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Neurobiology of Disease

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
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Cell type-specific changes in neuronal excitability have been proposed to contribute to the selective degeneration of corticospinal neurons
in amyotrophic lateral sclerosis (ALS) and to neocortical hyperexcitability, a prominent feature of both inherited and sporadic variants
of the disease, but the mechanisms underlying selective loss of specific cell types in ALS are not known. We analyzed the physiological
properties of distinct classes of cortical neurons in the motor cortex of KSODI1°*** mice of both sexes and found that they all exhibit
increases in intrinsic excitability that depend on disease stage. Targeted recordings and in vivo calcium imaging further revealed that
neurons adapt their functional properties to normalize cortical excitability as the disease progresses. Although different neuron classes
all exhibited increases in intrinsic excitability, transcriptional profiling indicated that the molecular mechanisms underlying these
changes are cell type specific. The increases in excitability in both excitatory and inhibitory cortical neurons show that selective dysfunc-
tion of neuronal cell types cannot account for the specific vulnerability of corticospinal motor neurons in ALS. Furthermore, the stage-
dependent alterations in neuronal function highlight the ability of cortical circuits to adapt as disease progresses. These findings show
that both disease stage and cell type must be considered when developing therapeutic strategies for treating ALS.
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Itis not known why certain classes of neurons preferentially die in different neurodegenerative diseases. It has been proposed that
the enhanced excitability of affected neurons is a major contributor to their selective loss. We show using a mouse model of
amyotrophic lateral sclerosis (ALS), a disease in which corticospinal neurons exhibit selective vulnerability, that changes in
excitability are not restricted to this neuronal class and that excitability does not increase monotonically with disease progression.
Moreover, although all neuronal cell types tested exhibited abnormal functional properties, analysis of their gene expression
demonstrated cell type-specific responses to the ALS-causing mutation. These findings suggest that therapies for ALS may need to
be tailored for different cell types and stages of disease. /

ignificance Statement

Introduction

Amyotrophic lateral sclerosis (ALS) is a relentlessly progressive
neurodegenerative disease characterized by progressive loss of

Received March 24, 2017 revised July 22, 2017; accepted Aug. 6, 2017.

Author contributions: J.K., E.G.H., P.A., D.E.B., and S.P.B. designed research; J.K., E.G.H., and A.S.S. performed
research; J.K., E.G.H. LA.G., D.EB. and S.P.B. analyzed data; J.., E.G.H., D.E.B., and S.P.B. wrote the paper.

This work was supported by Target ALS (S.P.B., D.E.B, P.A., L.A.G.), the Robert Packard Center for ALS Research
(S.P.B.), and the National Institutes of Health (Grants NS-050274 and NS-098819). J.K. was supported by a National
Research Foundation of Korea Fellowship (NRF-2011-357-E00005). E.G.H. is supported by the Boettcher Webb-
Waring Foundation. S.P.B. is supported by a Klingenstein-Simons Fellowship in the Neurosciences. We thank Dohee
Kim, Daniel . Gill, Brandie A. Morris, Elliot Stryker, Lainey Bukowiec, and Lisle Blackbourn for technical assistance;

corticospinal neurons (CSNs), brainstem motor neurons, and spinal
motor neurons, leading to increasing weakness and ultimately to
death. A common feature of both sporadic and familial forms of ALS
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is cortical hyperexcitability (Vucic and Kiernan, 2006; Vucic et al.,
2008; Williams et al., 2013; Geevasinga et al., 2015). Patients exhibit
cortical hyperexcitability early in the clinical disease course (Vucic et
al., 2008; Geevasinga et al., 2015), and the degree of neuronal hyper-
excitability is inversely correlated with survival (Kanai et al., 2012;
Shibuya et al., 2016). Interventions that decrease neuronal hyperex-
citability modestly slow disease progression and increase motor neu-
ron survival (Bensimon et al., 1994; Wainger et al., 2014). However,
recent studies in model systems suggesting that increases in neuronal
excitability may be protective (Saxena et al., 2013; Leroy et al., 2014)
raise the possibility that therapeutic interventions may need to be
tailored to cell type or disease state.

Although the pathogenesis of ALS is likely multifactorial, it
has been hypothesized that enhanced excitation or persistent de-
polarization of CSNs contributes to their selective degeneration
in both sporadic and inherited forms of ALS (Saxena and Caroni,
2011; Taylor etal., 2016). Previous studies have primarily focused
on assessing the function of spinal motor neurons from mouse
models or from patient-derived cells, and a number, though not
all, have identified increases in excitability during embryonic and
neonatal stages (Pieri et al., 2003; Kuo et al., 2004; van Zundert et
al., 2008; Elbasiouny et al., 2012; Martin et al., 2013; Leroy et al.,
2014; Wainger et al., 2014; Venugopal et al., 2015), followed by
progressive loss of action potential output (Delestrée et al., 2014;
Devlin et al., 2015). Although altered excitability has been de-
tected in cortical neurons (Pieri et al., 2009; Wainger and Cud-
kowicz, 2015; Geevasinga et al., 2016; Saba et al., 2016), it is not
known whether these changes in excitability are restricted to
CSNs or represent more global changes in cortical physiology.
Moreover, it is unclear whether these changes progress monoton-
ically or vary with disease progression.

Using hSOD1%%** mice that closely mimic the human disease
(Gurney et al., 1994), we discovered that increases in intrinsic
excitability were not restricted to CSNs but occurred in all excit-
atory and inhibitory cell types examined. Although changes in
excitability were detected as early as a few days after birth, the
intrinsic properties of cortical neurons largely normalized in ju-
venile mice before these neurons ultimately become hyperexcit-
able again at end stage, indicating that cortical neurons adapt
their responsiveness during the course of disease. Two-photon
calcium imaging revealed that increases in intrinsic excitability
did not translate into neuronal hyperactivity in vivo, highlighting
the ability of cortical circuits to adapt to abnormal cellular func-
tion. Despite this normalized activity, CSNs exhibited higher
resting calcium levels in vivo, suggesting that they remain func-
tionally compromised. Transcriptional profiling of CSNs and
corticocortical neurons (CCNs) in neonatal mice revealed dis-
tinct molecular responses, indicating that cortical cell types are
differentially affected by the expression of mutant SOD1 even at
this earliest time point. Our results also revealed that these
functional changes in cortical neurons do not follow a linear
progression of increasing hyperexcitability with age. Rather, the
properties of cortical neurons were dynamically altered during
different stages of disease. These findings provide insights into
the cellular mechanisms underlying cortical hyperexcitability, a
common phenotype across disease variants, including sporadic,
SOD1, and C90rf72 disease, and have important implications for
the timing of therapeutic interventions in ALS.
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Materials and Methods

Animals. All experimental procedures were approved by the Johns Hop-
kins Animal Care and Use Committee or the Institutional Animal Care
and Use Committee of Harvard University and were conducted in accor-
dance with the guidelines of the National Institutes of Health and the
Society for Neuroscience. hSOD1%34 (B6SJL-Tg(hSODI*G93A)1Gur/J;
https://www.jax.org/strain/002726) and hSODI"" (B6SJL-Tg(hSODI1*WT)
2Gur/J; https://www.jax.org/strain/002297) male mice were regularly
obtained from The Jackson Laboratory and bred with the following trans-
genic strains: Rbp4-Cre (Gerfen et al., 2013; RRID:MMRRC_031125-UCD);
loxP-STOP-loxP-tdTomato Cre reporter lines [Madisen et al., 2010; Ai9
(https://www.jax.org/strain/007909) and Ail4 (https://www.jax.org/
strain/007908)]; a Gad67-GFP line [Chattopadhyaya et al., 2004; G42
(https://www.jax.org/strain/007677)]; and a Pvalb-Cre line (Hippen-
meyer et al., 2005; https://www.jax.org/strain/008069). Mice were
housed up to five mice per cage under a 12 h light/dark cycle and given ad
libitum access to food and water. For targeted recordings of CSNs and
CCNs on postnatal day 4 (P4) to P6 mice, Rbp4-Cre mice were first
crossed with LSL-tdTomato mice to generate Rbp4-Cre;tdTomato mice.
Subsequently, 1SOD19%** males were crossed with Rbp4-Cre;tdTomato
females to generate hSOD1 G 3A;Rbp4—Cre;l‘dTomon‘o and Rbp4-Cre;tdTo-
mato mice. The Gad67-GFP line crossed with hSOD1%%** mice was used
to target fast-spiking parvalbumin (PV)-positive interneurons for re-
cording. As we used several transgenic lines, we confirmed that the life
expectancy of the mutant mice was similar to that of the B6SJL-
Tg(hSODI1*G93A)1Gur/] line (hSOD1 G93A;th4—Cre;thomato: 126.8 =
3.1d, n = 15 mice; hSODI1%***;Gad67-GFP: 130.4 * 1.7 d, n = 17 mice;
hSOD19%%4: 132 = 1.3 d; Gurney, 1997). Mice of either sex were used in
this study. All experiments were performed with the experimenters
blinded to the genotypes of the mice.

Stereotaxic injections of neuronal tracers and viral vectors. Mice were
anesthetized with ketamine (50 mg/kg), dexmedetomidine (25 wm/kg)
and the inhalation anesthetic isoflurane (1-3%). To label CSNs, a small
laminectomy (C5-C6) was performed over the left cervical spinal cord,
and 100-200 nl of retrograde neuronal tracer (red Retrobeads or green
Retrobeads IX, Lumafluor, or Alexa Fluor 488- or Alexa Fluor 555-
conjugated cholera toxin B, Invitrogen) were pressure injected through a
glass pipette (tip diameter, 15-25 wm; Drummond), 500 wm lateral to
the midline of the exposed spinal cord at a depth of 1000 wm. To label
CCNs, a retrograde neuronal tracer was injected in 916 sites in the left
motor cortex (600—1800 wm anterior and 15002500 um lateral to breg-
ma; 800 wm below the cortical surface). The analgesic buprenorphine
(0.05 mg/kg) was administered to all animals postoperatively. To com-
pare the morphology of CSNs and CCNss at different experimental ages
(see Fig. 6 B, D), a canine adenoviral vector carrying a construct for Cre
recombinase (CAV-Cre; Optogenetics and Transgenic Technology Core,
National Institute on Drug Abuse, Bethesda, MD) was injected into the
spinal cord or motor cortex of Cre-dependent tdTomato reporter mice in
amanner similar to that of the tracers to visualize CSNs or CCNs, respec-
tively (Kremer et al., 2000; Soudais et al., 2001). Mice were killed 2-10 d
after tracer injections and 20-30 d after injections of CAV-Cre.

Brain slice preparation and cell identification. Acute brain slices were
generated for in vitro electrophysiological recording largely as previously
described except for the slice orientation (Kim et al., 2014). Mice were
anesthetized with isoflurane and decapitated, and the brains were rapidly
removed and chilled in ice-cold sucrose solution containing the follow-
ing (in mm): 76 NaCl, 25 NaHCO;, 25 glucose, 75 sucrose, 2.5 KCI, 1.25
NaH,PO,, 0.5 CaCl,, and 7 MgSO,, pH 7.3. After an initial coronal cut,
brains were mounted on the cut face tilted anteriorly at a 15° angle and acute
brain slices (300 wm) were prepared using a vibratome (VT-1200s, Leica).
Slices were then incubated in warm (32-35°C) sucrose solution for 30 min
and then transferred to warm (32-34°C) artificial CSF (aCSF) composed of
(in mm): 125 NaCl, 26 NaHCOs, 2.5 KCl, 1.25 NaH,PO,, 1 MgSO,, 20
glucose, 2 CaCl,, 0.4 ascorbic acid, 2 pyruvic acid, and 4 L-(+)-lactic acid,
pH 7.3,315 mOsm, and allowed to cool to room temperature (RT). All
solutions were continuously bubbled with 95% O,/5% CO,.

For whole-cell recordings, slices were transferred to a submersion
chamber on an upright microscope (AxioExaminer, Zeiss; objectives:
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5X, 0.16 numerical aperture (NA); and 40X, 1.0 NA) fitted for infrared
differential interference contrast and fluorescence microscopy. Slices
were continuously superfused (2—4 ml/min) with warm oxygenated
aCSF (32-34°C). Neurons were visualized with a digital camera (Sensi-
cam QE, Cooke) using either transmitted light or epifluorescence. In
slices from P26 —-P129 mice, CSNs or CCNs were identified based on the
presence of the fluorescent retrograde tracers. In slices from P4 —P6 mice,
CSNs or CCNs were identified based on the presence of the tdTomato
fluorescence in layer 5b (L5b) of motor cortex of Rbp4-Cre;tdTomato
mice. PV interneurons were identified based on their green fluorescent
protein (GFP) expression in Gad67-GFP mice.

Whole-cell recordings and analysis. Glass recording electrodes (2—4 M()) were
filled with an internal solution containing the following (in mm): 2.7 KCI,
120 KMeSO,, 9 HEPES, 0.18 EGTA, 4 MgATP, 0.3 NaGTP, and 20 phos-
phocreatine(Na), pH 7.3, 295 mOsm. Biocytin (0.25% weight/volume)
was added to the internal solution. Whole-cell patch-clamp recordings
were obtained using a Multiclamp 700B amplifier (Molecular Devices)
and digitized using an ITC-18 data acquisition interface (Instrutech)
controlled by software written in Igor Pro (WaveMetrics; RRID:
SCR_000325). The mean (+SD) series resistance was 10.9 * 5.4 M)
(n = 675 neurons; all <30 M()) and was not compensated for. All elec-
trophysiological recordings were performed in the presence of the fol-
lowing blockers of glutamate and GABA receptors: 5 um NBQX (AMPA
receptor antagonist), 5 uM (RS)-3-(2-carboxypiperazin-4-yl)-propyl-1-
phosphonic acid (NMDA receptor antagonist), and 10 um 6-imino-3-(4-
methoxyphenyl)-1(6 H)-pyridazinebutanoic acid hydrobromide (SR95531;
GABA , receptor antagonist; all from Tocris Bioscience). This concentration
of SR95531 blocks synaptic as well as extrasynaptic GABA receptors (Far-
rant and Nusser, 2005). The resting membrane potential was measured
after whole-cell configuration was achieved. Neurons exhibiting a resting
membrane potential greater than —60 mV in slices from P90—P129 mice
were excluded from the analysis. As neurons in slices from P4-P6 and
P26-P40 mice were more depolarized, a cutoff of —55 mV was used. One
cell was eliminated from the rheobase analysis as it began firing sponta-
neous action potentials. The input resistance was determined by measur-
ing the voltage change in response to a 1 s hyperpolarizing current step
(—25 to —100 pA for cortical neurons from P4-P6 mice and —100 pA
for cortical neurons from P26—P129 mice). The amplitude of the sag
response was calculated as the difference between the minimum mem-
brane potential following the initial current step and the steady-state
membrane potential at the end of the 1 s step (P5-P6, —50 pA; P90—
P100, —100 pA; see Fig. 6 E, F). The current—spike frequency relationship
was measured with a range of depolarizing current steps presented in
pseudorandom order (1 s long, 40 pA increments, 5 s interstimulus in-
tervals). Each current intensity was tested a total of three times. For each
current intensity, the total number of action potentials exceeding 0 mV
generated during each step was measured and then averaged across the
three trials. The rheobase was determined by first probing the response of
the neuron with 1-s-long depolarizing steps (5 s interstimulus intervals)
to define a small range of current steps that bounded the rheobase. The
response of the neurons was then tested within this range using 1-s-long
depolarizing steps with 1 pA increments. Action potential properties
were measured from single spikes evoked by rheobase current injections.
Signals were low-pass filtered at 10 kHz and sampled at 20—100 kHz.

Anatomical identification of cell types. To compare the morphology of
tdTomato-positive and tdTomato-negative neurons in neonatal Rbp4-
Cre;tdTomato mice, neurons were filled with biocytin during whole-cell
recordings in acute slices. Slices were then fixed in 4% paraformaldehyde
(PFA) in 0.1 m PBS for at least 3 h and were then rinsed with PBS,
incubated in 2% Triton X-100 (Sigma-Aldrich) in PBS for 1 h at RT,
incubated with Alexa Fluor 488-conjugated streptavidin (1:200; catalog
#532354, Invitrogen; RRID:AB_2315383) for 48 h at 4°C, rinsed again,
and mounted in VECTASHIELD (Vector Laboratories). The morphol-
ogy of CSNs and CCNs in adult mice transfected with the CAV-Cre virus
in P61-P64 tdTomato reporter mice was revealed by first fixing the
brains in 4% PFA in PBS. Then 100 wm coronal sections were cut in the
same plane as for the electrophysiological recordings (coronal sections
tilted 15° anteriorly) using a vibratome (VT-1000s, Leica). Sections were
then rinsed in PBS, incubated with blocking buffer containing 0.25%
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Triton X-100 (Sigma-Aldrich) and 5% normal goat serum (Invitrogen)
in PBS for 1 h at RT, and then incubated with rabbit anti-RFP antibody
(1:500; catalog #632496, Clontech Laboratories; RRID:AB_10013483)
overnight at 4°C. The sections were then rinsed again in PBS, incubated
with Alexa Fluor 568-conjugated goat anti-rabbit secondary antibody
(1:300; catalog #A-11011, Invitrogen; RRID:AB_143157) for 2 h at RT,
rinsed again in PBS, and mounted in VECTASHIELD. Images of CSNs
and CCNs were taken with a confocal microscope (LSM 510, Zeiss) using
either 10X (0.3 NA) or 20X (0.8 NA) objectives. Images were analyzed,
and the contrast and brightness were globally adjusted in ImageJ (Na-
tional Institutes of Health; RRID:SCR_003070) and LSM Image Browser
(Zeiss; RRID:SCR_014344).

Two-photon in vivo imaging. To express GCaMP6s (GENIE Project,
Janelia Research Campus, Howard Hughes Medical Institute, Janelia
Farms, VA) selectively in CSNs, a CAV-Cre viral vector was injected into
the spinal cord as described above for the neuronal tracers and an adeno-
associated viral vector, AAV9-Syn-Flex-GCaMP6s (University of Penn-
sylvania Vector Core, Philadelphia, PA), was injected into the left motor
cortex. The GCaMP6s virus was injected using the following coordinates
(from bregma) to allow for easier placement of the imaging window: AP,
—0.2 mm; ML, 1.5 mm; DV, 0.8 mm. The viruses were injected at P51—
P72. Cranial windows were implanted using methods previously de-
scribed (Hughes et al., 2013). Briefly, mice were anesthetized with
isoflurane (5% induction; 1.5-2% maintenance), and body temperature
was maintained at 37°C with a thermostat-controlled heating pad. The
skin overlying the skull was retracted, and the skull was cleaned and
dried. A 2 X 2 mm craniotomy was performed using a high-speed drill
with the craniotomy centered at the following coordinates (from bregma):
AP, —1 mm; ML, 1.5 mm. Following the craniotomy, a 2 X 2 mm glass
coverslip (No. 1, VWR) was placed within the craniotomy and sealed
using dental cement (C&B Metabond, Parkell). A custom-designed aluminum
head plate was then affixed to the skull using dental cement to allow for
head stabilization. The entire procedure required 40—60 min. Animals
regained normal locomotion and were allowed to recover for a minimum
of 3.5 h before in vivo imaging was commenced. The head of the mouse
was immobilized by attaching the head plate to a custom-machined
stage, and images were collected during awake resting periods. Images
were collected using a Zeiss model 710 microscope using a mode-locked
Ti:Sapphire laser (Ultra II, Coherent) tuned to 920 nm. The average
power at the sample did not exceed 30 mW. Images were acquired at 5.6
frames/s with a 256 X 256 pixel resolution at a depth of 250 um from the
pial surface.

Because the cell bodies of CSN’s are located deep in L5b, it was difficult
to clearly image somatic calcium events. Therefore, we focused on imag-
ing apical dendritic stalks, which show a strong linear correlation be-
tween AP firing and calcium activity (Hill et al., 2013). For neurons with
multiple apical dendritic stalks at the imaging plane (250 wm beneath the
pial surface), calcium signaling events were analyzed blinded to cell iden-
tity, and correlation coefficients were subsequently determined using a
MATLAB (R2015a, MathWorks; RRID:SCR_001622) function, cor-
rcoef, for dendritic stalks from the same neuron identified by visualiza-
tion of the joining of multiple branches into a single stalk (1SOD1°*4,
n = 18 cells; control, n = 17 cells) or a soma (hSODI1%*4, n = 2 cells;
control, n = 1 cell). Calcium signals in apical dendritic stalks of the same
neuron were highly correlated (hSOD19%**: 0.981 % 0.009, n = 20 cells
from 7 mice; control: 0.989 = 0.009, n = 18 cells from 10 mice), indicat-
ing that these events represent cell-wide calcium events and likely repre-
sent somatic action potentials (Hill et al., 2013). All CSNs were therefore
imaged at ~250 um from the pial surface. In cells with multiple dendritic
stalks, time series represent an average of the dendritic stalks from an
individual neuron. CSNs were imaged at P92-P134 when CSNs from
hSOD19%** mice exhibited significantly increased intrinsic excitability,
as measured by comparing the current—spike frequency relationships
and the maximum action potential frequency (F,,,,) values relative to
those of control mice (Fig. 1D, F).

Image analysis. Image analysis was performed using Origin (versions 7
and 8, OriginLab; RRID: SC_014212), FIJI (1.46r; RRID:SCR_002285),
MiniAnalysis (Synaptosoft; RRID:SCR_014441), Excel 2011 (Micro-
soft),and MATLAB (R2015a, MathWorks). Images were registered using
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Figure1. Corticospinal and corticocortical neurons are hyperexcitable in symptomatic hSOD7%?* mice. A, Schematic of the experimental design. Alexa Fluor 555-conjugated cholera toxin B (red
(TB) was injected into the left cervical spinal cord, and Alexa Fluor 488-conjugated cholera toxin B (green CTB) was injected into the left motor cortex to label CSNs and CCNs, respectively. B, Confocal
images of retrogradely labeled CSNs (magenta) and CCNs (green) in L5h of motor cortex. €, Representative voltage traces recorded from CSNs from P90 —P129 hS0D75%4 and WT mice evoked by 360,
480, and 600 pA current steps. D, The current—spike frequency relationship measured from CSNs from hSOD1%%34 and WT mice (hSOD7°%*, n = 64 cells from 19 mice; WT, n = 46 cells from 12 mice;
p<3.58 10 " Wald test). E, The rheobase measured from CSNs (hSOD7°%*, 259.45 = 11.46 pA; WT, 297.98 =+ 15.27 pA; p = 0.101, Mann—Whitney test). F, The F,_ measured from CSNs

max

(hSODT%%* 37,62 = 1.36 Hz; WT, 32.04 = 1.8 Hz; p = 0.0198, Mann—Whitney test). G, H, Representative voltage traces (G), and the current—spike frequency relationship (H) recorded from CCNs
from P90—P129 hSOD7%°34 and WT mice (hSODT¢%*, n = 50 cells from 19 mice; WT, n = 36 cells from 11 mice; p << 2 X 10 ', Wald test). /, The rheobase measured from CCNs (hSOD7%%#,
201.92 = 10.53 pA; WT, 318.83 = 14.76 pA; p < 0.0001, Mann—Whitney test). J, The F,. . measured from CCNs (hSOD7¢%*, 41.3 = 2.18 Hz;WT, 27 == 2.13 Hz; p << 0.0001, Mann—Whitney test).

the Turboreg plugin of FIJI. An average projection of the field of view
across the entire time series was used to place regions of interest (ROIs)
centered on dendritic stalks. F, representing the mean fluorescence value
of all the pixels within the ROI, was calculated for each time point. To
remove slow changes in the raw fluorescence time series, the eighth per-
centile of the fluorescence distribution in a 15 s window was subtracted
for each time point in MATLAB (Dombeck et al., 2007). Then the base-
line fluorescence of the ROI, F,, was estimated as the 30th percentile of
the fluorescence distribution of the entire time series and used to calcu-
late AF/F, = ((F — F,)/F,). Calcium signaling events were detected using
the MiniAnalysis software. Event characteristics were further analyzed
using custom scripts in Excel. To calculate the time course of the decay of
individual calcium events, traces of isolated events were fit with an expo-
nential decay function (ExpDecay2; Origin). Statistical analyses were
performed using Origin.

To calculate baseline dendritic calcium, a 10 s epoch was manually
identified midway through the time-series acquisition (2.5-3.5 min)
without a calcium signaling event. The average intensity of this epoch was
calculated, and the resulting image was smoothed with a Gaussian filter
(o= 1). A Shanbhag threshold was used to automatically define an
ROI within the dendritic process. The baseline fluorescence for each
dendrite was determined as the mean fluorescence value of all of the
pixels within the ROI during the 10 s epoch for the tdTomato and the
GCaMPés signals.

G93A

Neuronal cell-type labeling, enrichment, and RNA isolation. hSODI
and hSOD1™T P5-P7 mice were used for expression profiling. For each
biological replicate, the cortex was isolated and dissociated into a single-
cell suspension as previously described (Molyneaux et al., 2015). Cells
were then immediately fixed in 4% PFA, incubated in RNase-free condi-
tions with antibodies against the nuclear markers CTIP2 and SATB2:
rat anti-CTIP2 (1:100; catalog #ab18465, Abcam; RRID:AB_2064130),
mouse anti-SATB2 (1:250; catalog #ab51502, Abcam; RRID:AB_882455),
Alexa Fluor 546 goat anti-rat (1:1000; catalog #A11081, Invitrogen;
RRID:AB_141738), Alexa Fluor 488 goat anti-mouse (1:1000; catalog
#A11011, Invitrogen; RRID:AB_2534069), and FACS sorted as previ-
ously described to isolate SATB2-positive and CTIP2-positive neurons
(Molyneaux et al., 2015). RNA was recovered from the FACS-purified
cells as previously described (Molyneaux et al., 2015), quantified by spec-
tral absorbance on the NanoDrop, and qualitatively assessed on the Agi-
lent Bioanalyzer RNA-6000 Pico chip. RNA integrity numbers for all
samples ranged between 8.3 and 10.

Sequencing library preparation and analysis. For each enriched sample,
10 ng of total RNA was reverse transcribed to synthesize cDNA using the
Smart seq2 V4 kit (Clontech). Amplified cDNA was used as input for the
high-throughput RNA sequencing library preparation using the Nextera
XT library kit (Illumina). Individual libraries were indexed, pooled, and
sequenced to a mean depth of 5.466 X 107-125 bp paired-end reads per
sample. Reads were aligned to the mouse genome (mm?9) using TopHat2
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mice. A, Schematic of the experimental design. CSNs in Gad67-GFP mice were retrogradely labeled

with Alexa Fluor 555 cholera toxin B (red CTB). B, Confocal images of GFP-expressing PV-positive interneurons (green) and retrogradely labeled CSNs (magenta) in L5b of motor cortex.
C, D, Representative voltage responses (€) and the current—spike frequency relationship (D) measured from PV neurons in P90—P101 mice (hSOD1%%3A-Gad67-GFP, n = 21 cells from 8 mice;
Gad67-GFP, n = 25 cells from 9 mice; p < 2.99 X 10 ~'°, Wald test,). E, The rheobase measured from PV interneurons (1S0D76%*,193.52 == 29.88 pA; WT, 284.12 = 23.44 pA; p = 0.0074,

Mann—Whitney test). F, The F5, measured from PV interneurons (hSODT%%*, 119 = 13.94 Hz; WT,

(Kim et al.,, 2013) with the following additional parameters: --no-
coverage-search -max-multihits = 10 -p 16. Gene expression was quantified
using cuffquant (Trapnell et al., 2013) against a previously assembled refer-
ence transcriptome consisting of UCSC genes supplemented with mouse
cortical long noncoding RNAs (Molyneaux et al., 2015). Differential expres-
sion testing was performed using cuffdiff version 2.2.1 (RRID:SCR_001622),
and data were analyzed and visualized using cummeRbund (Trapnell et al.,
2013). Additional custom scripts and visualizations were also developed us-
ing the cummeRbund framework in R/Bioconductor.

For each cell type, genes were ranked according to their Cuffdiff2 test
statistic, which integrates both confidence in the differential expression
between hSOD1°*** and hSODI1™" as well as the direction and magni-
tude of the differential effect. These rankings were then used as input for
a preranked Gene Set Enrichment Analysis (GSEA; Subramanian et al.,
2005) against the Reactome database (MSigDB version 5.1 c2.cp.Reactome),
apublicly available collection of annotated gene sets, to identify pathways
and processes with coordinated significant differential enrichment. Gene
sets were called significant with a Benjamini-Hochberg corrected p value
of <0.05 (Kolmogorov—Smirnov test). The network map of significant
GSEA results was assembled using the Enrichment Map tool in Cyto-
scape version 3.4.0 (RRID:SCR_003032; Merico et al., 2010).

Electrophysiology data analysis. Data analysis was performed in Igor
Pro (WaveMetrics), Excel (Microsoft), SigmaPlot (Systat Software;
RRID:SCR_003210), Origin (OriginLab), MiniAnalysis (Synaptosoft),
Clampfit (Molecular Devices), MATLAB (MathWorks), and R Project
for Statistical Computing (RRID:SCR_001905) using the mgcv package
(Wood, 2011). The rheobase, input resistance, resting membrane po-
tential, spike properties, and calcium measurements recorded from
hSOD19%** and control mice were compared with Mann-Whitney tests.
To compare current—frequency relationships of neurons recorded from
hSODI1%%*4 and control mice, we used two approaches. First, we inde-
pendently fit the data for each cell type to a generalized additive model
where the relationship between frequency and current was estimated as a
smooth spline and further parameterized by genotype and disease stage.
Using these models, we tested for an independent effect of genotype on
frequency for each comparison. Second, we compared the maximum
action potential frequency (F,,,,) for CSNs and CCNs. Unlike CSNs and
CCNes, the response of PV neurons saturated at the highest current injec-
tions (Fig. 2D). Therefore, for PV neurons, we compared the frequency

43.64 = 13.45 Hz; p = 0.0054, Mann—Whitney test).

for current steps that elicited 50% of the F,,,,, of the cells (Fs). To test for
an effect of age on excitability, we used a similar generalized additive
model to fit the data for each cell type across all three time points assessed
and tested the interaction effect of genotype and age on the relationship
between current and frequency using the Wald test. In addition, we used
a similar approach to compare the change in rheobase values across time
points for PV neurons using log-transformed data. The data points for all
individual cells, the mean and the SEM are shown in plots of rheobase,
Fpao and Fs, as well as for the measurements related to the in vivo
imaging experiments. A generalized additive model was used to fit the
current—frequency data and to generate the 95% ClIs shown in each
graph. Data were considered significant for p < 0.05. In the figures, the
statistical significance is expressed as follows: *p < 0.05; **p < 0.01; or
*p < 0.001. Numbers in bold in the tables indicate p values < 0.05.
Data availability. The data that support the findings of this study are
available from the corresponding author upon request. All primary data
from the RNA-sequencing (RNA seq) experiments are deposited on the
National Center for Biotechnology Information (NCBI) Short Read Ar-
chive with NCBI GEO Accession Number GSE101391, and all scripts and
workflows for RNA-sequencing analysis are available in conjunction
with the preprocessed data upon request. Processed data supporting the
findings can be found in an extended data file associated with Figure 8.

Results

Intrinsic hyperexcitability is not restricted to

corticospinal neurons

It has been proposed that cell type-specific changes in neuronal
excitability contribute to neurodegeneration in ALS (Roselli and
Caroni, 2015). However, whether functional abnormalities are
restricted to CSNs or involve additional cortical cell types
remains unclear. Because the neocortex is composed of different
classes of cortical projection neurons and inhibitory interneu-
rons, with distinct electrophysiological, molecular, and morpho-
logical characteristics (Sugino et al., 2006; Ascoli et al., 2008;
Oswald et al., 2013; Harris and Shepherd, 2015; Tremblay et al.,
2016), we addressed this question by comparing the intrinsic
electrophysiological properties of different classes of cortical
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Table 1. Electrophysiological properties of cortical neurons recorded from symptomatic (P90 -P129) hSOD
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1994 or control mice

pvalue (Mann—Whitney test)

(SN (P90—P129) WT (46 cells, 12 mice)

Resting membrane potential (mV) —7439 = 0.52
Input resistance (M2) 5119 £ 1.9
Spike threshold (mV) —37.4 +0.66
Spike amplitude (mV) 68.04 == 1.09
Spike half-width (ms) 0.53 = 0.01
CCN (P90-P129) WT (36 cells, 11 mice)
Resting membrane potential (mV) —81.57 = 0.68
Input resistance (M2) 79.3 + 2.64
Spike threshold (mV) —33.44 £ 0.7
Spike amplitude (mV) 67.14 = 1.46
Spike half-width (ms) 0.64 = 0.01
PV (P90—-P101) WT (25 cells, 9 mice)
Resting membrane potential (mV) —73.84 =097
Input resistance (M(2) 135.68 + 8.61
Spike threshold (mV) —36.86 = 1.15
Spike amplitude (mV) 53.31 = 1.75
Spike half-width (ms) 0.29 = 0.02

hSOD1%%* (64 cells, 19 mice)

—72.91 £ 0.57 0.0735
56.7 = 1.73 0.0147
—36.03 £ 0.77 0.3271
66.95 = 1.24 0.9283
0.55 = 0.01 0.1868
hSOD1%%* (50 cells, 19 mice)
—79.15 £ 0.86 0.0767
109.13 = 5.38 <0.0001
—34.94 £ 0.63 0.1868
63.68 = 1.15 0.0257
0.71 = 0.01 <0.0001
hSOD1%%** (21 cells, 8 mice)
—7335 £ 139 0.9648
183.78 * 22.80 0.0609
—35.49 £+ 1.03 0.7491
47.51 = 2.19 0.0497
0.33 = 0.02 0.0039

neurons in wild-type (WT) and hSOD1%*** mice. To assess the
intrinsic excitability of CSNs and CCNs, the two major classes of
cortical projection neurons found in L5b of motor cortex (Hattox
and Nelson, 2007; Miller et al., 2008; Suter et al., 2013), we retro-
gradely labeled the two cell types with two different fluorescent
tracers (Fig. 1A,B). We then targeted these cells for whole-cell
patch-clamp recording in acute brain slices from P90 to P129
mice, an age range when mice show significant loss of CSNs and
overt clinical symptoms of the disease (Zang and Cheema, 2002;
Ozdinler et al., 2011; Vinsant et al., 2013). The intrinsic electro-
physiological properties of CSNs and CCNs were measured in
the presence of antagonists of ionotropic glutamate and GABA
receptors. Although it has been postulated that chronic depolar-
ization of CSNs promotes their degeneration, we found no dif-
ference in the resting membrane potential of either CSNs or
CCN s between hSOD1%%** and WT mice (Table 1). However, the
current—frequency relationship for both cell types revealed that
CSNs and CCNs from hSODI“*** mice were significantly more
excitable than those from WT mice (Fig. 1C—J). Comparisons of
the current—frequency data indicated that the current—frequency
curves of CSNs and CCNs from hSOD1%%** mice were signifi-
cantly different from those from control mice (Fig. 1D,H) and
that the maximum frequency elicited by the current steps (F,,,,,)
was significantly greater for both CSNs and CCNs from hSOD1°%*
mice than those from controls (Fig. 1 F,J). These data indicate that
both CSNs and CCNs in symptomatic mice are hyperexcitable.

Although both cell types exhibited increases in intrinsic excitabil-
ity, the underlying cellular mechanisms differed. CSNs showed no
significant differences in rheobase, while the rheobase of CCNs was
significantly decreased (Fig. 1 E,I). In addition, the waveform of the
action potential was significantly altered in CCNs but not in CSNs
(Table 1). The input resistance of both cell types, however, was sig-
nificantly increased in kSOD1%%** mice (Table 1). These data suggest
that although both classes of excitatory cortical projection neurons
are hyperexcitable in later stages of disease, the cellular mechanisms
that underlie these increases in excitability are distinct.

Inhibitory cortical interneurons are hyperexcitable

Because cortical activity is powerfully regulated by inhibitory in-
terneurons, it has been postulated that dysfunction of these neu-
rons contributes to cortical hyperexcitability in ALS (Turner and
Kiernan, 2012; Geevasinga et al., 2016; King et al., 2016). PV-

expressing interneurons comprise the largest class of inhibitory
interneuron in the cortex. Although some studies, but not all,
have detected PV cell loss in ALS (Nihei et al., 1993; Minciacchi et
al., 2009; Ozdinler et al., 2011), it is not known whether their
electrophysiological properties are altered in the disease. To test
whether reduced excitability of PV interneurons contributes to
disinhibition of cortical projection neurons, we measured the
intrinsic properties of PV interneurons selectively labeled with
GFP in hSOD1%***;Gad67-GFP (hSOD1°***) and Gad67-GFP
(WT) P90-P101 mice (Fig. 2A, B). Contrary to this prediction,
we found that the intrinsic excitability of PV interneurons was
increased in ALS mice. Although the mean resting membrane
potential of PV interneurons from mutant and control mice was
similar (Table 1), the rheobase was lower in PV neurons from
hSODI1°* mice relative to control mice (Fig. 2E). Furthermore,
as with CSNs and CCNs, a comparison of the current—spike fre-
quency relationships of hSOD1%** and WT PV interneurons
indicated that PV interneurons from hSODI“*** mice were sig-
nificantly hyperexcitable (Fig. 2D, F). Together, these data reveal
functional abnormalities in excitatory and inhibitory cortical
neurons in symptomatic hSODI1%*** mice, with all cell types
tested exhibiting increases in intrinsic excitability.

Corticospinal neuron activity is normalized in vivo in
hSOD1%*** mice

To assess the impact of these increases in intrinsic neuronal ex-
citability that we measured in P90—P129 mice on the activity of
CSNs in vivo, we monitored the activity of individual CSNs in
awake hSODI“** and control mice of similar age using in vivo
two-photon imaging after virus-mediated delivery of the geneti-
cally encoded calcium indicator GCaMP6s to CSNs (Fig. 3A, B).
Robust calcium transients were observed in CSNs in both
hSOD19%** and control mice (P92-P134), with individual CSNs
exhibiting diverse activity patterns (Fig. 3C,D). However, there
was no significant difference in the overall frequency of activity
between hSODI1°®** and control mice (Fig. 3E) or in the distri-
bution of interevent intervals (Fig. 3F). Although GCaMP6s of-
fers greater sensitivity, the slow time course of this sensor relative
to the time course of individual action potentials (Chen et al.,
2013) could mask differences in the pattern of neural activity
underlying individual calcium events. Any such differences
would be reflected in the amplitude and time course of the indi-
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Figure3. Theactivity of corticospinal neurons measured in vivois similar in symptomatic 0D 7 and control mice. A, Canine adenovirus carrying a Cre recombinase construct was injected into

the left spinal cord of hSODT%?** lox-STOP-lox-tdTomato (hSOD1°**) or lox-STOP-lox-tdTomato (WT) mice. An adeno-associated virus (AAV) carrying a Cre-dependent GCaMP6s construct was
injected into the right motor cortex. Only a subset of CSNs transfected with both viruses expressed both tdTomato and GCaMP6s. B, Morphology of animaged CSN. Scale bar, 50 um. €, Representative
traces of calcium events recorded from CSNs in an AS0D7%°3 and a WT animal. D, Averaged isolated calcium events from hS0D7°4 and WT mice. E, F, The mean frequency of events (E; hSOD7°%:
12.4 = 2.0 events/5 min epoch, n = 43 cells from 12 mice; control: 9.3 == 1.3 events/5 min epoch, n = 55 cells from 14 mice; p = 0.2139, Mann—Whitney test) and the mean interevent interval
(F;hS0D1°%4:32.0 + 5.3 5,n = 40 cells from 9 mice; WT:50.7 = 8.7 s, n = 46 cells from 14 mice; p = 0.1064, Mann—Whitney test). G, H, The mean amplitude (G; hSOD7*4: 52.3 + 6.2 AF/F,
n = 43 cells from 12 mice; WT: 41.4 = 4.4 AF/F,n = 55 cells from 14 mice; p = 0.2026, Mann—Whitney test) and the time course of the event decay (H; hS0D1°**: 1.8 = 0.15,n = 40 cells from

11 mice; WT: 2.2 = 0.25, n = 49 cells from 13 mice; p = 0.5092, Mann—Whitney test).

vidual transients. However, we found no difference in the ampli-
tude or the time course of individual events measured from
symptomatic hSODI1“*** and control mice (Fig. 3G,H). These
results indicate that despite their increased intrinsic excitability in
late-stage disease, CSN's are not hyperactive in the intact brains of
hSOD1%%** mice under these conditions, highlighting the ability
of cortical circuits to counterbalance the abnormal physiological
properties of these neurons.

Elevated intracellular calcium in corticospinal neurons from
symptomatic mice

Abnormalities in calcium homeostasis have been widely impli-
cated in the pathogenesis of ALS (Grosskreutz et al., 2010; Leal

and Gomes, 2015). Although the effects of increases in intrinsic
excitability may be compensated for by changes in synaptic input,
degeneration could be promoted in hKSOD1%*** mice if neurons
are impaired in their ability to sustain low intracellular calcium
levels. To explore this possibility, we measured the ratio of
GCaMP6s fluorescence to that of the calcium-insensitive
fluorescent reporter tdTomato in CSNs in vivo, allowing normal-
ization across cells. This ratio was significantly elevated in
hSODI“*** mice relative to controls, indicating that basal cal-
cium levels in the apical dendrites of CSNs are elevated in ALS
mice (Fig. 4A—C). These results reveal that calcium homeostasis
in CSN's is impaired in hSOD19*** mice, despite normalization of
their activity patterns.
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Basal intracellular calcium levels in corticospinal neurons measured in vivo are significantly elevated in ASOD7°% mice. A, Images of cross sections of the apical dendritic stalks of two

(SNs in control (WT) and in hSOD7°%** mice showing the tdTomato signal (left), the GCaMP6s signal (middle), and the two overlaid (right). Scale bar, 2 um. B, The cumulative plot of the mean
intensity of the tdTomato fluorescence (hSOD1%%*4:33.9 = 3.8 a.u., n = 40 neurons from 12 mice; WT: 38.6 == 4.2 a.u.,n = 52 neurons from 16 mice; p = 0.3884, Mann—Whitney test). C, The
cumulative plot of the ratio of the GCaMP6s intensity to the tdTomato intensity (hS0D7°***: 1.6 == 0.2, n = 40 neurons from 12 mice; WT: 1.1 = 0.2, n = 52 neurons from 16 mice; p = 0.0011,

Mann—Whitney test).

Changes in intrinsic excitability as disease progresses

These results indicate that neuronal dysfunction extends beyond
corticospinal neurons in the cortices of hSODI1°*** mice with
advanced disease. Prior studies have reported that cortical pro-
jection neurons are hyperexcitable earlier in the disease process
(Pieri et al., 2009; Saba et al., 2016), but whether selective abnor-
malities in CSN function precede the abnormalities we detected
in corticocortical and PV inhibitory interneurons is not known.
To determine whether CSN dysfunction occurs before abnor-
malities in CCNs and PV interneurons, or whether hyperex-
citability evolves similarly across these cortical cell types, we
assessed the intrinsic properties of CSNs, CCNs, and PV in-
terneurons at two earlier ages. At an age when mice exhibit subtle
clinical symptoms and cellular abnormalities begin to appear in
CSNs, but frank CSN neurodegeneration has not yet started
(P26-P40; Zang and Cheema, 2002; Ozdinler et al., 2011; Vin-
sant et al., 2013; Fogarty et al., 2015, 2016; Saba et al., 2016), we
found no differences in the rheobase for CSNs, CCNs, and PV
interneurons between hSOD19%*4 and control mice, and the dif-
ferences in the current—frequency relationships were attenuated
relative to what was observed in advanced disease (Fig. 5).

To determine whether hyperexcitability emerges progres-
sively with disease, we also recorded from CSNs, CCNs, and PV
interneurons in young mice (P5-P6). To target CSNs and CCNs
for recording in slices from P5-P6 mice, we first developed a
method for identifying these two cell types at a time point when
the promiscuous projections to the pyramidal tract found early in
development preclude the use of retrograde tracers (O’Leary and
Koester, 1993). We found that the pattern of Cre expression in a
transgenic mouse line, Rbp4-Cre (Gerfen et al., 2013), could be
used to distinguish CSN's from CCNs in L5b (Fig. 6). After retro-
gradely labeling CSNs and CCNss in juvenile Rbp4-Cre;tdTomato
mice (P21-P34) when the projections to the pyramidal tract have
been eliminated (O’Leary and Koester, 1993), we found that none
of the retrogradely labeled CCNs in L5b expressed tdTomato
(0 = 0%, n = 3 mice, 0 of 220 total cells), while >90% of retro-
gradely labeled CSN's expressed tdTomato (91.9 = 3.5%,n = 3
mice, 66 of 70 total cells). Furthermore, the dendritic morphol-
ogies and the electrophysiological properties of tdTomato-
positive and tdTomato-negative neurons in neonatal Rbp4-Cre

mice were similar to those of CSNs and CCNs in adult mice,
respectively (Fig. 6). For example, biocytin-filled L5b tdTomato-
positive cells from P5 Rbp4-Cre;tdTomato mice (Fig. 6A; n = 34
cells from 16 mice) had large apical dendritic tufts similar to
CSNs from adult mice (Fig. 6B; n = 54 cells from 16 mice), while
L5b tdTomato-negative neurons from P5 Rbp4-Cre;tdTomato
mice had slim apical tufts (Fig. 6C; n = 9 cells from 4 mice), as
seen for CCNs from adult mice (Fig. 6D; n = 13 cells from 7
mice). Interestingly, CSNs in neonatal hSOD1%*** mice had a
significantly lower mean rheobase relative to CSNs in control
mice (Fig. 7C). Furthermore, a comparison of both the current—
frequency curves and the F,,, values of the current—frequency
relationship indicated that CSNs were significantly hyperexcit-
able (Fig. 7A, B,D). Although the rheobase was not elevated for
CCNs (Fig. 7G), the same analyses of the current—frequency re-
lationship indicated that CCNs were also significantly hyperex-
citable (Fig. 7E, F,H ). The significantly decreased mean rheobase
and the analysis of the current—frequency relationship dem-
onstrated that PV interneurons from mutant mice were also
hyperexcitable (Fig. 7I-L). These data indicate that neuronal
hyperexcitability extends beyond CSNs in the cortex of neonatal
hSOD1%%** mice. These increases in excitability were specific to
the hSOD1°*** mutation and not due solely to overexpression of
the SOD1 transgene, as we found no significant differences in the
rheobase of CSNs or CCNs recorded from neonatal mice that
overexpress wild-type human SOD1 (hSODI1"") and control
mice (rheobase CSNs: hSODI1"": 80.67 + 8.19 pA, n = 21 cells
from 7 mice; WT: 74.94 *+ 6.43 pA, n = 33 cells from 10 mice; p =
0.2713, Mann-Whitney test; Rheobase CCNs: hSODI™":
50.29 £ 3.44 pA, n = 21 cells from 7 mice; WT: 49.7 = 4.39 pA,
n = 33 cells from 10 mice; p = 0.3628, Mann—Whitney test).
Moreover, the F_,. was not different between CSNs or CCNs
recorded from hSODI™T and control mice (CSNs: hSOD1"7,
n = 21 cells from 7 mice; WT, n = 33 cells from 10 mice; p =
0.4009, Mann—Whitney test; CCNs: hSODI1™7, n = 21 cells from
7 mice; WT, n = 33 cells from 10 mice; p = 0.5485, Mann—
Whitney test), and a generalized additive model found no effect
of genotype on the current—frequency relationships for CSNs and
CCNs (p < 0.174, Wald test). Thus, the overexpression of mu-
tant SOD1 induces hyperexcitability broadly in cortical neurons



Kim et al. ® Cortical Dysfunction in ALS

A B
hSOD 1693 w %0
osv UL \ 4
i g L 3
[0}
=
o
o
wT s
CSN =
_/L/\/L/VVL =3
(7]
20 mi] L
200 ms
0-] 240 pA L -| 360 pA |— 480 pA
F
hSOD1G93A m ” § 50
CCN WA = 40
wvy VL ?
[)
= |
o
o
CCN . £
20 mil J k ? 0
200 ms 0
o4 240pn L 0—| 360 pA L o—| 480 pA |—
| J
hSOD19%% 5200
PV <
] — ] 3 150
=
3
g 100
WT i
PV s 2
— 2
20mv | ?2 9
200 ms 0
o e0pa &= o1 200pa Lo pgopn

Figure 5.

J. Neurosci., September 13,2017 - 37(37):9037-9053 * 9045
C D
P26-P40 CSNs
600- 60 -

& hSOD1C%A

o WT = 3
2 400 s

Yo

i e
3 200 Toh
14

200 400 600
Current Injection (pA)

0 0
hSOD1%%** wt hSOD1%* wT

G H
P26-P40 CCNs
600 60 -
@ hSOD16%3A o
= WT g 0,0
g
g
[}
2
['q
5

0 X
hSOD1%%* wt hsOD1%%* wT

200
Current Injection (pA)

400 600

K L

P26-P35 PV

Rheobase (pA)

0 0 -
hsoD1%%* wt hSOD1°%* Wt

200 400 600
Current Injection (pA)

The intrinsic excitability in cortical neurons in presymptomatic hsOD1°%* mice. A, E, Representative voltage traces recorded from CSNs (4) and CCNs (E) from P26 —P40
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(hS0D7%°34,285.83 = 41.41 pA; WT, 271.29 + 41.91 pA; p = 0.692, Mann—Whitney test). L, The Fz, measured from PV interneurons (hSOD1%**,96.5 = 16.47 Hz; WT, 77.08 = 15.15 Hz; p =

0.3843, Mann—Whitney test).

in neonatal mice, although the precise cellular mechanisms may
differ across cell types (see Table 3).

We next tested whether this hyperexcitability phenotype
emerges progressively during the disease course by applying a
generalized additive model fit to the current—frequency relation-
ships assessed at the three time points for each cell type. Models
were additionally parameterized by both genotype and disease
stage to estimate baseline effects. We found that hSOD1%%
CSNs measured at P26 —P40 were significantly less hyperexcitable
than those measured during symptomatic disease (P90—P129;
p < 0.000715, Wald test), while there was no significant differ-
ence in the hyperexcitability of hSOD1%%** CSNs measured dur-
ing the neonatal (P5-P6) and the symptomatic (P90-P129)
stages (p < 0.0809, Wald test). Likewise, the modeled current—
frequency relationships of CCNs showed that hKSOD1*** CCNs
were significantly less hyperexcitable during the presymptomatic

stage than in symptomatic disease (P26 -P40 vs P90-P129, p <
2.61 X 10 ', Wald test), while there was no significant differ-
ence in the hyperexcitability of <SOD19%** CCNs measured dur-
ing the neonatal and symptomatic periods (P5-P6 vs P90—P129,
p < 0.2068, Wald test). A similar comparison of the current—
frequency relationships of PV interneurons indicated that
hSODI1°%** PV neurons were most hyperexcitable during symp-
tomatic disease (P26 P35 versus P90—P129, p < 0.00381; P6 vs
P90-P129, p < 0.04605, Wald test), although the analysis sug-
gested that the partial effect of age was greater for PV neurons
from P26-P35 hSOD1“*** mice than for those from P6 mice,
which is consistent with our results for CSNs and CCNs. Further-
more, an analysis of the rheobase measurements indicated that
PV neurons were more hyperexcitable during the neonatal and
symptomatic stages than during the presymptomatic stage. There
was no significant difference in the reduction in rheobase mea-
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Figure 6.  Cre expression in L5b of Rbp4-Cre mice distinguishes corticospinal and corticocortical neurons. A, Low- and high-magpnification images of biocytin-filled L5b tdTomato-positive cells
from a P5 Rbp4-Cre;tdTomato mouse. B, Schematic showing the experimental setup (left) and low- and high-magpnification images of a corticospinal neuron (right) revealed by injecting a canine
adenoviral vector carrying a construct for Cre recombinase (CAV-Cre) into the cervical spinal cord of a P90 tdTomato Cre-reporter mouse. €, Low- and high-magpnification images of a biocytin-filled
L5h tdTomato-negative neuron from a P5 Rbp4-Cre;tdTomato mouse. D, Schematic showing the experimental setup (left) and low- and high-magnification images of a corticocortical neuron (right)
revealed by injecting CAV-Cre into the contralateral motor cortex of a P90 tdTomato Cre-reporter mouse. E, F, Summary data showing the input resistance and sag amplitude for L5b tdTomato-
positive and tdTomato-negative neurons recorded from P5—P6 Rbp4-Cre;tdTomato mice (E, n = 6 tdTomato-positive neurons from 3 mice; n = 17 tdTomato-negative neurons from 7 mice; input
resistance: L5b tdTomato-positive neurons, 220.2 = 39.4 M(); L5b tdTomato-negative neurons, 460.3 == 24.7 M(); p = 0.0009, Mann—Whitney test; Sag amplitude: L5b tdTomato-positive
neurons, 4.9 = 1.1mV; tdTomato-negative neurons, 1.8 == 0.2mV; p = 0.0037, Mann—Whitney test) and P90 —P100 retrogradely labeled CSNs and CCNs (F; n = 26 CSNs from 8 mice; n = 23 CCNs
from 8 mice; input resistance: CSNs, 50.8 == 2.7 M), CCNs, 79.5 = 3.5 M(); p << 0.0001, Mann—Whitney test; Sag amplitude: CSNs, —0.8 == 0.1 mV; CCNs, —0.4 = 0.1 mV; p << 0.0001,
Mann—Whitney test). Scale bars: 4, C, left, 100 m; 4, ¢, middle, 50 m; A, €, right, 30 m; B, D, left, 100 wm; B, D, right, 50 um.

surements when comparing the neonatal and symptomatic dis-  ative to control mice, the mean rheobase was significantly de-
ease stages (P90-P101 vs P6, p = 0.5419, Wald test), while the  creased only for CSNs and not for CCNs (Fig. 7). To determine
rheobase was significantly less reduced during presymptomatic ~ whether different classes of cortical neurons mount distinct re-
disease than symptomatic disease (P26—P35 vs P90—P101, p =  sponses to the expression of mutant SOD1, we assessed the gene
0.0329, Wald test). Together, these findings indicate that physio-  expression profiles of CSNs and CCNs in P5-P7 mice, a time
logical abnormalities in cortical neurons do not follow a linear ~ point early in the disease course when changes in neuronal excit-
progression toward enhanced excitability with increasing severity ~ ability were detected. We focused on this time point to emphasize
of disease, but that physiological abnormalities emerge early, are  initial changes in the disease, as additional compensatory
comparatively normalized, and then re-emerge in later stages of =~ mechanisms are likely engaged in late-stage mice. To generate

disease. an unbiased assessment of changes in gene expression, total RNA

isolated from dissociated cortical neurons immunostained for
Cell type-specific changes in gene expression in CTIP2 (Bcl11b), a marker for CSNs, and SATB2, a marker for
hSOD1°*** mice CCNs, was purified from four biological replicates (Fig. 8 A, B;

Although functional alterations were observed in multiple classes ~ Molyneaux et al., 2015). RNA-seq analysis identified 476 genes
of cortical neurons in KSOD1°** mice, the precise electrophysi-  that were differentially expressed (DE) in CSNs and 339 genes
ological changes exhibited by each cell type tested were distinct ~ that were differentially expressed in CCNs between these groups
(Tables 1, 2, 3; Figs. 1, 2, 5, 7), suggesting that cell type-specific =~ of hSODI G934 and hSODI™T mice [Cuffdiff2; 5% false discovery
molecular changes may be induced in response to hSOD1%***  rate (EDR)]. Of these DE genes, only 33 were common to both
expression. For example, although the mean F,,, was significantly ~ sets of DE genes, suggesting that the transcriptional responses

increased for both CSNs and CCNs from P5-P6 hSOD1“*** mice rel-  differed across the two neuronal subtypes. Common changes in
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Figure7.  Cortical neurons are hyperexcitable in neonatal hSOD7%%*

Current Injection (pA)

mice. 4, E, Representative voltage traces recorded from CSNs (4) and CCNs (E) neurons from neonatal hSOD?G”A,'RbM—Cre,‘

tdTomato (hSOD7°°>4) and Rbp4-Cre;tdTomato (WT) mice evoked by 40, 120, and 200 pA current steps. B, F, The current—spike frequency relationship measured from CSNs (B; P5—P6; hS0D79%4,
n=29cellsfrom 9 mice; WT, n = 53 cells from 10 mice; p << 1.13 X 10 ', Wald test,) and CCNs (F; P5—P6; hS0D1°%**, n = 15 cells from 5 mice; WT, n = 24 cells from 8 mice; p << 1.82 X 10 5,
Wald test,) from neonatal hSOD7°%** and WT mice. €, G, The rheobase measured from CSNs (C; hSOD7°%,53.03 =+ 4.48 pA; WT, 70.55 = 3.93 pA; p = 0.0008, Mann—Whitney test) and CCNs
(G; hSOD1°%#,39.43 = 4.71 pA; WT, 43.2 = 5.15 pA; p = 0.7123, Mann—Whitney test). D, H, The F,., measured from CSNs (D; hSOD1%*#,39.79 + 1.5 Hz; WT, 34.17 = 1.31 Hz; p = 0.0017,
Mann—Whitney test) and CCNs (H; hSOD1°%*#, 31.56 = 4.51 Hz; WT, 20.31 = 3.04 Hz; p = 0.0293, Mann—Whitney test). /, Representative voltage traces recorded from PV interneurons from
neonatal hS0D1%%*;Gad67-GFP;Rbp4-Cre;tdTomato (hSOD1°***) and Gad67-GFP;Rbp4-Cre;tdTomato (WT) mice evoked by 20, 40, and 80 pA current steps. J, The current—spike frequency relation-
ship for PV neurons from hS0D7%%# and WT neonatal mice (P6; hSOD7%%**, n = 23 cells from 11 mice; WT, n = 19 cells from 7 mice; p < 0.00556, Wald test). K, The rheobase measured from PV
interneurons (hSOD76%**,14.9 = 1.81pA; WT, 27.65 == 3.37 pA; p = 0.0028, Mann-Whitney test). L, The F,, measured from PV interneurons (hS0D7%%*#, 52.11 = 2.13 Hz; WT,47.12 = 2.31Hz;

p = 0.1415, Mann—Whitney test).

gene expression included the downregulation of a calcium chan-
nel subunit (Cacnb4) that has been proposed to link neuronal
excitability to gene transcription (Zamponi et al., 2015) and a
GABA receptor subunit (Gabra4) that contributes to tonic inhi-
bition (Farrant and Nusser, 2005). However, not all shared DE
genes were coordinately regulated. For example, the calcium-
binding protein, calbindin (Calbl), was upregulated in hSODI Go3A
CSNs and downregulated in hSOD1¢** CCNis relative to con-
trols. Together, these results highlight that there are a limited
number of common gene expression changes shared between
these two cortical neuron types in response to expression of
hSOD19%** and suggest that differences in excitability observed
early in the disease may result from cell type-specific transcrip-
tional responses.

Although there was little overlap in genes differentially ex-
pressed in control and mutant neurons between these two neu-
ronal types, it is possible that similar molecular pathways are

affected in both neuronal types. To test this hypothesis, we con-
ducted GSEA using all expressed genes in CSNs and CCNs be-
tween hSODI1°*** and hSOD1"" mice. For each cell type, genes
were ranked according to their Cuffdiff2 test statistic, and this
was used as input for a preranked GSEA against Reactome gene
sets (MSigDB version 5.1 C2.CP Reactome). There was minimal
overlap among the specific gene sets enriched for the two cell
types (Fig. 8C). Both cell types exhibited significantly increased
the expression of genes related to the translation and the organi-
zation of the extracellular matrix in the 2SOD1** mutant mice,
although in many cases different gene sets related to these cellular
functions were identified in each type. Only CSNs exhibited
broad modulation in gene sets associated with ion channels,
GABAergic signaling, receptor signaling, and axon guidance.
Processes implicated in DNA repair were significantly downregu-
lated in CSNs. Conversely, genes involved in the respiratory cycle,
mitochondrial translation, and calcium-dependent events were
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Table 2. Electrophysiological properties of cortical neurons recorded from presymptomatic (P26 —P40) hS0D1°** or control mice

p-value (Mann-Whitney test)

(SN (P26 —P40) WT (33 cells, 11 mice)

hS0D1%%* (56 cells, 12 mice)

Resting membrane potential (mV) —71.5 = 1.34 —68.72 = 0.84 0.0474
Input resistance (M(2) 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 = 147 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) hSOD1%%%4 (13 cells, 5 mice)
Resting membrane potential (mV) —73.53 =141 —754 %= 2.09 0.3401
Input resistance (M(2) 883249 97.92 *+ 6.32 0.1962
Spike threshold (mV) —29.48 + 2.08 —2715+£192 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) hSOD1%%34 (18 cells, 6 mice)
Resting membrane potential (mV) —76.87 =222 —72.58 =222 0.1248
Input resistance (M(2) 12711 £ 125 117.32 £ 10.44 0.6321
Spike threshold (mV) —40.47 =213 —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
Table 3. Electrophysiological properties of cortical neurons recorded from neonatal (P5-P6) hS0D15%* or control mice

pvalue (Mann—Whitney test)

(SN (P5-P6) WT (53 cells, 15 mice)
Resting membrane potential (mV) —66.77 = 0.51
Input resistance (M) 170.32 + 7.06
Spike threshold (mV) —35.83 + 0.46
Spike amplitude (mV) 69.47 = 0.78
Spike half-width (ms) 1.59 * 0.03

CCN (P5—P6) WT (24 cells, 8 mice)
Resting membrane potential (mV) —69.91 = 0.84
Input resistance (M) 505.8 = 32.41
Spike threshold (mV) —3262+1.22
Spike amplitude (mV) 49.99 = 1.44
Spike half-width (ms) 1.88 = 0.11

PV (P6) WT (19 cells, 7 mice)
Resting membrane potential (mV) —68.22 = 137
Input resistance (M(2) 653.69 =+ 53.57
Spike threshold (mV) —32.27 + 1.09
Spike amplitude (mV) 455 +2.27
Spike half-width (ms) 0.96 =+ 0.03

hSODT34 (29 cells, 9 mice)

—67.26 = 0.77 0.5552
180.67 = 6.93 0.0801
—37.73 = 0.52 0.0183
71.38 £ 0.99 0.1031
1.62 = 0.03 0.3681
hSODT%34 (15 cells, 5 mice)
—69.17 = 1.19 0.7052
559.59 + 42.3 0.2565
—30.96 = 1.44 0.8107
49 + 194 0.8974
1.77 £ 0.09 0.825
hSODT34 (23 cells, 11 mice)
—66.82 £ 1.23 0.5111
709.64 + 53.45 0.5441
—36.45 = 1.13 0.0203
47.08 = 1.1 0.7489
1.09 = 0.04 0.0198

specifically downregulated in CCNs. Although both cell types
demonstrated significant transcriptional differences in response
to the expression of hSOD19%*4, these differences did not point to
a common cellular response contributing to hyperexcitability,
suggesting that distinct cellular mechanisms underlie the hyper-
excitability phenotypes of CSNs and CCNs in this ALS mouse
model.

Although we identified changes in intrinsic electrophysiolog-
ical properties in both CSNs and CCNs, the GSEA implicated
gene sets associated with ion channels only in CSNs. To further
understand the electrophysiological phenotypes that we identi-
fied, we asked whether the expression of individual ion channel
genes that shape the intrinsic properties of neurons were differ-
entially modulated in CSNs and CCNs. Both sodium and potas-
sium channel subunits were significantly differentially expressed
in CSNs and CCN:s relative to controls, but the specific subunits
identified were completely distinct for the two cell types (Fig. 9).
Furthermore, although some changes in ion channel expression,
such as increases Scnlb expression, may be consistent with the
increases in intrinsic excitability that we measured (Brackenbury
and Isom, 2011), others such as with Hcn2, may represent cell
type-specific compensatory mechanisms working to counterbal-

ance the increases in excitability (Shah, 2014). The differences in
these changes between CSNs and CCNis reinforce the conclusion
that the molecular mechanisms underlying the changes in in-
trinsic excitability in the two cell types in BSOD1** mice are
distinct.

In addition to differences in ion channel expression, changes
in the expression of specific glutamate receptor subunits (Gria4,
Grinl, and Grikl) in either CSNs or CCNs as well as downregu-
lation of the vesicular glutamate transporters Vglut2 (Slc17a6)
and Vglut3 (Slc17a8) in CSNs (Fig. 9), all suggest the modulation
of excitatory synaptic transmission in hSOD19*** neurons. Sim-
ilarly, the downregulation of GABA receptor subunits primarily
associated with extrasynaptic tonic inhibition, including Gabra4,
which was downregulated in both CSNs and CCNs from
hSOD1%%** mice, and Gabrd, which was downregulated only in
CCNs (Farrant and Nusser, 2005), suggest an altered inhibitory
tone in hKSOD1°*** mice. As seen in the GSEA results, there was
little overlap among genes associated with glutamatergic and
GABAergic synaptic transmission that were differentially ex-
pressed in CSNs and CCNs (Fig. 9). Together, these RNA-seq
experiments indicate that hSOD1%%** expression alters largely
different genes in CSNs and CCNs early in the disease process and
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Figure 8.

Gene set enrichment analysis implicates distinct molecular mechanisms in corticospinal and corticocortical neurons from hS0D

7593 mice. A, Schematic of the experimental procedure

for selective purification of two different molecularly identified cortical projection neuron populations. Total RNA from CTIP2-positive corticospinal neurons and SATB2-positive corticocortical
neurons was purified for RNA-seq analysis using cell type-specific antibodies. B, tip2 and Sath2 expression profiles for molecularly identified cell types from hS0D7%?** and hSODT"" mice (n = 4
mice/group). €, Enrichment map of significantly enriched Reactome gene sets from hSOD7%%** vs hSOD7"" RNA sequencing analyses in CTIP2-positive corticospinal neurons (CSNs) and SATB2-
positive corticocortical neurons (CCNs). Node color corresponds to gene set enrichment (red) or depletion (blue) in AS0D7°%4 (SN relative to hSOD7"" CSNs. The border color represents gene set
enrichment or depletion results for CCNs. White indicates no significant enrichment or depletion for a given gene set for that cell type. Node areas correspond to relative gene set sizes, and line
thicknesses (tan) indicate the degree of overlap in gene composition between connected sets. Gene sets were determined to be significantly enriched or depleted using a preranked gene set
enrichment analysis (Kolmogorov—Smimov test, p << 0.05, Benjamini—Hochberg corrected). Supporting data are found in Figure 8-1 available at https://doi.org/10.1523/JNEUR0SCI.0811-17.2017.f8-1.

suggest that cortical dysfunction reflects a constellation of
changes, both in the intrinsic properties of cortical neurons and
the pathways related to synaptic transmission.

Discussion

Our results demonstrate that the expression of an ALS-causing
mutant form of SOD1 leads to increases in intrinsic excitability in
diverse classes of cortical excitatory and inhibitory neurons.
Moreover, abnormalities in CSN function did not precede those
in other cell types but rather evolved in parallel during the course
of the disease. Cortical neurons were initially hyperexcitable in
neonatal animals and largely normalized in juvenile mice before
becoming hyperexcitable again, indicating that they adapt their
responsiveness during disease progression. Cell type-specific in
vivo calcium imaging of cortical neuron activity showed that

these increases in intrinsic excitability did not directly translate
into hyperactivity in vivo, suggesting that cortical circuit plasticity
also plays an important role in the response of the cortex to
cellular dysfunction. Furthermore, cell type-specific transcrip-
tional profiling early in the disease showed that different cortical
cell types engage distinct cellular mechanisms in response to the
expression of this ALS-linked mutation. Our results are inconsis-
tent with the hypothesis that the intrinsic electrophysiological
properties of CSNs in ALS are selectively altered, leading to ab-
normal CSN activity and their subsequent degeneration. Rather,
our results show that the properties of all cortical neuron types
tested are dynamically altered during disease progression and
suggest that their distinct molecular responses to the hBSOD1%%*
mutation may lead to cell type-specific vulnerability.
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By probing functional changes in cor-
tical neurons throughout the disease
course, we show that cortical dysfunction
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these increases in intrinsic excitability p(;gglb
normalized as disease progressed before \O/Vl\f/r%l L
returning in end-stage disease. This is in Neto2 .
contrast to studies of spinal motor neu- S('3°S171378 L
rons in mouse models and patient- Gri%4 ]
derived motor neurons indicating that s(liq%e - Glutamatergic
motor neuron excitability decreases with App . Synapse
disease progression or days in culture Sgggf o
(Delestrée et al., 2014; Devlin et al., 2015). cnr1 1
Although patients with known ALS-causing E?,’J;ig —
mutations may exhibit cortical hyperex- Sstr1 ]
citability shortly before the development S?{;%‘ﬁz ] o 3
of clinical symptoms, measures of cortical Hg;;% - § 2
excitability are typically normal when pa- Dig4 ] D 1
tients are asymptomatic (Vucic et al., 2008; Shankt |t - ';‘ 0
Geevasinga et al., 2015). Whether patients Mink1 ] o
exhibit a period of abnormal cortical ex- g&gl — & :;
citability in childhood, for example, simi- _ —
lar to the changes we detected in this AGdrl:ky12
mouse model, remains unknown, but Car7
could represent an early diagnostic for the &i%r&
evaluation of at-risk patients. %f:% 110

Our studies identified functional changes Gabrg3 GABAergic
in PV interneurons, suggesting that ab- gr%? Synapse
normalities in cortical inhibition con- Gabra4
tribute to cortical dysfunction. Clinical g:ggg:g .
studies have suggested that cortical hyper- Gng5 [

inhibitory mechanisms (Turner and Kier- Gng4
nan, 2012; Geevasinga et al., 2016; King et sre
al., 2016) and the loss of inhibitory PV Figures.

interneurons (Nihei et al., 1993) and cor-
tical GABA (Foerster et al., 2013), al-
though not all studies have detected such
changes (Ince et al., 1993; Maekawa et al.,
2004; Attarian et al., 2009). Inhibitory
neuron dysfunction has also been impli-
cated in a TDP-43 mouse model (Zhang et
al., 2016). Although PV interneuron loss
has not been documented in hSODI1°** mice (Minciacchi et al.,
2009; Ozdinler et al., 2011), our findings indicate that PV interneu-
ron function changes concurrently with that of cortical projection
neurons in KSOD1%*** mice.

Our results also indicate that additional synaptic mechanisms
may normalize cortical activity during the course of the disease.
Although CSNs exhibited significant increases in intrinsic excit-
ability in symptomatic disease, CSNs were not hyperactive when

Differential modulation of genes for ion channels and synaptic proteins in corticospinal and corticocortical neurons in
an ALS mouse model. Heatmap of significantly differentially expressed genes from select, physiologically relevant gene sets. Genes
were selected s significant from differential expression analyses between hS0D7°*** and hSOD7""in either CSN-enriched (CTIP2-
positive) or CCN-enriched (SATB2-positive) cellular populations. Row z scores across all 16 samples are used to highlight the
changes in expression profiles for each gene across the four conditions. Genes called significant using cuffdiff2 (5% FDR, Benja-
mini—Hochberg corrected) for CSN or CCN populations are marked in green in the significance columns. Genes for glutamate or
GABA receptor subunits are shownin purple. Gene sets were hand curated from publicly available annotations including Reactome,
MGl, and HUGO. Supporting data are found in Figure 8-1 available at https://doi.org/10.1523/JNEUR0SCI.0811-17.2017.f8-1.

monitored in vivo in the awake mouse during this same stage,
highlighting the ability of the cortex to maintain homeostasis.
The possibility that changes in synaptic inputs offset increases in
intrinsic excitability is consistent with studies showing changes in
dendritic spines and synaptic input to cortical neurons in ALS
(Fogarty et al., 2015, 2016; Saba et al., 2016), as well as with the
gene expression differences in neurotransmitter receptors and
synaptic proteins that we detected using cell type-specific RNA-
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seq approaches. However, the timing of these changes relative to
changes in intrinsic excitability remains to be clarified (Spalloni
etal., 2011; Jara et al., 2012; Fogarty et al., 2015, 2016; Saba et al.,
2016). Changes in dendritic morphology or spine density of neu-
rons in motor cortex have not been reported before the third
week of life (Fogarty et al., 2015, 2016), suggesting that increased
intrinsic excitability precedes detectable morphological changes.
Although some have reported electrophysiological signatures of
increased excitatory input, most studies have found that den-
driticarbor size and spine density progressively decrease in motor
cortex of hSOD1°%*4 mice (Spalloni et al., 2011; Jara et al., 2012;
Fogarty etal., 2015, 2016; Saba et al., 2016) and of patients (Ham-
mer etal., 1979; Udaka et al., 1986). Combined with our findings,
these results suggest that increases in intrinsic excitability later in
disease may counterbalance decreased synaptic input to generate
comparable in vivo activity of CSNs in symptomatic hSOD17%*
and control mice. Together, these results highlight the different
plasticity mechanisms engaged during the course of the disease.

The onset of clinically evident disease may arise when the limits of
homeostatic processes are reached. Studies of hFSODI1*** mice have
identified a number of cellular abnormalities in embryonic and
neonatal mice as well as transient behavioral abnormalities (Vin-
sant et al., 2013). It is possible that early in the disease process,
neuronal circuits compensate for an initial insult, while later in
the disease process, when cell loss and inflammation manifest,
neurons are no longer able to adapt to underlying pathological
changes, resulting in progressive, late-stage disease (van Zundert
et al., 2012). Understanding the impact of these changes on cell
survival has important implications for the timing of therapeutic
strategies seeking to alter the excitability of neurons in ALS.

Although CSNs were not hyperactive in vivo during symp-
tomatic disease, we found that CSNs nonetheless exhibited ab-
normal function in the intact ALS mouse. The elevated basal
calcium levels we detected, which may lead directly to increased
neurotransmitter release and a cycle of increasing excitotoxicity
and calcium dysregulation, are consistent with the dysregulation
of calcium handling long implicated in ALS (Grosskreutz et al.,
2010; Saxena and Caroni, 2011; Leal and Gomes, 2015) and are
reminiscent of persistent increases in intracellular calcium levels
identified in spinal motor neuron terminals in patients (Siklos et
al.,, 1996). Our results motivate testing whether targeting the in-
creases in intracellular calcium we detected in CSNs in vivo rep-
resents an effective alternative to targeting changes in excitability
directly.

Although different cortical cell types exhibit functional changes
with similar consequences for neuronal excitability in the hKSODI1“**
mouse, our studies indicate that the molecular mechanisms un-
derlying these changes are cell type specific. Transcriptional pro-
filing at single-population resolution provides the first snapshot
of the transcriptional responses of different neuronal types to
mutant SOD1 and revealed cell type-specific responses to
hSODI1“*** expression. Both GSEA and more focused analyses of
gene expression confirmed the many distinct cell type-specific
differences in gene expression occurring in this ALS mouse
model. Furthermore, although several genes implicated in ALS
pathogenesis were differentially expressed between hSOD1%%
and hSOD1"" CSNs or CCNs, the changes did not occur in par-
allel between the two cells types: Chrna2, Chrna4, and Chgb were
selectively downregulated in CSNs, while Tuba4a was downregu-
lated and Epha3 was upregulated in CCNs (Marangi and
Traynor, 2015). These results were initially unexpected in view of
the overall similarity in the functional consequences for excitabil-
ity that we detected in the different cell types. However, that gene
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expression changes induced by the hSOD1** mutation differed

between CSNs and CCNss is consistent with the hypothesis that
hyperexcitability differences are due to distinct cell type-specific
cellular responses to the kBSOD19°** variant. Thus, although the
overall functional consequences of the hKSOD19%** variant were
similar across different cell types, the precise underlying cellular
mechanisms we measured differed across cell types (Tables 1, 2, 3;
Figs. 1,2, 5, 7).

Although the causes of ALS are likely multifactorial and can
arise from mutations in different genes (Marangi and Traynor,
2015), studies in human patients indicate that cortical hyperex-
citability is a common feature of both sporadic and familial ALS.
Indeed, patients with ALS arising from mutations in SOD1 and
C9orf72, as well as patients with no known mutations, exhibit
cortical hyperexcitability (Vucic and Kiernan, 2006; Vucic et al.,
2008; Williams et al., 2013; Geevasinga et al., 2015). Our findings
using a mouse model demonstrating stage-dependent alterations
in neuronal function in ALS mice highlight the dynamic changes
that occur in cortical circuits during neurodegeneration and have
important implications for identifying cell- and stage-specific
therapeutic targets. The approaches taken here to evaluate the cell
types affected, the time course of these changes, and the impact
on neuronal activity in the intact nervous system provide a means
to assess common responses to distinct ALS mutations in addi-
tional mouse models and to develop therapeutic strategies tai-
lored to specific alterations experienced by cortical neurons.
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