcitability, a prominent feature of both inherited and sporadic variants of the 4

disease, but the mechanisms underlying selective loss of specific cell types in ALS are not 5

known. We analyzed the physiological properties of distinct classes of cortical neurons in the 6

motor cortex of hSOD1G93A mice of both sexes and found that they all exhibit increases in 7

intrinsic excitability that depend on disease stage. Targeted recordings and in vivo calcium 8

imaging further revealed that neurons adapt their functional properties to normalize cortical 9

excitability as disease progresses. Although different neuron classes all exhibited increases in 10

intrinsic excitability, transcriptional profiling indicated that the molecular mechanisms underlying 11

these changes are cell-type specific. The increases in excitability in both excitatory and 12

inhibitory cortical neurons we found show that selective dysfunction of neuronal cell types 13

cannot account for the specific vulnerability of corticospinal motor neurons in ALS. Furthermore, 14

the stage-dependent alterations in neuronal function highlight the ability of cortical circuits to 15

adapt as disease progresses. These findings show that both disease stage and cell type must 16

be considered when developing therapeutic strategies for treating ALS.17

18

Significance19

It is not known why certain classes of neurons preferentially die in different neurodegenerative 20

diseases. It has been proposed that enhanced excitability of affected neurons is a major 21

contributor to their selective loss. We show using a mouse model of amyotrophic lateral 22

sclerosis (ALS), a disease in which corticospinal neurons exhibit selective vulnerability, that 23

changes in excitability are not restricted to this neuronal class, and that excitability does not 24

increase monotonically with disease progression. Moreover, although all neuronal cell types 25

tested exhibited abnormal functional properties, analysis of their gene expression demonstrated 26
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cell-type specific responses to the ALS-causing mutation. These findings suggest that therapies 27

for ALS may need to be tailored for different cell types and stages of disease.28

29

Introduction30

Amyotrophic lateral sclerosis (ALS) is a relentlessly progressive neurodegenerative disease 31

characterized by progressive loss of corticospinal (CSN), brain stem and spinal motor neurons,32

leading to increasing weakness and ultimately death. A common feature of both sporadic and 33

familial forms of ALS is cortical hyperexcitability (Vucic and Kiernan, 2006; Vucic et al., 2008;34

Williams et al., 2013; Geevasinga et al., 2015). Patients exhibit cortical hyperexcitability early in 35

the clinical disease course (Vucic et al., 2008; Geevasinga et al., 2015), and the degree of 36

neuronal hyperexcitability is inversely correlated with survival (Kanai et al., 2012; Shibuya et al., 37

2016). Interventions that decrease neuronal hyperexcitability modestly slow disease progression 38

and increase motor neuron survival (Bensimon et al., 1994; Wainger et al., 2014). However, 39

recent studies in model systems suggesting that increases in neuronal excitability may be40

protective (Saxena et al., 2013; Leroy et al., 2014) raise the possibility that therapeutic 41

interventions may need to be tailored to cell type or disease state.42

Although the pathogenesis of ALS is likely multifactorial, it has been hypothesized that 43

enhanced excitation or persistent depolarization of corticospinal neurons (CSNs) contributes to 44

their selective degeneration in both sporadic and inherited forms of ALS (Saxena and Caroni, 45

2011; Taylor et al., 2016). Previous studies have primarily focused on assessing the function of 46

spinal motor neurons from mouse models or from patient-derived cells, and a number, though 47

not all, have identified increases in excitability during embryonic and neonatal stages (Pieri et al., 48

2003; Kuo et al., 2004; van Zundert et al., 2008; Elbasiouny et al., 2012; Martin et al., 2013;49

Leroy et al., 2014; Wainger et al., 2014; Venugopal et al., 2015), followed by progressive loss of 50

action potential output (Delestrée et al., 2014; Devlin et al., 2015). Although altered excitability 51

has been detected in cortical neurons (Pieri et al., 2009; Wainger and Cudkowicz, 2015;52
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Geevasinga et al., 2016; Saba et al., 2016), it is not known if these changes in excitability are 53

restricted to CSNs or represent more global changes in cortical physiology. Moreover, it is 54

unclear if these changes progress monotonically or vary with disease progression.55

Using hSOD1G93A mice which closely mimic the human disease (Gurney et al., 1994), we 56

discovered that increases in intrinsic excitability were not restricted to CSNs, but occurred in all57

excitatory and inhibitory cell types examined. Although changes in excitability were detected as 58

early as a few days after birth, the intrinsic properties of cortical neurons largely normalized in 59

juvenile mice before these neurons ultimately become hyperexcitable again at end-stage,60

indicating that cortical neurons adapt their responsiveness during the course of disease. Two-61

photon calcium imaging revealed that increases in intrinsic excitability did not translate into 62

neuronal hyperactivity in vivo, highlighting the ability of cortical circuits to adapt to abnormal 63

cellular function. Despite this normalized activity, CSNs exhibited higher resting calcium levels 64

in vivo, suggesting that they remain functionally compromised. Transcriptional profiling of CSNs 65

and CCNs in neonatal mice revealed distinct molecular responses, indicating that cortical cell66

types are differentially affected by the expression of mutant SOD1 even at this earliest time 67

point. Our results also revealed that these functional changes in cortical neurons do not follow a 68

linear progression of increasing hyperexcitability with age. Rather, the properties of cortical 69

neurons were dynamically altered during different stages of disease. These findings provide 70

insights into the cellular mechanisms underlying cortical hyperexcitability, a common phenotype 71

across disease variants, including sporadic, SOD1 and C9orf72 disease, and have important 72

implications for the timing of therapeutic interventions in ALS.73

74

Materials and Methods75

Animals.76

All experimental procedures were approved by the Johns Hopkins Animal Care and Use 77

Committee or the Institutional Animal Care and Use Committee of Harvard University and were 78
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conducted in accordance with the guidelines of the National Institutes of Health and the Society 79

for Neuroscience. hSOD1G93A (B6SJL-Tg(hSOD1*G93A)1Gur/J;80

https://www.jax.org/strain/002726) and hSOD1WT (B6SJL-Tg(hSOD1*WT)2Gur/J;81

https://www.jax.org/strain/002297) male mice were regularly obtained from The Jackson 82

Laboratory and bred with the following transgenic strains: Rbp4-Cre (Gerfen et al., 2013;83

RRID:MMRRC_031125-UCD); loxP-STOP-loxP-tdTomato Cre reporter lines (Madisen et al., 84

2010; Ai9 and Ai14, https://www.jax.org/strain/007909 and https://www.jax.org/strain/007908); a 85

Gad67-GFP line (Chattopadhyaya et al., 2004; G42, https://www.jax.org/strain/007677) and a 86

Pvalb-Cre line (Hippenmeyer et al., 2005; https://www.jax.org/strain/008069). Mice were 87

housed up to 5 mice per cage under a 12-hour light/dark cycle and given ad libitum access to 88

food and water. For targeted recordings of corticospinal (CSN) and corticocortical (CCN) 89

neurons in postnatal day 4-6 (P4-6) mice, Rbp4-Cre mice were first crossed with LSL-tdTomato90

mice to generate Rbp4-Cre;tdTomato mice. Subsequently, hSOD1G93A males were crossed with 91

Rbp4-Cre;tdTomato females to generate hSOD1G93A;Rbp4-Cre;tdTomato and Rbp4-92

Cre;tdTomato mice. The Gad67-GFP line crossed with hSOD1G93A mice was used to target fast-93

spiking parvalbumin-positive (PV) interneurons for recording. As we used several transgenic 94

lines, we confirmed that the life expectancy of the mutant mice was similar to the B6SJL-95

Tg(hSOD1*G93A)1Gur/J line (hSOD1G93A;Rbp4-Cre;tdTomato: 126.8 ± 3.1 days, n = 15 mice 96

and hSOD1G93A;Gad67-GFP: 130.4 ± 1.7 days, n = 17 mice; hSOD1G93A: 132 ± 1.3 days from97

Gurney, 1997). Mice of either sex were used in this study. All experiments were performed with 98

the experimenters blinded to the genotypes of the mice. 99

100

Stereotaxic injections of neuronal tracers and viral vectors. Mice were anesthetized with 101

1 –102

3%). To label CSNs, a small laminectomy (C5-C6) was performed over the left cervical spinal 103

cord and 100-200 nl of retrograde neuronal tracer (red Retrobeads or green Retrobeads IX, 104
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Lumafluor, or Alexa Fluor 488- or Alexa Fluor 555-conjugated cholera toxin B, Invitrogen) were 105

pressure-injected through a glass pipet (15-106

107

neuronal tracer was injected in 9-16 sites in the left motor cortex (600-108

1500- to ). The analgesic, 109

buprenorphine (0.05 mg/kg), was administered to all animals post-operatively. To compare the 110

morphology of CSNs and CCNs at different experimental ages (Fig. 6B,D), a canine adenoviral 111

vector carrying a construct for Cre recombinase (CAV-Cre; Optogenetics and Transgenic 112

Technology Core, National Institute on Drug Abuse) was injected into the spinal cord or motor 113

cortex of Cre-dependent tdTomato reporter mice in a similar manner as the tracers to visualize 114

CSNs or CCNs, respectively (Kremer et al., 2000; Soudais et al., 2001). Mice were sacrificed 2-115

10 days after tracer injections and 20-30 days after injections of CAV-Cre.116

117

Brain slice preparation and cell identification. Acute brain slices were generated for in vitro118

electrophysiological recording largely as previously described but for the slice orientation (Kim 119

et al., 2014). Mice were anesthetized with isoflurane, decapitated, and the brains rapidly120

removed and chilled in ice-cold sucrose solution containing (in mM): 76 NaCl, 25 NaHCO3, 25 121

glucose, 75 sucrose, 2.5 KCl, 1.25 NaH2PO4, 0.5 CaCl2, and 7 MgSO4; pH 7.3. After an initial 122

coronal cut, brains were mounted on the cut face tilted anteriorly at a 15° angle and acute brain 123

using a vibratome (VT-1200s, Leica). Slices were then incubated 124

in warm (32-35°C) sucrose solution for 30 minutes and then transferred to warm (32-34°C) 125

artificial cerebrospinal fluid (aCSF) composed of (in mM): 125 NaCl, 26 NaHCO3, 2.5 KCl, 1.25 126

NaH2PO4, 1 MgSO4, 20 glucose, 2 CaCl2, 0.4 ascorbic acid, 2 pyruvic acid, and 4 L-(+)-lactic 127

acid; pH 7.3, 315 mOsm, and allowed to cool to room temperature. All solutions were 128

continuously bubbled with 95% O2/5% CO2.129
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For whole-cell recordings, slices were transferred to a submersion chamber on an 130

upright microscope (Zeiss AxioExaminer, Objectives: 5x, 0.16 NA and 40x, 1.0 NA) fitted for 131

infrared differential interference contrast (DIC) and fluorescence microscopy. Slices were 132

continuously superfused (2-4 ml/min) with warm oxygenated aCSF (32-34°C). Neurons were 133

visualized with a digital camera (Sensicam QE; Cooke) using either transmitted light or134

epifluorescence. In slices from P26-P129 mice, CSNs or CCNs were identified based on the135

presence of the fluorescent retrograde tracers. In slices from P4-P6 mice, CSNs or CCNs were 136

identified based on the presence of the tdTomato fluorescence in layer 5b (L5b) of motor cortex 137

of Rbp4-Cre;tdTomato mice. PV interneurons were identified based on their GFP expression in 138

Gad67-GFP mice. 139

140

Whole-cell recordings and analysis. Glass recording electrodes (2- th an 141

internal solution containing (in mM): 2.7 KCl, 120 KMeSO4, 9 HEPES, 0.18 EGTA, 4 MgATP, 142

0.3 NaGTP, 20 phosphocreatine(Na), pH 7.3, 295 mOsm. Biocytin (0.25% weight/volume) was 143

added to the internal solution. Whole-cell patch clamp recordings were obtained using a 144

Multiclamp 700B amplifier (Molecular Devices) and digitized using an ITC-18 (Instrutech) 145

controlled by software written in Igor Pro (Wavemetrics, RRID:SCR_000325). The series 146

resistance averaged 10.9 ± 5.4 n = 675 and was not 147

compensated. All electrophysiological recordings were performed in the presence of the 148

following blockers of glutamate and GABA receptors: 5 μM 2,3-Dioxo-6-nitro-1,2,3,4-149

tetrahydrobenzo[f]quinoxaline-7-sulfonamide disodium salt (NBQX; AMPA receptor antagonist),150

5 μM (RS)-3-(2-Carboxypiperazin-4-yl)-propyl-1-phosphonic acid (CPP; NMDA receptor 151

antagonist), and 10 μM 6-Imino-3-(4-methoxyphenyl)-1(6H)-pyridazinebutanoic acid 152

hydrobromide (SR95531; GABAA receptor antagonist, all from Tocris). This concentration of 153

SR95531 blocks synaptic as well as extrasynaptic GABA receptors (Farrant and Nusser, 2005).154

The resting membrane potential was measured after whole-cell configuration was achieved.155
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Neurons exhibiting a resting membrane potential greater than -60 mV in slices from P90-P129156

mice were excluded from the analysis. As neurons in slices from P4-6 and P26-P40 mice were 157

more depolarized, a cut-off of -55 mV was used. One cell was eliminated from the rheobase 158

analysis as it began firing spontaneous action potentials. The input resistance was determined 159

by measuring the voltage change in response to a 1 s hyperpolarizing current step (-25 to -100160

pA for cortical neurons from P4-6 mice and -100 pA for cortical neurons from P26-P129 mice). 161

The amplitude of the sag response was calculated as the difference between the minimum 162

membrane potential following the initial current step and the steady-state membrane potential at 163

the end of the 1 s step (P5-6: -50 pA; P90-P100: -100 pA; Fig. 6E,F). The current-spike 164

frequency relationship was measured with a range of depolarizing current steps presented in 165

pseudorandom order (1 s long, 40 pA increments, 5 s interstimulus intervals). Each current 166

intensity was tested a total of three times. For each current intensity, the total number of action 167

potentials exceeding 0 mV generated during each step was measured and then averaged 168

across the three trials. The rheobase was determined by first probing the response of the 169

neuron with 1 s long depolarizing steps (5 s interstimulus intervals) to define a small range of 170

current steps that bounded the rheobase. The response of the neurons was then tested within 171

this range using 1 s long depolarizing steps with 1 pA increments. Action potential properties 172

were measured from single spikes evoked by rheobase current injections. Signals were low-173

pass filtered at 10 kHz and sampled at 20-100 kHz.174

175

Anatomical identification of cell types. To compare the morphology of tdTomato-positive and 176

tdTomato-negative neurons in neonatal Rbp4-Cre;tdTomato mice, neurons were filled with 177

biocytin during whole-cell recordings in acute slices. Slices were then fixed in 4% 178

paraformaldehyde (PFA) in 0.1 M phosphate buffered saline (PBS) for at least 3 hours and were 179

then rinsed with PBS, incubated in 2% Triton X-100 (Sigma) in PBS for 1 hour at room 180

temperature (RT), incubated with AlexaFluor 488-conjugated streptavidin (1:200, Molecular 181
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Probes, Cat. No. S32354, RRID:AB_2315383) for 48 hours at 4ºC, rinsed again and mounted in182

Vectashield (Vector Laboratories). The morphology of CSNs and CCNs in adult mice 183

transfected with the CAV-Cre virus in P61-64 tdTomato reporter mice was revealed by first 184

fixing the brains in 4% PFA in PBS. Then 100 μm coronal sections were cut in the same plane 185

as for the electrophysiological recordings (coronal sections tilted 15º anteriorly) using a 186

vibratome (VT-1000s, Leica). Sections were then rinsed in PBS, incubated with blocking buffer 187

containing 0.25% Triton X-100 (Sigma) and 5% normal goat serum (Invitrogen) in PBS for 1 188

hour at RT, and then incubated with rabbit anti-RFP antibody (1:500, Clontech Laboratories, Cat. 189

No. 632496, RRID:AB_10013483) overnight at 4ºC. The sections were then rinsed again in PBS, 190

incubated with Alexa 568-conjugated goat anti-rabbit secondary antibody (1:300, Molecular 191

Probes, Cat. No. A-11011, RRID:AB_143157) for 2 hours at RT, rinsed again in PBS and 192

mounted in Vectashield. Images of CSNs and CCNs were taken with a confocal microscope 193

(LSM 510, Zeiss) using either 10x (0.3 NA) or 20x (0.8 NA) objectives. Images were analyzed 194

and the contrast and brightness globally adjusted in ImageJ (NIH ) and LSM 195

Image Browser (Zeiss, ).196

197

Two-photon in vivo imaging. To express GCaMP6s (GENIE Project, Janelia Research 198

Campus, Howard Hughes Medical Institute) selectively in CSNs, a CAV-Cre viral vector was 199

injected into the spinal cord as described above for the neuronal tracers and an adeno-200

associated viral vector, AAV9-Syn-Flex-GCaMP6s (University of Pennsylvania Vector Core), 201

was injected into the left motor cortex. The GCaMP6s virus was injected using the following 202

coordinates: AP -0.2 mm, ML 1.5 mm, DV 0.8 mm from bregma to allow for easier placement of 203

the imaging window. The viruses were injected at P51-P72. Cranial windows were implanted 204

using methods previously described (Hughes et al., 2013). Briefly, mice were anesthetized with 205

isoflurane (5% induction; 1.5-2% maintenance), and body temperature was maintained at 37ºC206

with a thermostat controlled heating pad. The skin overlying the skull was retracted and the skull 207
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cleaned and dried. A 2 x 2 mm craniotomy was performed using a high-speed drill with the 208

craniotomy centered at the following coordinates: AP -1 mm, ML 1.5 mm from bregma.209

Following the craniotomy, a 2 x 2 mm glass coverslip (VWR, No. 1) was placed within the 210

craniotomy and sealed using dental cement (C&B Metabond). A custom-designed aluminum 211

head plate was then affixed to the skull using dental cement to allow for head stabilization. The 212

entire procedure required 40-60 minutes. Animals regained normal locomotion and were 213

allowed to recover for a minimum of 3.5 hours before in vivo imaging was commenced. The 214

head of the mouse was immobilized by attaching the head plate to a custom machined stage 215

and images collected during awake, resting periods. Images were collected using a Zeiss 710 216

microscope using a mode-locked Ti:sapphire laser (Coherent Ultra II) tuned to 920 nm. The 217

average power at the sample did not exceed 30 mW. Images were acquired at 5.6 frames/s with 218

a 256x256 pixel resolution at a depth of 250 μm from the pial surface. 219

Because the cell bodies of CSNs are located deep in L5b, it was difficult to clearly image 220

somatic calcium events. Therefore, we focused on imaging apical dendritic stalks, which show a 221

strong linear correlation between AP firing and calcium activity (Hill et al., 2013). For neurons 222

with multiple apical dendritic stalks at the imaging plane (250 μm beneath the pial surface), 223

calcium signaling events were analyzed blinded to cell identity and correlation coefficients were 224

subsequently determined using the MATLAB (MathWorks, R2015a,225

function, corrcoef, for dendritic stalks from the same neuron identified by visualization of the 226

joining of multiple branches into a single stalk (hSOD1G93A: n = 18 cells; Control: n = 17 cells) or 227

a soma (hSOD1G93A: n = 2 cells; Control: n = 1 cell). Calcium signals in apical dendritic stalks of 228

the same neuron were highly correlated (hSOD1G93A: 0.981 ± 0.009, n = 20 cells from 7 mice; 229

Control: 0.989 ± 0.009, n = 18 cells from 10 mice), indicating that these events represent cell-230

wide calcium events and likely represent somatic action potentials (Hill et al., 2013). All CSNs231

were therefore imaged at approximately 250 μm from the pial surface. In cells with multiple 232

dendritic stalks, time series represent an average of the dendritic stalks from an individual 233
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neuron. CSNs were imaged at P92-P134 when CSNs from hSOD1G93A mice exhibited 234

significantly increased intrinsic excitability, as measured by comparing the current-spike235

frequency relationships and the Fmax values relative to control mice (Fig. 1D,F).236

237

Image Analysis. Image analysis was performed using Origin (OriginLab, versions 7 and 8,238

), FIJI (1.46r, ), MiniAnalysis (Synaptosoft,239

), Excel (Microsoft, 2011) and Matlab (Mathworks, R2015a). Images were 240

registered using the Turboreg plugin of FIJI. An average projection of the field of view across 241

the entire time series was used to place regions of interest (ROIs) centered on dendritic stalks. 242

F, representing the mean fluorescence value of all the pixels within the ROI, was calculated for 243

each time point. To remove slow changes in the raw fluorescence time series, the 8th percentile 244

of the fluorescence distribution in a 15 second window was subtracted for each time point in 245

Matlab (Dombeck et al., 2007). Then the baseline fluorescence of the ROI, F0, was estimated as 246

the 30th percentile of the fluorescence distribution of the entire time series and used to calculate 247

0 = ((F - F0)/F0). Calcium signaling events were detected using the MiniAnalysis software. 248

Event characteristics were further analyzed using custom scripts in Excel. To calculate the time 249

course of the decay of individual calcium events, traces of isolated events were fit with an 250

exponential decay function (ExpDecay2; Origin). Statistical analyses were performed using 251

Origin. 252

To calculate baseline dendritic calcium, a ten-second epoch was manually identified253

midway through the time-series acquisition (2.5-3.5 minutes) without a calcium signaling event. 254

The average intensity of this epoch was calculated and the resulting image was smoothed with 255

a Gaussian filter (sigma = 1). A Shanbhag threshold was used to automatically define an ROI 256

within the dendritic process. The baseline fluorescence for each dendrite was determined as the 257

mean fluorescence value of all of the pixels within the ROI during the ten-second epoch for the 258

tdTomato and the GCaMP6s signals. 259
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260

Neuronal cell type labeling, enrichment, and RNA isolation. hSOD1G93A and hSOD1WT P5-7261

mice were used for expression profiling. For each biological replicate, the cortex was isolated 262

and dissociated into a single-cell suspension as previously described (Molyneaux et al., 2015).263

Cells were then immediately fixed in 4% PFA, incubated in RNase free conditions with 264

antibodies against the nuclear markers CTIP2 and SATB2 (rat anti-CTIP2, 1:100, Abcam, Cat. 265

No. ab18465, RRID:AB_2064130; mouse anti-SATB2, 1:250, Abcam, Cat. No. ab51502, 266

RRID:AB_882455; Alexa 546 goat anti-rat, 1:1000, Molecular Probes, Cat. No. A11081, 267

RRID:AB_141738; Alexa 488 goat anti-mouse, 1:1000, Molecular Probes, Cat. No. A11011, 268

RRID:AB_2534069), and FACS-sorted as previously described to isolate SATB2-positive and 269

CTIP2-positive neurons (Molyneaux et al., 2015). RNA was recovered from the FACS-purified 270

cells as previously described (Molyneaux et al., 2015), quantified by spectral absorbance on the 271

NanoDrop, and qualitatively assessed on the Agilent Bioanalyzer RNA-6000 Pico chip. RNA 272

integrity numbers (RINs) for all samples ranged between 8.3 and 10.273

274

Sequencing library preparation and analysis. For each enriched sample, 10 ng of total RNA 275

was reverse transcribed to synthesize cDNA using the Smart seq2 V4 kit (Clontech). Amplified 276

cDNA was used as input for high-throughput RNA sequencing library preparation using the 277

Nextera XT library kit (Illumina). Individual libraries were indexed, pooled, and sequenced to a 278

mean depth of 5.466 x 107-125 bp paired-end reads per sample. Reads were aligned to the 279

mouse genome (mm9) using TopHat2 (Kim et al., 2013) with the following additional parameters: 280

--no-coverage-search –max-multihits=10 –p 16. Gene expression was quantified using 281

cuffquant (Trapnell et al., 2013) against a previously-assembled reference transcriptome 282

consisting of UCSC genes supplemented with mouse cortical lncRNAs (Molyneaux et al., 2015).283

Differential expression testing was performed using cuffdiff v2.2.1 ( , and 284

data were analyzed and visualized using cummeRbund (Trapnell et al., 2013). Additional 285
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custom scripts and visualizations were also developed using the cummeRbund framework in 286

R/Bioconductor.287

For each cell type, genes were ranked according to their Cuffdiff2 test statistic which 288

integrates both confidence in differential expression between hSOD1G93A and hSOD1WT as well 289

as the direction and magnitude of the differential effect. These rankings were then used as input 290

for a pre-ranked Gene Set Enrichment Analysis (GSEA; Subramanian et al., 2005) against the 291

Reactome database (MSigDB v5.1 c2.cp.Reactome), a publicly available collection of annotated 292

gene sets, to identify pathways and processes with coordinated significant differential 293

enrichment. Gene sets were called significant with a Benjamini-Hochberg corrected p-value < 294

0.05 (Kolmogorov-Smirnov test). The network map of significant GSEA results was assembled 295

using the Enrichment Map tool in Cytoscape v3.4.0 ( ; Merico et al., 2010).296

297

Electrophysiology data analysis. Data analysis was performed in Igor Pro (Wavemetrics), 298

Excel (Microsoft), SigmaPlot (Systat Software, ), Origin (OriginLab), 299

MiniAnalysis (Synaptosoft), Clampfit (Molecular Device), Matlab (Mathworks) and R Project for 300

Statistical Computing (RRID:SCR_001905) using the mgcv package (Wood, 2011). The 301

rheobase, input resistance, resting membrane potential, spike properties and calcium 302

measurements recorded from hSOD1G93A and control mice were compared with Mann-Whitney 303

tests. To compare current-frequency relationships of neurons recorded from hSOD1G93A and304

control mice, we used two approaches.  First, we independently fit the data for each cell type to305

a generalized additive model where the relationship between frequency and current was 306

estimated as a smooth spline and further parameterized by genotype and disease stage. Using 307

these models, we tested for an independent effect of genotype on frequency for each 308

comparison.  Second, we compared the maximum action potential frequency (Fmax) for CSNs 309

and CCNs. Unlike CSNs and CCNs, the response of PV neurons saturated at the highest 310

current injections (see Fig. 2D). Therefore, for PV neurons, we compared the frequency for 311
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current steps that elicited 50% of the Fmax of the cells (F50). To test for an effect of age on 312

excitability, we used a similar generalized additive model to fit the data for each cell type across 313

all three time points assessed and tested the interaction effect of genotype and age on the 314

relationship between current and frequency using the Wald test. In addition, we used a similar315

approach to compare the change in rheobase values across time points for PV neurons using 316

log-transformed data. The data points for all individual cells, the mean and the S.E.M. are 317

shown in plots of rheobase, Fmax, and F50 as well as for the measurements related to the in vivo318

imaging experiments. A generalized additive model was used to fit the current-frequency data 319

and to generate 95% confidence intervals shown in each graph. Data were considered 320

significant for p < 0.05. In the figures, the statistical significance is expressed as: *, p < 0.05; **,321

p < 0.01; or ***, p < 0.001. 322

323

Data availability324

The data that support the findings of this study are available from the corresponding author 325

upon request. All primary data from the RNA-sequencing experiments are deposited on the 326

NCBI Short Read Archive with NCBI GEO Accession Number GSE101391, and all scripts and 327

workflows for RNA-sequencing analysis are available in conjunction with the preprocessed data 328

upon request. Processed data supporting the findings can be found in an Extended Data File 329

associated with Figure 8.330

331

Results332

Intrinsic hyperexcitability is not restricted to corticospinal neurons.333

It has been proposed that cell-type specific changes in neuronal excitability contribute to 334

neurodegeneration in ALS (Roselli and Caroni, 2015). However, whether functional 335

abnormalities are restricted to CSNs or involve additional cortical cell types remains unclear. 336

Because the neocortex is composed of different classes of cortical projection neurons and 337
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inhibitory interneurons, with distinct electrophysiological, molecular and morphological 338

characteristics (Sugino et al., 2006; Ascoli et al., 2008; Oswald et al., 2013; Harris and 339

Shepherd, 2015; Tremblay et al., 2016), we addressed this question by comparing the intrinsic 340

electrophysiological properties of different classes of cortical neurons in wild-type (WT) and 341

hSOD1G93A mice. To assess the intrinsic excitability of corticospinal (CSNs) and corticocortical 342

(CCNs) neurons, the two major classes of cortical projection neurons found in layer 5b (L5b) of 343

motor cortex (Hattox and Nelson, 2007; Miller et al., 2008; Suter et al., 2013), we retrogradely 344

labeled the two cell types with two different fluorescent tracers (Fig. 1A,B). We then targeted 345

these cells for whole-cell patch clamp recording in acute brain slices from postnatal day (P) 90-346

129 mice, an age range when mice show significant loss of CSNs and overt clinical symptoms 347

of the disease (Zang and Cheema, 2002; Ozdinler et al., 2011; Vinsant et al., 2013). The348

intrinsic electrophysiological properties of CSNs and CCNs were measured in the presence of 349

antagonists of ionotropic glutamate and GABA receptors. Although it has been postulated that 350

chronic depolarization of CSNs promotes their degeneration, we found no difference in the351

resting membrane potential of either CSNs or CCNs between hSOD1G93A and WT mice (Table 352

1). However, the current-frequency relationship for both cell types revealed that CSNs and 353

CCNs from hSOD1G93A mice were significantly more excitable than those from WT mice (Fig.354

1C-J). Comparisons of the current-frequency data indicated the current-frequency curves of 355

CSNs and CCNs from hSOD1G93A mice were significantly different than those from control mice356

(Fig. 1D,H) and the maximum frequency elicited by the current steps (Fmax) was significantly 357

greater for both CSNs and CCNs from hSOD1G93A mice than from controls (Fig. 1F,J). These 358

data indicate that both CSNs and CCNs in symptomatic mice are hyperexcitable.359

Although both cell types exhibited increases in intrinsic excitability, the underlying 360

cellular mechanisms differed. CSNs showed no significant differences in rheobase while the 361

rheobase of CCNs was significantly decreased (Fig. 1E,I). In addition, the waveform of the 362

action potential was significantly altered in CCNs but not CSNs (Table 1). The input resistance 363
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of both cell types, however, was significantly increased in hSOD1G93A mice (Table 1). These 364

data suggest that although both classes of excitatory cortical projection neurons are 365

hyperexcitable in later stages of disease, the cellular mechanisms that underlie these increases 366

in excitability are distinct.367

368

Inhibitory cortical interneurons are hyperexcitable.369

Because cortical activity is powerfully regulated by inhibitory interneurons, it has been 370

postulated that dysfunction of these neurons contributes to cortical hyperexcitability in ALS371

(Turner and Kiernan, 2012; Geevasinga et al., 2016; King et al., 2016). Parvalbumin-expressing 372

(PV) interneurons comprise the largest class of inhibitory interneuron in the cortex. Although 373

some, but not all studies, have detected PV cell loss in ALS (Nihei et al., 1993; Minciacchi et al., 374

2009; Ozdinler et al., 2011), it is not known if their electrophysiological properties are altered in 375

the disease. To test whether reduced excitability of PV interneurons contributes to disinhibition 376

of cortical projection neurons, we measured the intrinsic properties of PV interneurons 377

selectively labeled with green fluorescent protein (GFP) in hSOD1G93A;Gad67-GFP (hSOD1G93A)378

and Gad67-GFP (WT) P90-P101 mice (Fig. 2A,B). Contrary to this prediction, we found that the 379

intrinsic excitability of PV interneurons was increased in ALS mice. Although the mean resting 380

membrane potential of PV interneurons from mutant and control mice was similar (Table 1), the 381

rheobase was lower in PV neurons from hSOD1G93A mice relative to control (Fig. 2E).382

Furthermore, as with CSNs and CCNs, a comparison of the current-spike frequency 383

relationships of hSOD1G93A and WT PV interneurons indicated that PV interneurons from384

hSOD1G93A were significantly hyperexcitable (Fig. 2D,F). Together, these data reveal functional385

abnormalities in excitatory and inhibitory cortical neurons in symptomatic hSOD1G93A mice, with 386

all cell types tested exhibiting increases in intrinsic excitability.387

388

Corticospinal neuron activity is normalized in vivo in hSOD1G93A mice.389
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To assess the impact of these increases in intrinsic neuronal excitability we measured from 390

P90-P129 mice on the activity of CSNs in vivo, we monitored the activity of individual CSNs in 391

awake hSOD1G93A and control mice of similar age using in vivo two-photon imaging after virus-392

mediated delivery of the genetically-encoded calcium indicator GCaMP6s to CSNs (Fig. 3A,B). 393

Robust calcium transients were observed in CSNs in both hSOD1G93A and control mice (P92-394

P134), with individual CSNs exhibiting diverse activity patterns (Fig. 3C,D). However, there was 395

no significant difference in the overall frequency of activity between hSOD1G93A and control mice 396

(Fig. 3E), nor in the distribution of inter-event intervals (Fig. 3F). Although GCaMP6s offers 397

greater sensitivity, the slow time course of this sensor relative to the time course of individual 398

action potentials (Chen et al., 2013) could mask differences in the pattern of neural activity 399

underlying individual calcium events. Any such differences would be reflected in the amplitude 400

and time course of the individual transients. However, we found no difference in the amplitude 401

or the time course of individual events measured from symptomatic hSOD1G93A and control mice402

(Fig. 3G,H). These results indicate that despite their increased intrinsic excitability in late-stage 403

disease, CSNs are not hyperactive in the intact brain of hSOD1G93A mice under these conditions,404

highlighting the ability of cortical circuits to counterbalance the abnormal physiological 405

properties of these neurons.406

407

Elevated intracellular calcium in corticospinal neurons from symptomatic mice.408

Abnormalities in calcium homeostasis have been widely implicated in the pathogenesis of ALS409

(Grosskreutz et al., 2010; Leal and Gomes, 2015). Although the effects of increases in intrinsic 410

excitability may be compensated by changes in synaptic input, degeneration could be promoted411

in hSOD1G93A mice if neurons are impaired in their ability to sustain low intracellular calcium 412

levels. To explore this possibility, we measured the ratio of GCaMP6s fluorescence to that of the 413

calcium-insensitive fluorescent reporter tdTomato in CSNs in vivo, allowing normalization across 414

cells. This ratio was significantly elevated in hSOD1G93A mice relative to controls, indicating that 415
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basal calcium levels in the apical dendrites of CSNs are elevated in ALS mice (Fig. 4A-C).416

These results reveal that calcium homeostasis in CSNs is impaired in hSOD1G93A mice, despite 417

normalization of their activity patterns. 418

419

Changes in intrinsic excitability as disease progresses.420

These results indicate that neuronal dysfunction extends beyond corticospinal neurons in the 421

cortex of hSOD1G93A mice in advanced disease. Prior studies have reported that cortical 422

projection neurons are hyperexcitable earlier in the disease process (Pieri et al., 2009; Saba et 423

al., 2016), but whether selective abnormalities in CSN function precede the abnormalities we 424

detected in corticocortical and PV inhibitory interneurons is not known. To determine whether 425

CSN dysfunction occurs prior to abnormalities in CCNs and PV interneurons, or whether 426

hyperexcitability evolves similarly across these cortical cell types, we assessed the intrinsic 427

properties of CSNs, CCNs and PV interneurons at two earlier ages. At an age when mice 428

exhibit subtle clinical symptoms and cellular abnormalities begin to appear in CSNs, but frank 429

CSN neurodegeneration has not yet started (P26-40; Zang and Cheema, 2002; Ozdinler et al., 430

2011; Vinsant et al., 2013; Fogarty et al., 2015; Fogarty et al., 2016; Saba et al., 2016), we 431

found no differences in the rheobase for CSNs, CCNs and PV interneurons between hSOD1G93A432

and control mice ), and the differences in the current-frequency relationships were attenuated 433

relative to what was observed at advanced disease (Fig. 5).434

To determine if hyperexcitability emerges progressively with disease, we also recorded 435

from CSNs, CCNs and PV interneurons in young mice (P5-P6). To target CSNs and CCNs for 436

recording in slices from P5-6 mice, we first developed a method for identifying these two cell 437

types at a time point when the promiscuous projections to the pyramidal tract found early in 438

development preclude the use of retrograde tracers (O'Leary and Koester, 1993). We found that 439

the pattern of Cre expression in a transgenic mouse line, Rbp4-Cre (Gerfen et al., 2013), could 440

be used to distinguish CSNs from CCNs in L5b (Fig. 6). After retrogradely labeling CSNs and 441
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CCNs in juvenile Rbp4-Cre;tdTomato mice (P21-P34) when the projections to the pyramidal 442

tract have been eliminated (O'Leary and Koester, 1993), we found that none of the retrogradely 443

labeled CCNs in L5b expressed tdTomato (0 ± 0%, n = 3 mice, 0 of 220 total cells) while over 444

90% of retrogradely labeled CSNs expressed tdTomato (91.9 ± 3.5%, n = 3 mice, 66 of 70 total 445

cells). Furthermore, the dendritic morphologies and the electrophysiological properties of 446

tdTomato-positive and tdTomato-negative neurons in neonatal Rbp4-Cre mice were similar to 447

those of CSNs and CCNs in adult mice, respectively (Fig. 6). For example, biocytin-filled L5b 448

tdTomato-positive cells from P5 Rbp4-Cre;tdTomato mice (Fig. 6A, n = 34 cells from 16 mice) 449

had large apical dendritic tufts similar to CSNs from adult mice (Fig. 6B, n = 54 cells from 16 450

mice) while L5b tdTomato-negative neurons from P5 Rbp4-Cre;tdTomato mice had slim apical 451

tufts (Fig. 6C, n = 9 cells from 4 mice) as seen for CCNs from adult mice (Fig. 6D, n = 13 cells 452

from 7 mice). Interestingly, CSNs in neonatal hSOD1G93A mice had a significantly lower mean 453

rheobase relative to CSNs in control mice (Fig. 7C). Furthermore, a comparison of both the 454

current-frequency curves and the Fmax values of the current-frequency relationship indicated that 455

CSNs were significantly hyperexcitable (Fig. 7A,B,D). Although the rheobase was not elevated 456

for CCNs (Fig. 7G), the same analyses of the current-frequency relationship indicated that457

CCNs were also significantly hyperexcitable (Fig. 7E,F,H). The significantly decreased mean 458

rheobase and the analysis of the current-frequency relationship demonstrated that PV 459

interneurons from mutant mice were also hyperexcitable (Fig.7I-L). These data indicate that 460

neuronal hyperexcitability extends beyond CSNs in the cortex of neonatal hSOD1G93A mice.461

These increases in excitability were specific to the hSOD1G93A mutation and not due solely to 462

overexpression of the SOD1 transgene, as we found no significant differences in the rheobase 463

of CSNs or CCNs recorded from neonatal mice that overexpress wild type human SOD1 464

(hSOD1WT) and control mice (Rheobase CSNs: hSOD1WT: 80.67 ± 8.19 pA, n = 21 cells from 7 465

mice, WT: 74.94 ± 6.43 pA, n = 33 cells from 10 mice, p = 0.2713, Mann-Whitney Test; 466

Rheobase CCNs: hSOD1WT: 50.29 ± 3.44 pA, n = 21 cells from 7 mice; WT: 49.7 ± 4.39 pA, n =467
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33 cells from 10 mice, p = 0.3628, Mann-Whitney Test). Moreover, the Fmax was not different 468

between CSNs or CCNs recorded from hSOD1WT and control mice (CSNs: hSOD1WT: n = 21 469

cells from 7 mice, WT: n = 33 cells from 10 mice, p = 0.4009, Mann-Whitney Test; CCNs: 470

hSOD1WT: n = 21 cells from 7 mice, WT: n = 33 cells from 10 mice, p = 0.5485, Mann-Whitney 471

Test), and a generalized additive model found no effect of genotype on the current-frequency 472

relationships for CSNs and CCNs (p < 0.174, Wald test). Thus, overexpression of mutant SOD1 473

induces hyperexcitability broadly in cortical neurons in neonatal mice, although the precise 474

cellular mechanisms may differ across cell types (Table 3).475

We next tested whether this hyperexcitability phenotype emerges progressively during 476

the disease course by applying a generalized additive model fit to the current-frequency 477

relationships assessed at the three time points for each cell type. Models were additionally 478

parameterized by both genotype and disease stage to estimate baseline effects.  We found that 479

hSOD1G93A CSNs measured at P26-P40 were significantly less hyperexcitable than those 480

measured during symptomatic disease (P90-P129; p < 0.000715, Wald test) while there was no 481

significant difference in the hyperexcitability of hSOD1G93A CSNs measured during the neonatal 482

(P5-6) and the symptomatic (P90-P129) stages (p < 0.0809, Wald test). Likewise, the modeled 483

current-frequency relationships of CCNs showed that hSOD1G93A CCNs were significantly less 484

hyperexcitable during the presymptomatic stage than in symptomatic disease (P26-P40 versus 485

P90-P129, p < 2.61 x 10-11; Wald test) while there was no significant difference in the 486

hyperexcitability of hSOD1G93A CCNs measured during the neonatal and symptomatic periods 487

(P5-6 versus P90-P129, p < 0.2068, Wald test). A similar comparison of the current-frequency 488

relationships of PV interneurons indicated that hSOD1G93A PV neurons were most 489

hyperexcitable during symptomatic disease (P26-P35 versus P90-P129, p < 0.00381; P6 versus 490

P90-P129, p < 0.04605; Wald test), although the analysis suggested that the partial effect of 491

age was greater for PV neurons from P26-35 hSOD1G93A mice than P6 mice, consistent with our 492

results for CSNs and CCNs. Furthermore, an analysis of the rheobase measurements indicated 493
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that PV neurons were more hyperexcitable during the neonatal and symptomatic stages than 494

during the presymptomatic stage. There was no significant difference in the reduction in495

rheobase measurements when comparing the neonatal and symptomatic disease stages (P90-496

P101 versus P6: p = 0.5419; Wald test) while the rheobase was significantly less reduced 497

during presymptomatic disease than symptomatic disease (P26-P35 versus P90-P101: p =498

0.0329; Wald test). Together, these findings indicate that physiological abnormalities in cortical 499

neurons do not follow a linear progression towards enhanced excitability with increasing severity 500

of disease, but that physiological abnormalities emerge early, are comparatively normalized and 501

then re-emerge in later stages of disease.502

503

Cell-type specific changes in gene expression in hSOD1G93A mice.504

Although functional alterations were observed in multiple classes of cortical neurons in 505

hSOD1G93A mice, the precise electrophysiological changes exhibited by each cell type tested 506

were distinct (Tables 1-3; Fig. 1,2,5,7), suggesting that cell-type specific molecular changes507

may be induced in response to hSOD1G93A expression. For example, although the mean Fmax508

was significantly increased for both CSNs and CCNs from P5-P6 hSOD1G93A mice relative to 509

control, the mean rheobase was significantly decreased only for CSNs and not for CCNs (Fig. 7). 510

To determine if different classes of cortical neurons mount distinct responses to expression of 511

mutant SOD1, we assessed the gene expression profiles of CSNs and CCNs in P5-7 mice, a 512

time point early in the disease course when changes in neuronal excitability were detected. We 513

focused on this time point to emphasize initial changes in the disease, as additional 514

compensatory mechanisms are likely engaged in late-stage mice. To generate an unbiased 515

assessment of changes in gene expression, total RNA isolated from dissociated cortical 516

neurons immunostained for CTIP2 (Bcl11b), a marker for CSNs, and SATB2, a marker for 517

CCNs, was purified from four biological replicates (Fig. 8A,B) (Molyneaux et al., 2015). RNA-518

sequencing (RNA-seq) analysis identified 476 genes that were differentially expressed in CSNs 519
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and 339 genes that were differentially expressed in CCNs between these groups of hSOD1G93A520

and hSOD1WT mice (Cuffdiff2; 5% FDR). Of these differentially expressed (DE) genes, only 33521

were common to both sets of DE genes, suggesting that the transcriptional responses differed 522

across the two neuronal subtypes. Common changes in gene expression included 523

downregulation of a calcium channel subunit (Cacnb4) that has been proposed to link neuronal 524

excitability to gene transcription (Zamponi et al., 2015) and a GABA receptor subunit (Gabra4)525

that contributes to tonic inhibition (Farrant and Nusser, 2005). However, not all shared DE 526

genes were coordinately regulated. For example, the calcium-binding protein, calbindin (Calb1),527

was upregulated in hSOD1G93A CSNs and downregulated in hSOD1G93A CCNs relative to 528

controls. Together, these results highlight that there are a limited number of common gene 529

expression changes shared between these two cortical neuron types in response to expression 530

of hSOD1G93A, and suggest that differences in excitability observed early in the disease may 531

result from cell type-specific transcriptional responses.532

Although there was little overlap in genes differentially expressed in control and mutant 533

neurons between these two neuronal types, it is possible that similar molecular pathways are 534

affected in both neuronal types. To test this hypothesis, we conducted gene set enrichment 535

analysis (GSEA) using all expressed genes in CSNs and CCNs between hSOD1G93A and536

hSOD1WT mice. For each cell type, genes were ranked according to their Cuffdiff2 test statistic,537

and this was used as input for a pre-ranked gene set enrichment analysis (GSEA) against 538

Reactome gene sets (MSigDB v5.1 C2.CP Reactome). There was minimal overlap among the 539

specific gene sets enriched for the two cell types (Fig. 8C). Both cell types exhibited significantly540

increased expression of genes related to translation and the organization of the extracellular 541

matrix in the hSOD1G93A mutant mice, although in many cases different gene sets related to 542

these cellular functions were identified in each type. Only CSNs exhibited broad modulation in 543

gene sets associated with ion channels, GABAergic signaling, receptor signaling and axon 544

guidance. Processes implicated in DNA repair were significantly downregulated in CSNs.545
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Conversely, genes involved in the respiratory cycle, mitochondrial translation and calcium-546

dependent events were specifically downregulated in CCNs. Although both cell types 547

demonstrated significant transcriptional differences in response to expression of hSOD1G93A,548

these differences did not point to a common cellular response contributing to hyperexcitability,549

suggesting that distinct cellular mechanisms underlie the hyperexcitability phenotypes of CSNs 550

and CCNs in this ALS mouse model.551

Although we identified changes in intrinsic electrophysiological properties in both CSNs 552

and CCNs, the GSEA analysis implicated gene sets associated with ion channels only in CSNs. 553

To further understand the electrophysiological phenotypes we identified, we asked whether the 554

expression of individual ion channel genes that shape the intrinsic properties of neurons were 555

differentially modulated in CSNs and CCNs. Both sodium and potassium channel subunits were 556

significantly differentially expressed in CSNs and CCNs relative to control, but the specific 557

subunits identified were completely distinct for the two cell types (Fig. 9). Furthermore, although 558

some changes in ion channel expression, such as increases Scn1b expression, may be559

consistent with the increases in intrinsic excitability we measured (Brackenbury and Isom, 2011),560

others such as with Hcn2, may represent cell-type specific compensatory mechanisms working 561

to counterbalance the increases in excitability (Shah, 2014). The differences in these changes 562

between CSNs and CCNs reinforce the conclusion that the molecular mechanisms underlying 563

the changes in intrinsic excitability in the two cell types in hSOD1G93A mice are distinct.564

In addition to differences in ion channel expression, changes in the expression of 565

specific glutamate receptor subunits (Gria4, Grin1 and Grik1) in either CSNs or CCNs as well as 566

downregulation of the vesicular glutamate transporters Vglut2 (Slc17a6) and Vglut3 (Slc17a8) in 567

CSNs (Fig. 9) all suggest modulation of excitatory synaptic transmission in hSOD1G93A neurons. 568

Similarly, downregulation of GABA receptor subunits primarily associated with extrasynaptic 569

tonic inhibition, including Gabra4 which was downregulated in both CSNs and CCNs from 570

hSOD1G93A mice and Gabrd which was downregulated only in CCNs (Farrant and Nusser, 2005),571
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suggest an altered inhibitory tone in hSOD1G93A mice. As seen in the GSEA results, there was 572

little overlap among genes associated with glutamatergic and GABAergic synaptic transmission 573

that were differentially expressed in CSNs and CCNs (Fig. 9). Taken together, these RNA-seq 574

experiments indicate that hSOD1G93A expression alters largely different genes in CSNs and 575

CCNs early in the disease process and suggest that cortical dysfunction reflects a constellation 576

of changes, both in the intrinsic properties of cortical neurons and the pathways related to 577

synaptic transmission.578

579

Discussion580

Our results demonstrate that expression of an ALS-causing mutant form of SOD1 leads to 581

increases in intrinsic excitability in diverse classes of cortical excitatory and inhibitory neurons. 582

Moreover, abnormalities in CSN function did not precede those in other cell types, but rather 583

evolved in parallel during the course of the disease. Cortical neurons were initially 584

hyperexcitable in neonatal animals, and largely normalized in juvenile mice before becoming 585

hyperexcitable again, indicating that they adapt their responsiveness during disease586

progression. Cell-type specific in vivo calcium imaging of cortical neuron activity showed that 587

these increases in intrinsic excitability did not directly translate into hyperactivity in vivo,588

suggesting that cortical circuit plasticity also plays an important role in the cortex’s response to 589

cellular dysfunction. Furthermore, cell-type specific transcriptional profiling early in the disease 590

showed that different cortical cell types engage distinct cellular mechanisms in response to 591

expression of this ALS-linked mutation. Our results are inconsistent with the hypothesis that the 592

intrinsic electrophysiological properties of CSNs in ALS are selectively altered, leading to 593

abnormal CSN activity and their subsequent degeneration. Rather, our results show that the 594

properties of all cortical neuron types tested are dynamically altered during disease progression 595

and suggest that their distinct molecular responses to the hSOD1G93A mutation may lead to cell-596

type specific vulnerability. 597
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By probing functional changes in cortical neurons throughout the disease course, we 598

show that cortical dysfunction is not a fixed state in ALS, but rather that cortical neurons adapt 599

dynamically during disease progression. Consistent with prior studies (Pieri et al., 2009; Saba et 600

al., 2016), we detected increases in intrinsic excitability in cortical neurons early in disease.601

Thus, cortical dysfunction occurs early, although additional studies will be required to determine 602

whether cortical and spinal neuron dysfunction occurs in parallel or whether one causes the 603

other in this mouse model (Eisen et al., 1992; Chou and Norris, 1993). Unexpectedly, these 604

increases in intrinsic excitability normalized as disease progressed before returning in end-stage 605

disease. This is in contrast to studies of spinal motor neurons in mouse models and patient-606

derived motor neurons indicating that motor neuron excitability decreases with disease 607

progression or days in culture (Delestrée et al., 2014; Devlin et al., 2015). Although patients with 608

known ALS-causing mutations may exhibit cortical hyperexcitability shortly prior to developing 609

clinical symptoms, measures of cortical excitability are typically normal when patients are 610

asymptomatic (Vucic et al., 2008; Geevasinga et al., 2015). Whether patients exhibit a period of 611

abnormal cortical excitability in childhood, for example, similar to the changes we detected in 612

this mouse model, remains unknown, but could represent an early diagnostic for evaluation of 613

at-risk patients.614

Our studies identified functional changes in PV interneurons, suggesting that 615

abnormalities in cortical inhibition contribute to cortical dysfunction. Clinical studies have 616

suggested that cortical hyperexcitability is in part due to impaired inhibitory mechanisms (Turner 617

and Kiernan, 2012; Geevasinga et al., 2016; King et al., 2016) and loss of inhibitory PV 618

interneurons (Nihei et al., 1993) and cortical GABA (Foerster et al., 2013), although not all 619

studies have detected such changes (Ince et al., 1993; Maekawa et al., 2004; Attarian et al., 620

2009). Inhibitory neuron dysfunction has also been implicated in a TDP-43 mouse model (Zhang 621

et al., 2016). Although PV interneuron loss has not been documented in hSOD1G93A mice622
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(Minciacchi et al., 2009; Ozdinler et al., 2011), our findings indicate that PV interneuron function 623

changes concurrently with that of cortical projection neurons in hSOD1G93A mice.624

Our results also indicate that additional synaptic mechanisms may normalize cortical 625

activity during the course of the disease. Although CSNs exhibited significant increases in 626

intrinsic excitability in symptomatic disease, CSNs were not hyperactive when monitored in vivo 627

in the awake mouse during this same stage, highlighting the ability of the cortex to maintain 628

homeostasis. The possibility that changes in synaptic inputs offset increases in intrinsic 629

excitability is consistent with studies showing changes in dendritic spines and synaptic input to 630

cortical neurons in ALS (Fogarty et al., 2015; Fogarty et al., 2016; Saba et al., 2016), as well as 631

with the gene expression differences in neurotransmitter receptors and synaptic proteins that we 632

detected using cell-type specific RNA-seq approaches. However, the timing of these changes 633

relative to changes in intrinsic excitability remains to be clarified (Spalloni et al., 2011; Jara et al., 634

2012; Fogarty et al., 2015; Fogarty et al., 2016; Saba et al., 2016). Changes in dendritic 635

morphology or spine density of neurons in motor cortex have not been reported before the third 636

week of life (Fogarty et al., 2015; Fogarty et al., 2016), suggesting that increased intrinsic 637

excitability precedes detectable morphological changes. Although some have reported 638

electrophysiological signatures of increased excitatory input, most studies have found that 639

dendritic arbor size and spine density progressively decrease in motor cortex of hSOD1G93A640

mice (Spalloni et al., 2011; Jara et al., 2012; Fogarty et al., 2015; Fogarty et al., 2016; Saba et 641

al., 2016) and of patients (Hammer et al., 1979; Udaka et al., 1986). Combined with our findings, 642

these results suggest that increases in intrinsic excitability later in disease may counterbalance643

decreased synaptic input to generate comparable in vivo activity of CSNs in symptomatic 644

hSOD1G93A and control mice. Together, these results highlight the different plasticity 645

mechanisms engaged during the course of the disease. 646

The onset of clinically evident disease may arise when the limits of homeostatic 647

processes are reached. Studies of hSOD1G93A mice have identified a number of cellular 648
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abnormalities in embryonic and neonatal mice as well as transient behavioral abnormalities649

(Vinsant et al., 2013). It is possible that early in the disease process, neuronal circuits 650

compensate for an initial insult, while later in the disease process, when cell loss and 651

inflammation manifest, neurons are no longer be able to adapt to underlying pathological 652

changes resulting in progressive, late-stage disease (van Zundert et al., 2012). Understanding 653

the impact of these changes on cell survival has important implications for the timing of 654

therapeutic strategies seeking to alter the excitability of neurons in ALS.655

Although CSNs were not hyperactive in vivo during symptomatic disease, we found that 656

CSNs nonetheless exhibited abnormal function in the intact ALS mouse. The elevated basal 657

calcium levels we detected, which may directly lead to increased neurotransmitter release and a 658

cycle of increasing excitotoxicity and calcium dysregulation, are consistent with dysregulation of 659

calcium handling long implicated in ALS (Grosskreutz et al., 2010; Saxena and Caroni, 2011;660

Leal and Gomes, 2015), and are reminiscent of persistent increases in intracellular calcium 661

levels identified in spinal motor neuron terminals in patients (Siklos et al., 1996). Our results 662

motivate testing whether targeting the increases in intracellular calcium we detected in CSNs in 663

vivo represents an effective alternative to targeting changes in excitability directly.664

Although different cortical cell types exhibit functional changes with similar 665

consequences on neuronal excitability in the hSOD1G93A mouse, our studies indicate that the 666

molecular mechanisms underlying these changes are cell-type specific.  Transcriptional profiling 667

at single-population resolution provides the first snapshot of the transcriptional responses of 668

different neuronal types to mutant SOD1 and revealed cell-type specific responses to 669

hSOD1G93A expression. Both GSEA and more focused analyses of gene expression confirmed 670

the many distinct cell type-specific differences in gene expression occurring in this ALS mouse 671

model. Furthermore, although several genes implicated in ALS pathogenesis were differentially 672

expressed between hSOD1G93A and hSOD1WT CSNs or CCNs, the changes did not occur in 673

parallel between the two cells types: Chrna2, Chrna4 and Chgb were selectively downregulated 674
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in CSNs, while Tuba4a was downregulated and Epha3 was upregulated in CCNs (Marangi and 675

Traynor, 2015). These results were initially unexpected in view of the overall similarity in the 676

functional consequences on excitability we detected in the different cell types. However, that677

gene expression changes induced by the hSOD1G93A mutation differed between CSNs and 678

CCNs is consistent with the hypothesis that hyperexcitability differences are due to distinct cell-679

type specific cellular responses to the hSOD1G93A variant.  Thus, although the overall functional 680

consequences of the hSOD1G93A variant were similar across different cell types, the precise 681

underlying cellular mechanisms we measured differed across cell types (Tables 1-3; Fig. 682

1,2,5,7). 683

Although the causes of ALS are likely multifactorial and can arise from mutations in 684

different genes (Marangi and Traynor, 2015), studies in human patients indicate that cortical 685

hyperexcitability is a common feature of both sporadic and familial ALS. Indeed, patients with 686

ALS arising from mutations in SOD1 and C9orf72, as well as patients with no known mutations,687

exhibit cortical hyperexcitability (Vucic and Kiernan, 2006; Vucic et al., 2008; Williams et al., 688

2013; Geevasinga et al., 2015). Our findings using a mouse model demonstrating stage-689

dependent alterations in neuronal function in ALS mice highlight the dynamic changes that 690

occur in cortical circuits during neurodegeneration and have important implications for 691

identifying cell- and stage-specific therapeutic targets. The approaches taken here to evaluate 692

the cell types affected, the time course of these changes, and the impact on neuronal activity in 693

the intact nervous system, provide a means to assess common responses to distinct ALS 694

mutations in additional mouse models and develop therapeutic strategies tailored to specific 695

alterations experienced by cortical neurons.696
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Figure legends922

Figure 1. Corticospinal and corticocortical neurons are hyperexcitable in symptomatic 923

hSOD1G93A mice. A, Schematic of the experimental design. Alexa-555 conjugated cholera toxin 924

B (red CTB) was injected into the left cervical spinal cord and Alexa-488 conjugated cholera 925

toxin B (green CTB) was injected into the left motor cortex to label corticospinal (CSN) and 926

corticocortical (CCN) neurons respectively. B, Confocal images of retrogradely-labeled CSNs 927

(magenta) and CCNs (green) in layer 5b (L5b) of motor cortex. C, Representative voltage traces 928

recorded from CSNs from postnatal day (P) 90-129 hSOD1G93A and wild-type (WT) mice evoked 929

by 360, 480, and 600 pA current steps. D, The current-spike frequency relationship measured 930

from CSNs from hSOD1G93A and WT mice (hSOD1G93A: n = 64 cells from 19 mice; WT: n = 46 931

cells from 12 mice; p < 3.58 x 10-11, Wald test). E, The rheobase measured from CSNs 932

(hSOD1G93A: 259.45 ± 11.46 pA; WT: 297.98 ± 15.27 pA; p = 0.101, Mann-Whitney test). F, The933

Fmax measured from CSNs (hSOD1G93A: 37.62 ± 1.36 Hz; WT: 32.04 ± 1.8 Hz; p = 0.0198, 934

Mann-Whitney test). Representative voltage traces (G), and the current-spike frequency 935

relationship (H) recorded from CCNs from P90-129 hSOD1G93A and WT mice (hSOD1G93A: n =936

50 cells from 19 mice; WT: n = 36 cells from 11 mice; p < 2 x 10-16, Wald test). I, The rheobase 937

measured from CCNs (hSOD1G93A: 201.92 ± 10.53 pA; WT: 318.83 ± 14.76 pA; p < 0.0001, 938

Mann-Whitney test). J, The Fmax measured from CCNs (hSOD1G93A: 41.3 ± 2.18 Hz; WT: 27 ± 939

2.13 Hz; p < 0.0001, Mann-Whitney test). 940

941

Figure 2. Parvalbumin-positive inhibitory interneurons are hyperexcitable in symptomatic 942

hSOD1G93A mice. A, Schematic of the experimental design. Corticospinal neurons (CSNs) in 943

Gad67-GFP mice were retrogradely labeled with Alexa-555 cholera toxin B (red CTB). B,944

Confocal images of GFP-expressing parvalbumin-positive (PV) interneurons (green) and 945

retrogradely labeled CSNs (magenta) in layer 5b (L5b) of motor cortex. Representative voltage 946
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responses (C) and the current-spike frequency relationship (D) measured from PV neurons in 947

postnatal day 90-101 mice (hSOD1G93A;Gad67-GFP: n = 21 cells from 8 mice; Gad67-GFP: n =948

25 cells from 9 mice; p < 2.99 x 10-10, Wald test,). E, The rheobase measured from PV 949

interneurons (hSOD1G93A: 193.52 ± 29.88 pA; WT: 284.12 ± 23.44 pA; p = 0.0074, Mann-950

Whitney test). F, The F50 measured from PV interneurons (hSOD1G93A: 119 ± 13.94 Hz; WT: 951

43.64 ± 13.45 Hz; p = 0.0054, Mann-Whitney test). 952

953

Figure 3. The activity of corticospinal neurons measured in vivo is similar in symptomatic 954

hSOD1G93A and control mice. A, Canine adenovirus carrying a Cre recombinase construct was 955

injected into the left spinal cord of hSOD1G93A;lox-STOP-lox-tdTomato (hSOD1G93A) or lox-956

STOP-lox-tdTomato (WT) mice. An AAV carrying a Cre-dependent GCaMP6s construct was 957

injected into the right motor cortex. Only a subset of corticospinal neurons (CSNs) transfected 958

with both viruses expressed both tdTomato and GCaMP6s. B, Morphology of an imaged CSN.959

Scale bar: 50 μm. C, Representative traces of calcium events recorded from CSNs in an 960

hSOD1G93A and a WT animal. D, Averaged isolated calcium events from hSOD1G93A and WT 961

mice. The mean frequency of events (E; hSOD1G93A:12.4 ± 2.0 events per 5 min epoch, n = 43 962

cells from 12 mice; Control: 9.3 ± 1.3 events per 5 min epoch, n = 55 cells from 14 mice, p =963

0.2139, Mann-Whitney test) and the mean interevent interval (F; hSOD1G93A: 32.0 ± 5.3 sec, n =964

40 cells from 9 mice; WT: 50.7 ± 8.7 sec, n = 46 cells from 14 mice, p = 0.1064, Mann-Whitney 965

test). The mean amplitude (G; hSOD1G93A n = 43 cells from 12 mice; WT: 41.4 966

n = 55 cells from 14 mice, p = 0.2026, Mann-Whitney test) and the time course of 967

the event decay (H; hSOD1G93A: 1.8 ± 0.1 sec, n = 40 cells from 11 mice; WT: 2.2 ± 0.2 sec, n =968

49 cells from 13 mice, p = 0.5092, Mann-Whitney test).969

970
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Figure 4. Basal intracellular calcium levels in corticospinal neurons measured in vivo are 971

significantly elevated in hSOD1G93A mice. A, Images of cross-sections of the apical dendritic 972

stalks of two corticospinal neurons (CSNs) in control (WT) and in hSOD1G93A mice showing the 973

tdTomato signal (left), the GCaMP6s signal (middle), and the two overlaid (right). Scale bar: 2 974

μm. B, The cumulative plot of the mean intensity of the tdTomato fluorescence (hSOD1G93A:975

33.9 au ± 3.8; n = 40 neurons from 12 mice; WT: 38.6 au ± 4.2; n = 52 neurons from 16 mice; p976

= 0.3884, Mann-Whitney test). C, The cumulative plot of the ratio of the GCaMP6s intensity to 977

the tdTomato intensity (hSOD1G93A: 1.6 ± 0.2; n = 40 neurons from 12 mice; WT: 1.1 ± 0.2; n =978

52 neurons from 16 mice, p = 0.0011, Mann-Whitney test). 979

980

Figure 5. The intrinsic excitability in cortical neurons in presymptomatic hSOD1G93A mice.981

Representative voltage traces recorded from corticospinal neurons (A; CSNs) and 982

corticocortical neurons (E; CCNs) from postnatal day 26-40 hSOD1G93A;Gad67-GFP (hSOD1G93A)983

and Gad67-GFP (WT) mice evoked by 240, 360, and 480 pA current steps as indicated. The 984

current-spike frequency relationship measured from CSNs (B; hSOD1G93A: n = 56 cells, 12 mice; 985

WT: n = 33 cells, 11 mice; p < 0.0119, Wald test) and CCNs (F; hSOD1G93A: n = 13 cells from 5 986

mice; WT: n = 25 cells from 7 mice; p < 0.0779, Wald test,) from hSOD1G93A and WT mice. . The 987

rheobase measured from CSNs (C; hSOD1G93A: 271.95 ± 8.73 pA; WT: 275.3 ± 14.27 pA; p =988

0.6434, Mann-Whitney test) and CCNs (G; hSOD1G93A: 282.85 ± 18.12 pA; WT: 297.56 ± 19.1 989

pA; p = 0.7233, Mann-Whitney test). The Fmax measured from CSNs (D; hSOD1G93A: 30.95 ± 990

1.01 Hz; WT: 29.59 ± 1.5 Hz; p = 0.337, Mann-Whitney test) and CCNs (H; hSOD1G93A: 28.18 ± 991

2.85 Hz; WT: 23.27 ± 2.43 Hz; p = 0.2801, Mann-Whitney test). Representative voltage 992

responses (I) and the current-spike frequency relationship (J) measured from PV interneurons 993

in P26-P35 mice (hSOD1G93A: n = 18 cells from 6 mice; WT: n = 17 cells from 7 mice; p <994

0.00375, Wald test). K, The rheobase measured from PV interneurons (hSOD1G93A: 285.83 ± 995
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41.41 pA; WT: 271.29 ± 41.91 pA; p = 0.692, Mann-Whitney test). L, The F50 measured from PV996

interneurons (hSOD1G93A: 96.5 ± 16.47 Hz; WT: 77.08 ± 15.15 Hz; p = 0.3843, Mann-Whitney 997

test). 998

Figure 6. Cre expression in Layer 5b of Rbp4-Cre mice distinguishes corticospinal and 999

corticocortical neurons. A, Low and high magnification images of biocytin-filled L5b tdTomato-1000

positive cells from a P5 Rbp4-Cre;tdTomato mouse. B, Schematic showing the experimental 1001

set-up (left) and low and high magnification images of a corticospinal neuron (right) revealed by 1002

injecting a canine adenoviral vector carrying a construct for Cre recombinase (CAV-Cre) into the 1003

cervical spinal cord of a P90 tdTomato Cre-reporter mouse. C, Low and high magnification 1004

images of a biocytin-filled L5b tdTomato-negative neuron from a P5 Rbp4-Cre;tdTomato mouse. 1005

D, Schematic showing the experimental set-up (left) and low and high magnification images of a 1006

corticocortical neuron (right) revealed by injecting CAV-Cre into the contralateral motor cortex of 1007

a P90 tdTomato Cre-reporter mouse. E, Summary data showing the input resistance and sag 1008

amplitude for L5b tdTomato-positive and tdTomato-negative neurons recorded from P5-P6 1009

Rbp4-Cre;tdTomato mice (E, n = 6 tdTomato-positive neurons from 3 mice; n = 17 tdTomato-1010

negative neurons from 7 mice; Input resistance: L5b tdTomato-positive neurons, 220.2 ± 39.4 1011

- p = 0.0009, Mann-Whitney test; Sag 1012

amplitude: L5b tdTomato-positive neurons, 4.9 ± 1.1 mV; tdTomato-negative neurons, 1.8 ± 0.2 1013

mV, p = 0.0037, Mann-Whitney test) and P90-P100 retrogradely labeled corticospinal (CSN) 1014

and corticocortical (CCN) neurons (F; n = 26 CSNs from 8 mice; n = 23 CCNs from 8 mice) 1015

mice p < 0.0001, Mann-Whitney 1016

test; Sag amplitude: CSNs, -0.8 ± 0.1 mV; CCNs, -0.4 ± 0.1 mV, p < 0.0001, Mann-Whitney 1017

test). Scale bars: A, C, left 100 μm, middle 50 μm, right 30 μm; B, D, left 100 μm, right 50 μm.1018

1019
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Figure 7. Cortical neurons are hyperexcitable in neonatal hSOD1G93A mice. Representative 1020

voltage traces recorded from corticospinal (CSNs; A) and corticocortical (CCNs;E) neurons from1021

neonatal hSOD1G93A;Rbp4-Cre;tdTomato (hSOD1G93A) and Rbp4-Cre;tdTomato (WT) mice1022

evoked by 40, 120, and 200 pA current steps. The current-spike frequency relationship 1023

measured from CSNs (B; P5-P6; hSOD1G93A: n = 29 cells in 9 mice; WT: n = 53 cells in 10 mice; 1024

p < 1.13 x 10-12, Wald test,) and CCNs (F; P5-P6; hSOD1G93A: n = 15 cells from 5 mice; WT: n =1025

24 cells from 8 mice; p < 1.82 x 10-6, Wald test,) from neonatal hSOD1G93A and WT mice. The 1026

rheobase measured from CSNs (C; hSOD1G93A: 53.03 ± 4.48 pA; WT: 70.55 ± 3.93 pA; p =1027

0.0008, Mann-Whitney test) and CCNs (G; hSOD1G93A: 39.43 ± 4.71 pA; WT: 43.2 ± 5.15 pA; p1028

= 0.7123, Mann-Whitney test). The Fmax measured from CSNs (D; hSOD1G93A: 39.79 ± 1.5 Hz; 1029

WT: 34.17 ± 1.31 Hz; p = 0.0017, Mann-Whitney test) and CCNs (H; hSOD1G93A: 31.56 ± 4.51 1030

Hz; WT: 20.31 ± 3.04 Hz; p = 0.0293, Mann-Whitney test). I, Representative voltage traces 1031

recorded from PV interneurons from neonatal hSOD1G93A;Gad67-GFP;Rbp4-Cre;tdTomato1032

(hSOD1G93A) and Gad67-GFP;Rbp4-Cre;tdTomato (WT) mice evoked by 20, 40, and 80 pA1033

current steps. J, The current-spike frequency relationship for PV neurons from hSOD1G93A and1034

WT neonatal mice (P6; hSOD1G93A: n = 23 cells from 11 mice; WT: n = 19 cells from 7 mice; p <1035

0.00556, Wald test). K, The rheobase measured from PV interneurons (hSOD1G93A: 14.9 ± 1.81 1036

pA; WT: 27.65 ± 3.37 pA; p = 0.0028, Mann-Whitney test). L, The F50 measured from PV 1037

interneurons (hSOD1G93A: 52.11 ± 2.13 Hz; WT: 47.12 ± 2.31 Hz; p = 0.1415, Mann-Whitney 1038

test). 1039

1040

Figure 8. Gene Set Enrichment Analysis implicates distinct molecular mechanisms in 1041

corticospinal and corticocortical neurons from hSOD1G93A mice. A, Schematic of the 1042

experimental procedure for selective purification of two different molecularly identified cortical 1043

projection neuron populations. Total RNA from CTIP2-positive corticospinal neurons and 1044

SATB2-positive corticocortical neurons was purified for RNA-seq analysis using cell type-1045
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specific antibodies. B, Ctip2 and Satb2 expression profiles for molecularly identified cell types 1046

from hSOD1G93A and hSOD1WT mice (n = 4 mice per group). C, Enrichment map of significantly 1047

enriched Reactome gene sets from hSOD1G93A versus hSOD1WT RNA sequencing analyses in 1048

CTIP2-positive corticospinal (CSNs) and SATB2-positive corticocortical (CCNs) neurons. Node 1049

color corresponds to gene set enrichment (red) or depletion (blue) in hSOD1G93A CSNs relative 1050

to hSOD1WT CSNs. The border color represents gene set enrichment or depletion results for 1051

CCNs. White indicates no significant enrichment or depletion for a given gene set for that cell 1052

type. Node areas correspond to relative gene set sizes, and line thicknesses (tan) indicate the 1053

degree of overlap in gene composition between connected sets. Gene sets were determined to 1054

be significantly enriched or depleted using a pre-ranked Gene Set Enrichment Analysis 1055

(Kolmogorov-Smirnov test; p < 0.05; Benjamini-Hochberg corrected). Supporting data is found 1056

in an Extended Data Table 8-1.1057

1058

Figure 9. Differential modulation of genes for ion channels and synaptic proteins in corticospinal 1059

and corticocortical neurons in an ALS mouse model. Heatmap of significantly differentially 1060

expressed genes from select, physiologically relevant gene sets. Genes were selected as 1061

significant from differential expression analyses between hSOD1G93A and hSOD1WT in either 1062

corticospinal (CSN; CTIP2-positive) or corticocortical (CCN; SATB2-positive) enriched cellular 1063

populations. Row Z-scores across all 16 samples are used to highlight the changes in 1064

expression profiles for each gene across the four conditions. Genes called significant using 1065

cuffdiff2 (5% FDR; Benjamini-Hochberg corrected) for CSN or CCN populations are marked in 1066

green in the significance columns. Genes for glutamate or GABA receptor subunits are shown in 1067

purple. Gene sets were hand curated from publicly available annotations including Reactome, 1068

MGI, and HUGO. Supporting data is found in an Extended Data Table 8-1.1069
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Extended Data Table 8-1 Legend: CummeRbund ‘difftable’ output detailing the normalized 1070

gene-level expression estimates (FPKM) and results of pairwise differential tests for each gene 1071

and condition tested.1072
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Table 1. Electrophysiological properties of cortical neurons recorded from symptomatic (P90-

P129) hSOD1G93A or control mice. 

CSN
(P90-P129)

WT
(46 cells, 12 mice)

hSOD1G93A

(64 cells, 19 mice)
p-value
(Mann-Whitney test)

Resting membrane potential (mV) -74.39 ± 0.52 -72.91 ± 0.57 0.0735
51.19 ± 1.9 56.7 ± 1.73 0.0147

Spike threshold (mV) -37.4 ± 0.66 -36.03 ± 0.77 0.3271
Spike amplitude (mV) 68.04 ± 1.09 66.95 ± 1.24 0.9283
Spike half-width (ms) 0.53 ± 0.01 0.55 ± 0.01 0.1868

CCN
(P90-P129)

WT
(36 cells, 11 mice)

hSOD1G93A

(50 cells, 19 mice)
p-value
(Mann-Whitney test)

Resting membrane potential (mV) -81.57 ± 0.68 -79.15 ± 0.86 0.07672
79.3 ± 2.64 109.13 ± 5.38 < 0.0001

Spike threshold (mV) -33.44 ± 0.7 -34.94 ± 0.63 0.1868
Spike amplitude (mV) 67.14 ± 1.46 63.68 ± 1.15 0.0257
Spike half-width (ms) 0.64 ± 0.01 0.71 ± 0.01 < 0.0001

PV
(P90-P101)

WT
(25 cells, 9 mice)

hSOD1G93A

(21 cells, 8 mice)
p-value
(Mann-Whitney test)

Resting membrane potential (mV) -73.84 ± 0.97 -73.35 ± 1.39 0.9648
135.68 ± 8.61 183.78 ± 22.80 0.0609

Spike threshold (mV) -36.86 ± 1.15 -35.49 ± 1.03 0.7491
Spike amplitude (mV) 53.31 ± 1.75 47.51 ± 2.19 0.0497
Spike half-width (ms) 0.29 ± 0.02 0.33 ± 0.02 0.0039
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Table 2. Electrophysiological properties of cortical neurons recorded from presymptomatic (P26-

P40) hSOD1G93A or control mice. 

CSN
(P26-P40)

WT
(33 cells, 11 mice)

hSOD1G93A

(56 cells, 12 mice)
p-value
(Mann-Whitney test)

Resting membrane potential 
( V)

-71.5 ± 1.34 -68.72 ± 0.84 0.0474
58.48 ± 2.63 60.72 ± 2.28 0.6866

Spike threshold (mV) -35.49 ± 1.76 -34.92 ± 1.01 0.8418
Spike amplitude (mV) 76.88 ± 1.47 75.68 ± 1.08 0.9831
Spike half-width (ms) 0.66 ± 0.01 0.66 ± 0.02 0.8784
CCN
(P26-P40)

WT
(25 cells, 7 mice)

hSOD1G93A

(13 cells, 5 mice)
p-value
(Mann-Whitney test)

Resting membrane potential (mV) -73.53 ± 1.41 -75.4 ± 2.09 0.3401
88.32 ± 4.9 97.92 ± 6.32 0.1962

Spike threshold (mV) -29.48 ± 2.08 -27.15 ± 1.92 0.4237
Spike amplitude (mV) 66.56 ± 1.64 65.46 ± 2.42 0.8777
Spike half-width (ms) 0.76 ± 0.03 0.71 ± 0.03 0.2354
PV
(P26-P35)

WT
(17 cells, 7 mice)

hSOD1G93A

(18 cells, 6 mice)
p-value
(Mann-Whitney test)

Resting membrane potential (mV) -76.87 ± 2.22 -72.58 ± 2.22 0.1248
127.11 ± 12.5 117.32 ± 10.44 0.6321

Spike threshold (mV) -40.47 ± 2.13 -37.69 ± 2.57 0.6323
Spike amplitude (mV) 56.07 ± 2.66 51.88 ± 2.85 0.1924
Spike half-width (ms) 0.36 ± 0.03 0.3 ± 0.01 0.2204
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Table 3. Electrophysiological properties of cortical neurons recorded from neonatal (P5-P6) 

hSOD1G93A or control mice. 

CSN
(P5-P6)

WT
(53 cells, 15 mice)

hSOD1G93A

(29 cells, 9 mice)
p-value
(Mann-Whitney test)

Resting membrane potential (mV) -66.77 ± 0.51 -67.26 ± 0.77 0.5552
170.32 ± 7.06 180.67 ± 6.93 0.0801

Spike threshold (mV) -35.83 ± 0.46 -37.73 ± 0.52 0.0183
Spike amplitude (mV) 69.47 ± 0.78 71.38 ± 0.99 0.1031
Spike half-width (ms) 1.59 ± 0.03 1.62 ± 0.03 0.3681
CCN
(P5-P6)

WT
(24 cells, 8 mice)

hSOD1G93A

(15 cells, 5 mice)
p-value
(Mann-Whitney test)

Resting membrane potential (mV) -69.91 ± 0.84 -69.17 ± 1.19 0.7052
505.8 ± 32.41 559.59 ± 42.3 0.2565

Spike threshold (mV) -32.62 ± 1.22 -30.96 ± 1.44 0.8107
Spike amplitude (mV) 49.99 ± 1.44 49 ± 1.94 0.8974
Spike half-width (ms) 1.88 ± 0.11 1.77 ± 0.09 0.825
PV
(P6)

WT
(19 cells, 7 mice)

hSOD1G93A

(23 cells, 11 mice)
p-value
(Mann-Whitney test)

Resting membrane potential (mV) -68.22 ± 1.37 -66.82 ± 1.23 0.5111
653.69 ± 53.57 709.64 ± 53.45 0.5441

Spike threshold (mV) -32.27 ± 1.09 -36.45 ± 1.13 0.0203
Spike amplitude (mV) 45.5 ± 2.27 47.08 ± 1.71 0.7489
Spike half-width (ms) 0.96 ± 0.03 1.09 ± 0.04 0.0198
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