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Cortical hyperexcitability in mouse models and patients 
with amyotrophic lateral sclerosis is linked to 
noradrenaline deficiency
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Margaux Trombini1, Stéphane Dieterle1, Jérôme Sinniger1, Mathieu Fischer1, Frédérique René1, 
Zeynep Gunes3,4, Pascal Kessler7, Luc Dupuis1, Pierre-François Pradat2,8, Yannick Goumon6, 
Romain Goutagny5, Véronique Marchand-Pauvert2*§, Sabine Liebscher3,4,9,10*§,  
Caroline Rouaux1*§

Amyotrophic lateral sclerosis (ALS) is a devastating neurodegenerative disease, characterized by the death of up-
per (UMN) and lower motor neurons (LMN) in the motor cortex, brainstem, and spinal cord. Despite decades of 
research, ALS remains incurable, challenging to diagnose, and of extremely rapid progression. A unifying feature 
of sporadic and familial forms of ALS is cortical hyperexcitability, which precedes symptom onset, negatively cor-
relates with survival, and is sufficient to trigger neurodegeneration in rodents. Using electrocorticography in the 
Sod1G86R and FusΔNLS/+ ALS mouse models and standard electroencephalography recordings in patients with 
sporadic ALS, we demonstrate a deficit in theta-gamma phase-amplitude coupling (PAC) in ALS. In mice, PAC defi-
cits started before symptom onset, and in patients, PAC deficits correlated with the rate of disease progression. 
Using mass spectrometry analyses of CNS neuropeptides, we identified a presymptomatic reduction of noradren-
aline (NA) in the motor cortex of ALS mouse models, further validated by in vivo two-photon imaging in behaving 
SOD1G93A and FusΔNLS/+ mice, that revealed pronounced reduction of locomotion-associated NA release. NA defi-
cits were also detected in postmortem tissues from patients with ALS, along with transcriptomic alterations of 
noradrenergic signaling pathways. Pharmacological ablation of noradrenergic neurons with DSP-4 reduced theta-
gamma PAC in wild-type mice and administration of a synthetic precursor of NA augmented theta-gamma PAC in 
ALS mice. Our findings suggest theta-gamma PAC as means to assess and monitor cortical dysfunction in ALS and 
warrant further investigation of the NA system as a potential therapeutic target.

INTRODUCTION
The neurodegenerative disease amyotrophic lateral sclerosis (ALS) 
is primarily characterized by the death of upper (UMN) and lower 
motor neurons (LMN) in the motor cortex and bulbo-spinal seg-
ments, respectively (1). ALS is mostly a sporadic disease, but about 
10% of the cases have a family history, two-thirds of which arise 
from mutations in C9ORF72, SOD1, TARDBP, and FUS genes (2). 

Because of the lack of effective treatments, the disease is fatal within 
only 2 to 5 years upon symptom onset (2). ALS diagnosis is often 
complicated because of clinical heterogeneity and the fact that UMN 
signs are more difficult to detect and can be masked by LMN signs 
(1), which greatly delays treatment initiation and limits inclusion in 
clinical trials. A large body of evidence, however, demonstrates early 
motor cortex impairment in ALS (3, 4). A systematic investigation 
of cortical dysfunction thus bears the great potential for speeding up 
diagnosis and offering critical insight into pathogenesis.

Cortical impairment in ALS is associated with cortical hyperex-
citability, which has been documented in sporadic and familial forms 
of ALS (5–7). It was shown to precede motor symptom onset in 
SOD1 mutation carriers and sporadic ALS cases and to correlate with 
disease severity/progression (5). A corticofugal disease trajectory, in 
which the pathology is initiated in the cortex and spreads along ana-
tomical projections to subcortical regions, was proposed (3). Recent 
studies in rodents further substantiate this notion. Chronic chemo-
genetic stimulation of parvalbumin (PV)–positive interneurons in 
the motor cortex of SOD1G93A mice decreases UMN hyperexcitabili-
ty and downstream LMN degeneration and increases mouse survival 
(8). Furthermore, cytoplasmically mislocalized TDP-43 in UMN of 
wild-type (WT) mice is sufficient to render them hyperexcitable and 
to induce the degeneration of downstream LMN (9).

Cortical hyperexcitability in patients with ALS has been thus far 
mainly assessed by using the gold standard paired-pulse transcranial 
magnetic stimulation (ppTMS) combined with electromyography 
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(5). However, the technique is often limited to the assessment of up-
per limb innervation, hinges critically on functional UMN-to-LMN 
and LMN-to-muscle connections, and can therefore not be imple-
mented throughout disease progression as neurodegeneration ad-
vances. For the same reason, implementations in rodent models, 
which recapitulate UMN and LMN degeneration (6, 7), are ham-
pered. Therefore, alternatives to ppTMS are needed to easily and reli-
ably assess cortical dysfunction. Electroencephalography (EEG) in 
patients and electrocorticography (ECoG) in rodents offer these ad-
vantages through the investigation of brain oscillations and their in-
teractions, without the need for LMN involvement. A phenomenon 
probed in cortical EEG is cross-frequency coupling and, in particu-
lar, phase-amplitude coupling (PAC), which refers to the modulation 
of the amplitude of a fast oscillation by the phase of a slow oscillation 
(10). Cross-frequency coupling in general and PAC in particular are 
seen as a means to coordinate neural activity across different spatial 
and temporal scales, through the interaction between large-scale 
brain networks that oscillate and synchronize at lower frequencies 
(delta, theta, alpha, and beta bands) and fast, local networks that are 
active at higher frequencies and required for effective computation 
and synaptic modification (gamma band) (11). In the neocortex, 
coupling has been reported between the amplitude of broadband 
gamma activity (>30 Hz) and the phase of low-frequency rhythms, 
including delta (0.5 to 4 Hz), theta (4 to 8 Hz), and alpha (8 to 13 Hz) 
(11). PAC is highly dependent on proper excitation/inhibition (E/I) 
balance (11, 12) and was shown to be compromised in neurodegen-
erative disorders, such as Parkinson’s disease (PD) (13, 14) and Al-
zheimer’s disease (AD) (15–18), and in frontotemporal dementia 
(FTD) (19). To our knowledge, PAC has not yet been investigated in 
ALS patients.

Despite evidence for its contribution to ALS pathophysiology in 
patients and rodent models (5, 8, 9), the cellular and molecular 
mechanisms underlying cortical hyperexcitability and LMN degen-
eration remain incompletely understood. Clinical ppTMS studies 
have revealed increased excitation and compromised inhibition, in-
dicating circuit-level deficits (5). Preclinical studies have demon-
strated early postnatal synaptic deficits in SOD1G93A and TDP-43Q331K 
transgenic mice, increased excitation onto UMNs, and increased ex-
citability of cortical neurons in the SOD1G93A, TDP-43A315T (6, 7), 
and Fus∆NLS/+ (20) mouse models of the disease. In addition, several 
lines of evidence indicate an involvement of cell types other than 
UMN, such as inhibitory interneurons (8) or glia cells (21, 22), 
arguing for more complex network changes. However, in addition 
to the main neurotransmitters, glutamate and γ-aminobutyric acid 
(GABA), other neurotransmitters and neuromodulators contribute 
to the fine tuning of motor cortex activity, which are less well stud-
ied (6, 23). These comprise, among others, serotonin, whose homeo-
stasis is impaired in patients with ALS and mouse models of the 
disease (24, 25); dopamine, which is prominently altered in PD (26); 
and noradrenaline (NA), impaired in PD and AD (27, 28). Given the 
compelling evidence for an involvement of neuromodulators in the 
pathophysiology of other neurodegenerative diseases, we here hy-
pothesized that they also play a role in ALS.

Using ECoG and EEG recordings in mice and humans, respec-
tively, in vivo two-photon imaging in behaving mice, liquid chro-
matography–mass spectrometry (LC-MS), and histology and 
transcriptomics of human and mouse tissues, we here show that 
deficits in PAC are a traceable phenomenon in patients with ALS and 
mouse models, which was associated with cortical NA deficits. We 

also show that NA reduction can be successfully targeted pharmaco-
logically, which acutely mitigates cortical hyperexcitability in mice.

RESULTS
Sod1G86R and FusΔNLS/+ mice display increased susceptibility 
to pentylenetetrazol
We first wanted to investigate whether the cortical hyperexcitability 
described in patients with ALS translates into broader cortical net-
work dysfunction and cortical hyperexcitability in ALS mouse 
models. To address these questions, we chose the BAC transgenic 
Sod1G86R mouse model of ALS, maintained on the FVB/N back-
ground (29), and the knock-in Fus∆NLS/+ mouse model of ALS and 
FTD, maintained on the C57Bl/6J background (30), for their genetic 
and phenotypic complementarity. Transgenic mice overexpressing 
a mutant murine Sod1G86R gene present with initial loss of UMN by 
60 days, muscle denervation, and progressive motor impairments by 
90 days, followed by ultimate LMN degeneration and death of the 
animals by 105 to 120 days of age (Fig. 1A) (29, 31). Knock-in Fus∆NLS/+ 
mice instead express a truncated form of Fus in one of the two en-
dogenous alleles and display spontaneous hyperactivity by 4 months 
and mild motor impairments along with cognitive and behavioral 
deficits by 10 months of age (Fig. 1B) (20, 30). We first submitted 
Sod1G86R and Fus∆NLS/+ to the pentylenetetrazol (PTZ) susceptibility 
test, using ECoG (Fig.  1, A to C). PTZ is a noncompetitive γ-
aminobutyric acid type A (GABAA) receptor antagonist used to un-
ravel network hyperexcitability in animal models of epilepsy and 
neurodegeneration (32, 33). We administered a single subconvul-
sive dose of PTZ (30 mg/kg) to 85-day-old Sod1G86R and 4-month-old 
FusΔNLS/+ animals and respective WT littermates. All injected ani-
mals arrested their behavior without any overt tonic-clonic sei-
zures. We then computed the number of epileptiform-like events in 
ECoG traces before and after PTZ injection (Fig.  1, D to I). In 
Sod1G86R animals, we found significantly increased number of 
events (P < 0.0001, Fig. 1F) and decreased latency to the first event 
(P = 0.0043, Fig. 1G) compared with their WT littermates. We ob-
served the same results in FusΔNLS/+ mice, with significantly in-
creased number of events (P  =  0.03025, Fig.  1H) and decreased 
latency (P = 0.0037, Fig. 1I) compared with WT littermates. Mice 
on the FVB/N background displayed a greater response to PTZ 
than mice on the C57Bl/6J background, in accordance with former 
reports (34, 35). These results indicate that Sod1G86R and FusΔNLS/+ 
mouse models of ALS display cortical network hyperexcitability, re-
vealed by increased susceptibility to PTZ.

Sod1G86R and FusΔNLS/+ mice display impaired 
theta-gamma PAC
To longitudinally assess cortical network dysfunction in mouse 
models of ALS, we further used ECoG recordings to conduct PAC 
analyses (Fig. 2A). Theta-gamma PAC is highly dependent on prop-
er E/I balance (11, 12), with gamma frequency synchrony attribut-
ed to interconnected fast-spiking GABAA-expressing interneurons 
(11) and theta frequency attributed to cortical excitatory neurons 
and more particularly to layer V pyramidal neurons of the human 
brain (36, 37). In addition, rodent and human motor cortices 
were reported to exhibit strong theta-gamma coupling (38–40). 
To assess PAC, we chose the method of the modulation index (MI) 
developed by Tort et al. (41, 42) for its noise tolerance and ampli-
tude independence. We ran longitudinal ECoG recordings from 
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subdural electrodes positioned over the sensorimotor areas (Fig. 1C) 
and performed PAC analyses in rapid eye movement (REM) sleep 
(Fig. 2) and active wakefulness (Fig. 3), two states known to display 
theta-gamma PAC in rodents (43), from the presymptomatic stage 

(45 days) until disease end-stage (105 days) in Sod1G86R mice and 
from presymptomatic (3 months) to symptomatic (11 months) 
stages in FusΔNLS/+ mice. As expected during REM sleep, comodu-
lograms displayed coupling between theta and low gamma (T-LG; 
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around 60 Hz) and theta and high gamma (T-HG; around 120 Hz) 
(Fig.  2, B and C). At the earliest recorded ages, Sod1G86R and 
FusΔNLS/+ animals demonstrated impaired theta gamma PAC dur-
ing REM sleep (Fig. 2, D and E). T-LG PAC was differentially af-
fected in the two mouse lines. Whereas the MI was significantly 
decreased in the Sod1G86R (Fig. 2F; genotype effect: P = 0.0073 in 
mixed-effect analysis), it was not altered in the FusΔNLS/+ animals 
(Fig.  2G). T-HG PAC instead was significantly decreased in both 
mouse lines (Fig. 2, H and I; genotype effect: P = 0.0007 for Sod1G86R 
and 0.0039 for FusΔNLS/+ in mixed-effect analysis), from the first re-
cordings, and remained as such throughout the disease course. 
Power spectrum analysis revealed that LG and HG powers were un-
affected in both lines (fig. S1, A to D). Theta power was significantly 
decreased in Sod1G86R animals (fig. S1E; genotype effect: P = 0.0009 
in mixed-effect analysis) but remained unchanged in FusΔNLS/+ 
mice (fig. S1F). Similarly, total power was significantly decreased 
in Sod1G86R animals (fig.  S1G; genotype effect: P  =  0.0028 in 

mixed-effect analysis) and unchanged in FusΔNLS/+ mice (fig. S1H), 
ruling out the possibility that the decreased T-HG PAC revealed in 
both mouse lines during REM sleep was solely due to a power effect. 
We further analyzed theta-gamma PAC during active wakefulness 
(Fig. 3). As expected for this state of vigilance (43), comodulograms 
displayed only T-LG PAC (Fig. 3, A and B), with lower MIs com-
pared with REM sleep. At the first recorded ages, we found a de-
crease of the MI corresponding to LG frequencies in Sod1G86R 
animals (Fig. 3C) but not in the FusΔNLS/+ mice (Fig. 3D). Decreased 
MI was maintained throughout the whole disease duration in 
Sod1G86R mice (Fig. 3E; genotype effect: P = 0.0004 in mixed-effect 
analysis) but remained unchanged in the FusΔNLS/+ animals com-
pared to controls (Fig. 3F). Decreased T-LG PAC in the Sod1G86R 
line was accompanied by decreased total and theta powers (fig. S2, 
A and B; genotype effect: P  =  0.0022 and 0.0012, respectively, in 
mixed-effect analysis), but LG and HG powers remained unaffected 
(fig. S2, C and D). In FusΔNLS/+ mice, powers remained unchanged 
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except for LG power that was decreased (fig. S2, E to H; genotype 
effect: P = 0.0112 in mixed-effect analysis). Together, the data reveal 
that Sod1G86R and FusΔNLS/+ animals present with common altered 
cortical network function that translates into decreased T-HG PAC 
during REM sleep. In addition, the Sod1G86R mouse model of ALS 
also presents with decreased T-LG PAC during both REM sleep and 
active wakefulness, prompting us to test whether such a phenotype 
could be observed in patients with ALS during wakefulness.

Patients with sporadic ALS display impaired theta-gamma 
PAC in resting state
We performed resting state EEG (rsEEG) recordings and theta-
gamma PAC analyses (Fig. 4A) on 26 patients with sporadic ALS 
(Table 1) and an age- and sex-matched group of 26 healthy individu-
als, focusing on the motor cortex (38–40). Electrodes were located 
above the sensorimotor areas (C3 and C4) and the interhemispheric 
sulcus (Fz, Cz, and Pz) that can also capture EEG signals from neigh-
boring motor cortex, and recording was performed on every par-
ticipant successively with eyes open (EO) and eyes closed (EC). We 
generated comodulograms for each of the five electrodes of both 
patients and controls, in both the EO and EC conditions (Fig. 4B), 
and extracted the mean MI for each condition (Fig. 4C). To evaluate 
the influence of (i) the recording condition (EO versus EC), (ii) the 
recording site (channels), and (iii) the group affiliation (controls 
versus ALS), we built a repeated-measures linear mixed-effect mod-
el (rmLMM). The analysis revealed that theta-gamma PAC was sig-
nificantly stronger in the EO compared with the EC condition 
(P < 0.0001; Fig. 4C and fig. S3A), that the recording site presented 
a significant influence (P < 0.0001; fig. S3B), and that theta-gamma 
PAC was significantly lower in patients with ALS compared with 
controls (P = 0.0043; Fig. 4C and fig. S3C). Post hoc analysis further 
revealed a significant decrease of theta-gamma PAC in patients with 
ALS both in the EO and EC conditions (P = 0.0133 and 0.0194, re-
spectively; Fig.  4C), driven by a selective effect at the level of C3 
(P = 0.0061 and P < 0.0001 in the EO and EC conditions, respec-
tively; Fig. 4C). The signal power in the theta and gamma bands, as 
well as the absolute power, was not statistically different between 
controls and patients with ALS (fig. S3, D to F), ruling out the pos-
sibility that decreased theta-gamma PAC arose from altered powers. 
We further focused our analysis on the C3 channel in the EC condi-
tion that showed the stronger effect (reduced by 63.83% in ALS pa-
tients compared to controls, P < 0.0001) and tested whether EC C3 
theta-gamma PAC correlated with the main clinical features of pa-
tients with ALS. We found no correlation between the patient’s 
mean MI and site of onset (P  =  0.9572; fig.  S4A), UMN score 
(P  =  0.8033; fig.  S4B), revised amyotrophic lateral sclerosis func-
tional rating scale (ALSFRS-r, P = 0.0535; fig. S4C), or disease dura-
tion (P = 0.3822; fig. S4D). However, patients’ EC C3 theta-gamma 
PAC significantly correlated with the disease progression rate 
(P = 0.0323; Fig. 4D). No correlation was found between the abso-
lute power measured of C3 in the EC condition and the main clinical 
features (fig. S4, E to I). Last, stratification of patients into slow and 
fast progressors (Table 1) confirmed that fast progressors displayed 
a significantly lower EC C3 theta-gamma PAC than the slow pro-
gressors (P = 0.0265; Fig. 4E). Together, the data indicate that theta-
gamma PAC recorded in EC conditions over the left sensorimotor 
area (C3) is significantly decreased in patients with sporadic ALS 
compared with healthy controls and correlates with the progressive 
deterioration of motor functions.

Sod1G86R and FusΔNLS/+ mice display altered cortical 
noradrenergic signaling
To test whether altered neurotransmitter signaling could explain 
cortical hyperexcitability in Sod1G86R and Fus∆NLS/+ mice, we con-
ducted LC-MS analyses on microdissected motor cortex samples from 
45-, 60-, and 90-day-old Sod1G86R and 4-month-old FusΔNLS/+ 
mice and their age-matched control littermates to measure the con-
centration of the two main cortical neurotransmitters (glutamate 
and GABA) and relevant neuromodulators (glycine, serotonin, do-
pamine, and NA) (23). In Sod1G86R mice compared with controls, 
glutamate was decreased [genotype effect: P =  0.0189 in two-way 
analysis of variance (ANOVA); fig.  S5A]. GABA was unchanged 
(fig. S5B), but glycine was decreased (genotype effect: P =  0.0040 
respectively in two-way ANOVA; fig. S5C). Whereas dopamine was 
unchanged (fig.  S5D), serotonin was significantly decreased in 
Sod1G86R animals (genotype effect: P = 0.0034 in two-way ANOVA; 
fig. S5E), as already reported (24, 25). None of these neurotransmit-
ters and neuromodulators were affected in the FusΔNLS/+ mice com-
pared to their WT littermates (fig. S5, F to J). NA was significantly 
decreased by 35.24  ±  2.81% in Sod1G86R mice (genotype effect, 
P < 0.0001 in two-way ANOVA; Fig. 5A) and by 19.06 ± 2.65% in 
FusΔNLS/+ mice (P = 0.0019 in two-tailed Student’s t test; Fig. 5A). 
Similar results were observed in the hippocampus and spinal cord of 
Sod1G86R mice (genotype effect: P < 0.0001 in two-way ANOVA for 
both structures; fig.  S6, A and B) but not in the spinal cord of 
FusΔNLS/+ animals (fig. S6C), pointing to differences in the extent of 
noradrenergic depletion across regions of the central nervous sys-
tem and mouse lines. We observed that animals from the Fus∆NLS/+ 
mouse line (WT and mutant) displayed, on average, four times 
higher NA tissue concentration than animals from the Sod1G86R 
mouse line (WT and mutant), which is likely due to their respective 
genetic backgrounds (Fig. 1, A and B), as already reported (44).

To further investigate the origins of decreased cortical NA in 
Sod1G86R and FusΔNLS/+ mice, we labeled and quantified the number 
of tyrosine hydroxylase (TH)–positive NA neurons in the locus coe-
ruleus (LC), which harbors noradrenergic projection neurons in-
nervating the cerebral cortex and spinal cord (fig.  S7), and the 
density of dopamine-beta-hydroxylase (DBH)–positive noradren-
ergic projections to the motor cortex (Fig. 5, B and C). We found an 
overall significant decrease of TH-positive neurons of 20.93 ± 3.04% 
on average in the LC of Sod1G86R mice compared with their WT lit-
termates (mixed-effect analysis, genotype effect: P = 0.0026; fig. S7, 
A and B). However, paired post hoc comparisons revealed a signifi-
cant decrease of TH-positive neurons in the LC of Sod1G86R mice 
only at 45 days (P = 0.0005 at 45 days, P = 0.2114 at 60 days, and 
P = 0.0795 at 90 days). In addition, we did not detect any change in 
soma size (fig. S7C) of TH-positive neurons in the LC of Sod1G86R 
animals. No difference in the number or size of TH-positive neu-
rons was found in the FusΔNLS/+ animals (fig. S7, A to C). However, 
both mouse lines displayed a significantly decreased density of cor-
tical DBH-positive fibers compared with controls (14.4  ±  2.66%, 
genotype effect: P  <  0.0001 in mixed-effect analysis for Sod1G86R 
mice; 7.40  ±  1.15%, P  =  0.0289 in two-tailed Student’s t test for 
FusΔNLS/+ mice; Fig. 5C), arguing for a more pronounced effect of 
the Sod1G86R and FusΔNLS/+mutations on noradrenergic axons than 
on noradrenergic cell bodies. Next, we injected a retrograde adeno-
virus encoding GFP under the human SYNAPSIN promoter into 
the motor cortex of 85-day-old old Sod1G86R and WT littermates 
(fig.  S7D) and quantified the number of GFP-positive neurons 
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present in the LC of the animals 5 days later (fig. S7, E to G). WT 
and Sod1G86R mice displayed comparable amounts of TH- and 
GFP-positive noradrenergic neurons (fig. S7, F and G). Together, 
the data suggest that, in the Sod1G86R and FusΔNLS/+ mouse lines, 
noradrenergic neurons projecting to the motor cortex may not 

undergo degeneration but rather develop with a reduced axonal ar-
borization and complexity.

To evaluate the extent of noradrenergic signaling impairment in 
ALS mouse models, we ran quantitative polymerase chain reaction 
(qPCR) and Western blot analyses on microdissected motor cortices 
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and performed immunofluorescence experiments to assess the ex-
pression of adrenergic receptors and NA degradation enzymes 
(Fig. 5, D to L, and fig. S8). Expression of beta 1 (fig. S8A) and alpha 
2C (fig. S8B) adrenergic receptor genes was unaltered in both mouse 
lines. Contrastingly, alpha 2A and alpha 2B adrenergic receptor 
mRNA expression was decreased in the motor cortex of Sod1G86R 
mice compared with WT (genotype effect in mixed-effect analysis: 
P = 0.0002 for Adra2a and P < 0.0001 for Adra2b; Fig. 5, D and E) 
and of FusΔNLS/+ mice compared with WT (P = 0.0112 for Adra2a 
and P = 0.0042 for Adra2b in two-sided t test; Fig. 5, D and E). Beta 
2 adrenergic receptor gene expression was also decreased in Sod1G86R 
(P = 0.0038) but unchanged in FusΔNLS/+ mice compared to their 
respective WT littermates (Fig. 5F). Western blot analyses revealed 
decreased protein expression of alpha 2B and beta 2 adrenorecep-
tors in FusΔNLS/+ mice (P = 0.0336 for alpha 2B and P = 0.0152 for 
beta 2; Fig. 5, H and I, and fig. S8, D and E) but not in Sod1G86R mice. 
Immunofluorescence further allowed us to reveal and quantify the 
expression of these receptors in neuronal subpopulations of interest 

within cortical layer V, namely, COUP-TF-interacting protein 2 
(CTIP2)–positive excitatory neurons and PV- and somatostatin 
(SST)–positive interneurons (Fig. 5, J to L, and fig. S8, F and G). 
Alpha 2A was overall found to be enriched in CTIP2-positive com-
pared with PV- and SST-positive neurons, and its protein expres-
sion was significantly decreased in CTIP2-positive neurons of 
60-day-old Sod1G86R mice compared with their WT littermates 
(P = 0.0004 in multiple comparisons test; Fig. 5J). Alpha 2B and 
alpha 2C were found to be enriched in CTIP2- and SST-positive 
neurons compared with PV-positive neurons, but their expression 
by these neuronal subpopulations was not affected in Sod1G86R ani-
mals (Fig. 5J and fig. S8F). Noradrenergic impairment was further 
indicated by the differential expression of genes encoding NA deg-
radation enzymes: monoamine oxidases A and B and catechol-​O-
methyltransferase (Maoa, Maob, and Comt). Maoa expression was 
unchanged (fig. S8G), Maob expression was significantly increased 
in Sod1G86R animals (genotype effect: P  =  0.0106 in mixed-effect 
analysis) but not in FusΔNLS/+ animals (P = 0.5319 in two-sided t 

Table 1. Clinical characteristics of the patients with sporadic ALS included in the rsEEG study. List of the patients included in the resting state EEG study 
and their age at recording, handedness, and main clinical features. LL, lower limb onset; B, bulbar onset; UL, upper limb onset. ALSFRS-r and UMN have arbitrary 
units. Disease duration is expressed in months. Progression rate represents the amount of lost points on the ALSFRS-r scale divided by the disease duration and 
is expressed in month−1. Calculation of the mean progression rate of the group of patients with ALS allowed their segregation between fast (individual 
progression rate > mean progression rate) and slow progressors (individual progression rate < mean progression rate).

Patient Age Handedness Site of onset Disease 
duration

ALS-FRSR Progression 
rate

Defined 
progression 

rate

UMN score

ALS 1 73 R LL 60 37 0.183 Slow 0

ALS 2 62 L B 36 34 0.389 Slow 3

ALS 3 63 R LL 18 41 0.389 Slow 2

ALS 4 52 R LL 45 36 0.267 Slow 3

ALS 5 45 R UL 10 44 0.400 Slow 2

ALS 6 63 L LL 15 44 0.267 Slow 3

ALS 7 41 R UL 14 43 0.357 Slow 2

ALS 8 70 L UL 36 40 0.222 Slow 0

ALS 9 80 R LL 15 42 0.400 Slow 0

ALS 10 66 R UL 8 36 1.500 Fast 2

ALS 11 74 R B 8 34 1.750 Fast 3

ALS 12 77 R LL 8 43 0.625 Fast 0

ALS 13 61 R LL 76 41 0.092 Slow 4

ALS 14 72 R LL 37 34 0.378 Slow 2

ALS 15 29 R UL 22 38 0.455 Fast 3

ALS 16 73 R B 11 43 0.455 Fast 3

ALS 17 67 R B 6 47 0.167 Slow 3

ALS 18 59 R LL 3 40 2.667 Fast 0

ALS 19 52 R B 43 39 0.209 Slow 3

ALS 20 46 R UL 31 35 0.419 Fast 3

ALS 21 68 R UL 20 47 0.050 Slow 1

ALS 22 68 R LL 9 40 0.889 Fast 0

ALS 23 42 R UP 7 43 0.714 Fast 2

ALS 24 57 R UP 9 35 1.444 Fast 3

ALS 25 61 R LL 8 40 1.000 Fast 4

ALS 26 52 R LL 7 38 1.429 Fast 4
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test; fig. S8H), and Comt expression was unaffected in Sod1G86R ani-
mals (genotype effect: P = 0.2094 in mixed-effect analysis) but sig-
nificantly increased in FusΔNLS/+ animals (P = 0.0131 in two-sided t 
test; fig. S8I), suggesting different regulatory mechanisms affecting 
each gene in each mouse line. Together, the data indicate that norad-
renergic signaling is impaired in the motor cortex of both Sod1G86R 
and FusΔNLS/+ mouse models of ALS, reflected in decreased NA con-
centration, decreased noradrenergic innervation, and altered ex-
pression of noradrenergic receptors and degradation enzymes.

Behaving SOD1G93A and FusΔNLS/+ mice display compromised 
NA release in the primary motor cortex
We next asked whether NA release was also affected in vivo. Because 
the activity of corticopetal axonal NA projections strongly correlates 
with locomotion (45, 46), we probed running-associated NA release 
by means of in vivo two-photon imaging in a third ALS mouse mod-
el, SOD1G93A mice, as well as in FusΔNLS/+mice and their respective 
WT littermates, while animals were head-fixed moving on a spheri-
cal treadmill (Fig.  6A and fig.  S9). Expression of the genetically 
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Fig. 5. The motor cortex of Sod1G86R and 
FusΔNLS/+ mice exhibits altered NA homeo-
stasis. (A) NA concentration measured by LC-
MS in the motor cortex of 45-, 60-, and 
90-day-old Sod1G86R and 4-month-old FusΔNLS/+ 
female mice and their respective controls (n = 9 
WT and 8 Sod1G86R at 45 days, 10 WT and 10 
Sod1G86R at 60 days, and 8 WT and 8 Sod1G86R at 
90 days; n = 8 WT and 8 FusΔNLS/+). (B) Represen-
tative images of the cerebral cortex of 90-day-old 
WT and Sod1G86R mice and 4-month-old WT and 
FusΔNLS/+ mice after DBH immunolabeling. Scale 
bars, 500 and 100 μm in close-ups. (C) Quantifica-
tions of cortical DBH-positive noradrenergic fi-
ber density in 45-, 60-, and 90-day-old Sod1G86R 
female mice and controls and 4-month-old 
FusΔNLS/+ female mice and controls (n = 6 WT 
and 5 Sod1G86R at 45 days, 6 WT and 4 Sod1G86R 
at 60 days, and 5 WT and 5 Sod1G86R at 90 days; 
n  =  5 WT and 5 FusΔNLS/+). (D to F) Relative 
mRNA expression levels of Adra2a, Adra2b, 
and Adrb2 in the motor cortex of 45-, 60-, and 
90-day-old Sod1G86R and 4-month-old FusΔNLS/+ 
female mice and their respective controls 
(n = 9 WT and 8 Sod1G86R at 45 days, 8 WT and 
8 Sod1G86R at 60 days, and 8 WT and 8 Sod1G86R 
at 90 days; n = 8 WT and 8 FusΔNLS/+). (G to I) 
Quantification of adrenergic receptors 2A, 2B, 
and B2 revealed by Western blot in motor cor-
tex extracts from 90-day-old Sod1G86R and 
6-month-old FusΔNLS/+ mice and their respec-
tive controls (n = 4 female mice per group). 
(J to L) Representative images of the cerebral 
cortex (left) of 60-day-old WT and Sod1G86R mice 
immunolabeling to reveal adrenergic recep-
tors 2A (J), 2B (K), and B2 (L) (white) along with 
CTIP2-, PV-, and SST-positive neurons (red) 
(scale bars, 10 μm) and quantification of the 
receptor expression (right) based on fluores-
cence in the corresponding graphs to the left 
(n = 3 female mice per group). Sod1G86R mRNA 
samples were analyzed by two-way ANOVA fol-
lowed by multiple comparisons test; FusΔNLS/+ 
mRNA samples and protein expression for 
Sod1G86R and FusΔNLS/+ were analyzed by two-
sided unpaired Student’s t test. #P  <  0.05; 
##P <  0.01; ####P <  0.0001 for genotype ef-
fect in two-way ANOVA and *P  <  0.05; 
**P  <  0.01; ***P  <  0.001; ****P  <  0.0001 in 
pairwise comparisons with age-matched WT 
controls. AU, arbitrary units.
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encoded NA indicator GPCR activation-based norepinephrine 
(GRAB_NE1m) was achieved through AAV transduction. We ob-
served an increase in fluorescence, corresponding to NA release, 
associated with running onsets in the primary motor cortex layer 
II/III (Fig. 6, B and C, and fig. S9, A to C). When comparing the 
locomotion-associated signal in early symptomatic SOD1G93A 
(90 days old) and FusΔNLS/+ (4 months old) mice with WT controls, 
we found a strong reduction within −0.5 to +1.5 s of running onset 
[11.18  ±  2.83 in WT versus −0.95  ±  2.42 SOD1G93A, P  =  0.0023 
(Fig.  6D) and 9.88  ±  3.25 in WT versus −4.53  ±  2.58 FusΔNLS/+, 
P = 0.0084, Wilcoxon rank sum test for the area under the curve 
from −0.5 to 1.5 s with respect to locomotion onset (fig. S9D)], il-
lustrating a strong reduction of NA release. To rule out the contribu-
tion of running velocities, we computed the tuning curves of this 
response, by measuring the fluorescence intensity change as a function 
of average running speed within a 3-s window after running onset. The 
tuning curve revealed a positive linear relationship of fluorescence in-
tensity and running velocity in WT mice (y = 0.48x + 0.01, R2 = 0.91, 
slope P = 0.012; Fig. 6E). In SOD1G93A mice, however, there was not 
only a strong overall reduction in locomotion-associated NA release, 
but, moreover, the velocity-dependent increase in fluorescence was 
greatly diminished (y = 0.13x + 0.003, R2 = 0.482, slope P = 0.19, 
difference in slope difference between WT and SOD1G93A P = 0.0148; 
Fig. 6E). A similar reduction was found in FusΔNLS/+ mice (linear fit 

of the maximum values within −0.5 to 1.5 s of the running onset in 
the different velocity bins in WT: y = 0.638x + 0.004, R2 = 0.862 and 
FusΔNLS/+ mice: y = 0.219x + 0.005, R2 = 0.313, intercept difference 
between WT and FusΔNLS/+ P = 0.0462, one-way ANOVA; fig. S9E). 
Because NA release could potentially also occur with a temporal off-
set within a given brain area, we also assessed the synchrony of NA 
release within a given field of view by computing the pairwise cor-
relation coefficient between individual regions of interest (Fig. 6F). 
This analysis revealed no significant difference between WT and 
SOD1G93A mice (P = 0.64; Fig. 6G). Together, our data show that NA 
release is strongly impaired in M1 of SOD1G93A and Fus∆NLS/+ mice.

Patients with sporadic ALS present with altered cortical 
noradrenergic signaling
To assess the relevance of our findings in patients with ALS, we con-
ducted LC-MS analyses on postmortem motor cortex, LC, and spi-
nal cord from sporadic patients and controls (table  S1) and 
performed transcriptomic analyses on postmortem motor and pre-
frontal cortices from sporadic patients and controls. LC-MS analy-
ses revealed a significant decrease of NA in the motor cortex and LC 
of patients compared with healthy controls (P = 0.039 and P = 0.01, 
respectively; Fig. 7A) but not in the spinal cord (Fig. 7A). NA con-
centrations in postmortem samples did not correlate with the age 
of death, neither among the control nor among the samples from 
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Fig. 6. Release of NA in behaving mice is 
strongly diminished in SOD1G93A mice. (A) NA 
release associated with locomotion was assessed 
by in  vivo two-photon imaging of the AAV-
mediated expression of the NA indicator GRAB_
NE1m in head-fixed mice running on spherical 
treadmill. Mean projection of an example field of 
view (FOV) from a WT mouse. Superimposed grid 
demonstrates location and size of regions of in-
terest (ROIs). Representative ROI referenced by 
time with respect to locomotion onset shown on 
the right. (B) Heatmap of fluorescent traces of all 
ROIs in an example FOV of a WT mouse shown in 
(A) across the entire recording session referenced 
by running speed (blue trace on top) and binary 
running epochs (blue area). (C) Averaged 
running-associated response of each ROI for the 
same FOV shown in (B). (D) Average population 
response to locomotion onset of all FOVs in WT 
(black) and SOD1G93A mice (red) [P = 0.0023, two-
sided Student’s t test for the area under the curve 
(gray area), WT: 20 FOV, two male and two female 
mice; SOD1G93A: 20 FOV, two male and three fe-
male mice]. (E) Speed-dependent tuning curve of 
the locomotion-associated NA release (maximum 
value within −0.5 to 1.5 s of running onset, 
gray area) in WT (y  =  0.48x  +  0.01, R2  =  0.91, 
slope P = 0.012, two-sided Student’s t test) and 
SOD1G93A mice (y  =  0.13x  +  0.003, R2  =  0.482, 
slope P = 0.19, slope difference between WT and 
SOD1G93A P  =  0.0148, two-sided unpaired Stu-
dent’s t test). (F) Correlogram depicting pairwise 
correlations (Pearson’s correlation coefficient) of 
individual ROIs in the same FOV shown in (B) and 
(C). (G) Pairwise ROI correlations do not differ be-
tween WT and SOD1G93A mice. *P < 0.05 and **P < 0.01.
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patients (Pearson correlation, P = 0.4409, R2 = 0.1228 for controls 
and P = 0.7306, R2 = 0.01803 for patients; Fig. 7B and table S1). 
Glutamate concentrations were unaltered in the motor cortex and 
spinal cord but significantly decreased in the LC of patients with 
ALS compared with controls (P = 0.003; fig. S10A). GABA concen-
trations were significantly decreased in the motor cortex and LC of 
patients compared with healthy individuals (P = 0.034 and 0.0095, 
respectively; fig. S10B). Last, as expected, serotonin concentrations 
were decreased in the motor cortex of patients compared with con-
trols (P = 0.0078; fig. S10C) but were not significantly altered in the 
spinal cord of patients. Thus, the LC-MS data indicate that patients 
with ALS present with decreased NA in the motor cortex and LC, 
along with decreased GABA in these same structures and decreased 

glutamate in the LC, suggesting multifaceted alterations of proper 
circuit function within these brain regions. Transcriptomic analyses 
revealed significantly decreased expression of ADRA1B [false dis-
covery rate (FDR) = 0.0020], ADRA1D, (FDR = 0.00638), ADRB1 
(FDR = 0.00014), and ADRA2B (FDR = 0.00010; Fig. 7C). Together, 
LC-MS and transcriptomic data indicate that noradrenergic homeo-
stasis is also altered in the motor cortex of sporadic patients.

Experimental modulation of noradrenergic homeostasis 
alters cortical circuit function in WT and Sod1G86R mice
To test whether impaired NA homeostasis could contribute to corti-
cal hyperexcitability and broader network dysfunction, we first ex-
perimentally triggered cortical NA depletion in WT mice, taking 
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advantage of the N-(2-chloroethyl)-​N-ethyl-2-bromobenzylamine 
(DSP-4) neurotoxin that selectively affects noradrenergic neurons of 
the LC (Fig. 8, A to E, and fig. S11) (47). As expected, DSP-4 treat-
ment selectively decreased cortical NA (P < 0.0001; fig. S11A) with-
out affecting the concentrations of glutamate, GABA, serotonin, and 
dopamine (fig. S11A). A first cohort of WT mice underwent a PTZ 
susceptibility test, before and 8 days after DSP-4 injection (Fig. 8A). 
DSP-4 treatment significantly increased PTZ susceptibility by 62.03 ± 
8.26% in these mice (P = 0.0005; Fig. 8, B and C). A second cohort 
of WT mice underwent T-HG PAC measurements during REM 
sleep, before and 48 hours after DSP-4 injection (Fig. 8D). T-HG 
PAC was significantly decreased in mice upon DSP-4 administra-
tion compared with the pretreatment condition (P  =  0.0048; 
Fig. 8E), although theta, high gamma, and total power remained 
unchanged (fig. S11, B to D). DSP-4 administration also induced 
decreased T-LG PAC during REM sleep (P = 0.0098; fig. S11F) that 
might arise partly from overall decreased low gamma power 
(P = 0.0282; fig. S11E). Together, the data indicate that experimen-
tally induced cortical NA depletion is sufficient to trigger cortical 
hyperexcitability as manifested by increased PTZ susceptibility and 
decreased T-HG PAC. This phenotype is reminiscent of that ob-
served in the Sod1G86R and FusΔNLS/+ mouse models of ALS.

Second, we tested whether experimental supplementation of NA 
in Sod1G86R mice would be sufficient to revert cortical hyperexcit-
ability (Fig.  8, F and G). We used a combination of l-threo 
3,4-dihydroxyphenylserine (L-DOPS) and benserazide. L-DOPS is a 
synthetic precursor of NA that is metabolized to NA by the aromatic 
acid decarboxylases. Benserazide is an inhibitor of the aromatic acid 
decarboxylases that does not cross the blood-brain barrier. Thus, 
the combination of L-DOPS and benserazide allows us to increase 
NA concentration selectively in the central nervous system (48). We 
failed to detect an increase of NA in L-DOPS + benserazide-treated 
animals, compared to saline-injected animals, all harvested 12 hours 
postinjection, independent of their genotype (fig. S12A), which like-
ly arises from the very short effect of L-DOPS on NA concentration 
in the central nervous system that peaks 5 hours postinjection (48). 
Glutamate, GABA, and serotonin remained unaffected (fig. S12, B 
to D). T-HG PAC was significantly increased in Sod1G86R animals 
(P = 0.0290 for Sod1G86R; Fig. 8G), without any significant effect on 
theta, high gamma, and total powers (fig. S12, E to G). L-DOPS + 
benserazide injection had no effect on the T-HG PAC in WT ani-
mals (Fig. 8G) but significantly increased both theta and total pow-
ers in these animals (P  =  0.0060 and P  =  0.0039, respectively; 
fig. S12, E and G).

To finally test whether cortical hyperexcitability could be re-
duced over a longer period of time, we selected yohimbine, an alpha 
2 antagonist described to increase synaptic NA concentration by 
blocking presynaptic alpha 2A adrenoreceptors that are responsible 
for the negative feedback on noradrenergic release (49). Chronic 
in  vivo two-photon imaging in 4-month-old FusΔNLS/+mice and 
their WT littermates revealed a significant increase in NA release 
after 10 days of yohimbine treatment (6 mg/kg per day) in WT con-
trol and, to a lesser degree, also in FusΔNLS/+mice (fold change in 
WT: baseline versus day 10, 1.14 + [1.04 1.24], P = 0.0027; day 2 
versus day 10, P  =  0.0047; FusΔNLS/+: baseline versus day 10, 
1.19  +  [0.97 1.29], data are median  +  95% confidence interval, 
P = 0.022; day 2 versus day 10, P = 0.092, all Wilcoxon rank sum 
tests; fig. S13, A to F). Chronic imaging in saline-treated mice in-
stead did not reveal any increase of the fluorescent signal (fig. S13G). 

T-HG PAC was then assessed in WT and Sod1G86R mice during 
REM sleep, before (45 days) and every 10 days upon daily injection 
of yohimbine (Fig.  8H). Yohimbine significantly increased T-HG 
PAC in Sod1G86R mice for at least 20 days (P = 0.0195 and P = 0.0052 
between baseline and 10 and 20 days posttreatment, respectively, in 
mixed-effects analysis followed by multiple comparisons test; 
Fig. 8I), meaning until at least 65 days of age. Last, we tested the 
consequences that a chronic yohimbine treatment, initiated at the 
age of 60 days, has on disease onset, motor phenotype, and survival 
in Sod1G86R mice (fig. S14). The results indicate that the treatment 
did not modify the onset, survival, or symptom severity (fig. S14). 
This lack of efficiency may be attributed to the temporally limited 
effect of yohimbine on cortical hyperexcitability.

Together, these experiments indicate that impaired cortical NA 
homeostasis contributes to cortical hyperexcitability and motor cor-
tex network dysfunction in ALS. Follow-up studies will be needed to 
identify a drug or method to permanently correct NA impairment 
and cortical hyperexcitability in mice before assessing the conse-
quences on symptom onset, progression, and survival.

DISCUSSION
Cortical hyperexcitability has been so far detected in patients with 
ALS using ppTMS protocols (5). The method, however, falls short in 
cases of advanced UMN and LMN dysfunction and degeneration 
that prevent faithful measurements at the level of the muscles. We 
thus sought to provide proof of principle experiments that cortical 
hyperexcitability can be assessed by means of noninvasive EEG mea-
surements, independent of the integrity of the corticospinal pathway 
and neuro-muscular connectivity.

We reasoned that cortical circuit E/I imbalance could be ap-
proached in rodents by combining ECoG with other established 
means, such as the sensitivity to the GABAA antagonist PTZ (32) 
and theta-gamma PAC (11, 12). Compared with their respective 
WT littermates, Sod1G86R and Fus∆NLS/+ mice displayed increased 
sensitivity to PTZ, indicative of a hyperexcitable network. The un-
derlying molecular and cellular mechanisms of this might, however, 
be manifold, including dysfunction of GABAergic inhibitory neu-
rons as well as enhanced excitability of pyramidal neurons (6, 7). 
PTZ is commonly used to probe for an epileptic phenotype in mod-
els of CNS disorders, including AD (33), given that about 10% of 
AD cases display epileptic discharges or seizures (50). To the best of 
our knowledge, such a comorbidity has never been described in 
ALS, and no common genetic risk has been reported (51). Accord-
ingly, neither Sod1G86R nor Fus∆NLS/+ animals displayed any convul-
sive seizures upon the application of PTZ (30 mg/kg), a dose that 
otherwise readily triggers epileptic seizures in animal models of 
tauopathy or FTD (52, 53). Thus, our results suggest that Sod1G86R 
and Fus∆NLS/+ mice recapitulate cortical hyperexcitability.

Cortical E/I imbalance can further be assessed in vivo by EEG/
ECoG recordings combined with PAC analyses. PAC has been re-
ported both in human and rodent brains, between different slow 
and fast frequency bands, and is modulated in a task- and disease-
dependent manner (54). Studies conducted in the motor cortex of 
rats and humans indicate strong theta-gamma coupling in this area 
(38–40). In addition, EEG recordings in patients with chronic hemi-
paretic stroke demonstrated that theta-gamma coupling was in-
creased during brain-computer interface rehabilitation therapy (39). 
The effect was selectively observed in the C3 and C4 channels and 
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selective to theta-gamma PAC (as opposed to alpha-gamma and 
beta-gamma) (39). All these data prompted us to assess theta-
gamma PAC in ALS mouse models and patients over the sensory-
motor areas. We report here that two mouse models of ALS and 
FTD, Sod1G86R and FusΔNLS/+ mice, present with decreased theta-
gamma PAC, already during presymptomatic stages and throughout 
their entire lifetime. Together with their increased susceptibility to 
PTZ, our data suggest that preclinical models of the disease display 
cortical dysfunction reminiscent of cortical hyperexcitability. These 
findings are of translational relevance, because we also found de-
creased theta-gamma PAC in patients with ALS. Compromised PAC 
was not due to changes in absolute power, as described in late-stage 
ALS, when patients enter a locked-in state (55, 56). We found more 
pronounced changes in PAC during REM sleep compared with 

wakefulness in the two mouse models of the disease. In patients 
with ALS, however, the detection of REM sleep episodes is ham-
pered by progressive paralysis, affecting also eye movements (55), 
which complicates this assessment. We thus opted to perform EEG 
recordings in awake patients. Decreased theta-gamma PAC was 
most prominently detected over the left motor area, which could be 
explained by the fact that most of our participants were right-handed. 
Investigations of larger cohorts, including left-handed participants, 
will, however, be needed to address this aspect in more detail. De-
creased theta-gamma PAC did not correlate with UMN impairment, 
indicating its potential to reveal cortical network dysfunction inde-
pendent of UMN damage, noticeably heterogeneous across pa-
tients (1). Decreased theta-gamma PAC correlated instead with 
disease progression, strongly encouraging future studies in patients 
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Fig. 8. NA critically regulates cortical hy-
perexcitability and theta-gamma PAC. 
(A) Schematic representation of the experi-
mental paradigm: PTZ was administered in 
WT mice before each ECoG recording, and 
two EcoG recordings were per formed 
38 days apart from each other, before 
and 8 days after DSP-4 administration to in-
duce noradrenergic fiber degeneration and 
cortical NA depletion. (B) Representative 
ECoG traces after a single injection of PTZ of 
WT animals before or after DSP-4 administra-
tion. (C) Before-after graph representing the 
number of epileptiform-like events trig-
gered by PTZ before and after DSP-4 adminis-
tration (n =  4 WT female mice); two-sided 
paired Student’s t test; ***P < 0.001. (D )  Sche-
matic representation of the experimental 
paradigm: Two EcoG recordings were per-
formed 48  hours apart from each other, 
before and after DSP-4 administration. 
(E) Before-after graph representing the MI of 
T-HG PAC during REM sleep before and af-
ter DSP-4 administration (n = 5 WT animals); 
two-sided paired Student’s t test; **P < 0.01. 
(F) Schematic representation of the experi-
mental paradigm: Two EcoG recordings were 
performed 12 hours apart from each other, 
before and after L-DOPS and benserazide ad-
ministration. (G) Before-after graph repre-
senting the MI of T-HG PAC during REM sleep 
before and after L-DOPS and Benserazide ad-
ministration in Sod1G86R mice and their WT 
littermates (n = 4 WT and 5 Sod1G86R female 
mice); two-sided paired Student’s t test; 
*P  <  0.05. (H) Schematic representation of 
the experimental paradigm: Five EcoG re-
cordings were performed 10 days apart from 
each other, before and during daily yohim-
bine administration. (I) Graph representing 
the MI of T-HG PAC during REM sleep before and 
after yohimbine administration in Sod1G86R 
mice and their WT littermates (n = 7 WT and 6 
Sod1G86R female mice); two-way ANOVA fol-
lowed by multiple comparisons test; *P < 0.05; 
**P < 0.01; in pairwise comparisons between 
untreated and treated Sod1G86R mice.
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with familial ALS and presymptomatic mutation carriers to deter-
mine whether it has the potential to become an indicator of early 
cortical impairment and disease stage in ALS, potentially improving 
diagnosis and prognosis.

Taking advantage of comparable theta-gamma PAC impairment 
in patients with sporadic ALS and mouse models, we strove to gain 
insight into its cellular and molecular mechanisms. We reasoned 
that altered E/I balance could at least in part rely on neuromodula-
tory alterations (23, 57). We observed a mild decrease of glutamate 
in the motor cortex of Sod1G86R mice but not in that of FusΔNLS/+ 
mice or in patients with ALS. GABA was unaltered in the motor 
cortex of the two mouse models but decreased in patients, which 
could reflect a greater impairment of the cortical GABAergic system 
in patients with ALS compared with mouse models. We further con-
firmed a decrease of serotonin in the motor cortex of patients with 
ALS and Sod1G86R mice, in agreement with previous studies (24, 25). 
Most critically, we provide evidence for decreased concentration of 
NA in the motor cortex of patients with sporadic ALS, which was 
conserved in the Sod1G86R, FusΔNLS/+, and SOD1G93A mouse models 
of the disease. Decreased NA concentration was also observed in the 
LC of patients with ALS but not in spinal cord. In the LC of patients 
with ALS, we also found decreased glutamate and GABA that may 
reflect a global functional impairment of this nucleus and could po-
tentially also underlie the noradrenergic deficits observed in both 
the LC itself and the motor cortex of patients. Former HPLC studies 
conducted on spinal cord homogenates from patients with ALS re-
vealed either decreased (58) or instead increased (59) concentration 
of NA. In the cerebrospinal fluid (CSF) of patients with ALS, how-
ever, NA was found to be increased (60–62), which may reflect a 
dysfunction of the central noradrenergic system. Decreased NA 
concentration has so far been mostly reported in AD and PD, in 
which cases it was linked to an early degeneration of the LC (27, 28). 
Whereas histological defects, such as neuronal loss and neurofibril-
lary tangles, were observed in the LC of patients with ALS (63, 64), 
typical pTDP-43 pathology was notably absent (65). This, however, 
does not per se rule out an impairment of noradrenergic neurons. 
Quantification of TH-positive neurons in the LC of Sod1G86R and 
FusΔNLS/+ mice, along with retrograde labeling of LC neurons pro-
jecting to the motor cortex in Sod1G86R mice, excluded the hypoth-
esis of major noradrenergic neuron degeneration in these animals. 
Instead, the decreased noradrenergic fiber density in the motor cor-
tex of Sod1G86R and FusΔNLS/+ mice, along with the increased expres-
sion of Maob and Comt in Sod1G86R and FusΔNLS/+ mice, respectively, 
is likely to contribute to NA deficiency in this region. One can spec-
ulate that decreased NA fiber density or altered LC function may 
similarly contribute to decreased NA release seen in behaving 
SOD1G93A and FusΔNLS/+ animals. NA release is strongly associated 
with wakefulness, and NA neurons of the LC are nearly silent during 
REM sleep, a phenomenon that is at least partly attributed to the 
strong control of the suprachiasmatic nucleus, the central pacemak-
er of the circadian timing system, over the LC [reviewed in (66)]. It 
is thus tempting to speculate that NA release during wakefulness, 
even if diminished in ALS, may partially dampen the otherwise ob-
served cortical hyperexcitability and that the absence of NA during 
REM sleep would further potentiate cortical hyperexcitability. This 
might explain why theta-gamma PAC deficits are more prominent 
during REM sleep than during active wakefulness in ALS mouse 
models. In sum, the mechanisms driving the dysfunction or degen-
eration of NA neurons in the LC as well as reduced NA innervation 

and release in cortical areas of patients with ALS and mouse models 
warrant further scrutiny.

Previous reports have also shown that NA decreases excitation 
by lowering AMPA-mediated glutamatergic transmission through 
Alpha 1 and Alpha 2 adrenoreceptors and increases the synaptic re-
sponses mediated by GABAA receptors (67). Accordingly, LC stimu-
lation was demonstrated to protect epileptic patients from seizures 
(68–70). In addition, both pharmacologically and genetically in-
duced NA deficiency was demonstrated to increase CNS excitability 
in mice, with increased susceptibility to various convulsant agents 
and increased c-Fos expression in the neocortex, hippocampus, and 
amygdala (71, 72). In line with these reports, we also found an in-
crease in cortical excitability assessed upon PTZ challenge, as well as 
a decrease in theta-gamma PAC in WT mice treated with DSP-4. 
Overall, these studies indicate that NA can exert a global inhibitory 
effect on cortical activity and support the notion that NA deficiency 
contributes to cortical hyperexcitability in ALS. We also show that 
both NA supplementation and Alpha 2 blockage in Sod1G86R mice 
can rescue the PAC deficit at least transiently. These data indicate 
that NA deficiency contributes to cortical activity dysregulation and 
that increasing cortical NA can help restore it. We attempted to 
chronically restore NA signaling using yohimbine, which, however, 
only exerted a transient effect on cortical excitability that might ex-
plain the absence of beneficial effect on disease onset and progres-
sion. Additional strategies to maintain NA homeostasis in a more 
sustained manner will be needed to address this important question. 
It is noteworthy that numerous drugs exist that increase central NA 
with indications for attention deficit disorder, narcolepsy, and exces-
sive sleepiness, such as amphetamines, atomoxetine, methylpheni-
date, or solriamfetol (73); or anxiety and depression, such as serotonin 
and NA reuptake inhibitors, antagonists of inhibitory presynaptic 
serotonin, and NA receptors, or inhibition of the monoamine 
oxidase (74). These represent many possible candidates to restore 
central NA homeostasis in ALS mouse models and assess the con-
sequences on disease onset and progression. The risk of depression 
is increased in patients with ALS (75), in which case antidepres-
sants can be prescribed. However, with the exception of rasagiline 
(76), a MAO-B inhibitor, such drugs have, to our knowledge, never 
been directly assessed for their ability to slow down disease pro-
gression in patients with ALS. Apart from their effect on the CNS, 
it is worth mentioning that guanabenz, an alpha 2 agonist, and clen-
buterol, a beta 2 agonist, have been tested in patients with ALS for 
their ability to prevent misfolded protein accumulation or to protect 
muscle mass and strength, respectively, and provided encouraging 
first results (77, 78). Investigating the effect of these drugs on corti-
cal excitability would be of particular interest in the context of our 
results.

There are some limitations to our study, including the methodol-
ogy we have used to assess PAC in rsEGG, which was done over a 
period of 5 min. Given that PAC is not homogeneous over time, 
longer recording times or further segmentation of the recordings 
may in the future reduce the variability of the MI and unravel even 
more pronounced and robust PAC deficits in patients. In addition, 
although patients’ MI negatively correlated with disease progres-
sion, it is noteworthy that the progression rate was calculated from a 
single ALSFRS-r measurement. Future studies will be needed to in-
clude several EEG recordings and corresponding ALSFRS-r assess-
ments to better evaluate how PAC deficits reflect disease progression. 
Another limitation lies in human NA measurements that were 
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performed on postmortem tissues and not from the same individu-
als who underwent EEG recording. Therefore, correlation between 
NA deficits and PAC impairment was not possible, and future stud-
ies will be needed to address this limitation potentially through lon-
gitudinal NA measurements in the CSF.

Together, we here show that compromised theta-gamma PAC is 
present in patients in ALS and mouse models of the disease and 
reflects cortical hyperexcitability, which in turn is at least in part 
driven by NA deficiency. Although the exact mechanisms through 
which NA alterations contribute to cortical hyperexcitability remain 
to be determined, the central noradrenegric system offers a promis-
ing pathway to modulate cortical network dysfunction in ALS.

MATERIALS AND METHODS
Study design
The aims of this study were (i) to test whether cortical hyperexcit-
ability in mouse models and patients with ALS could manifest in 
EEG and ECoG as altered theta-gamma coupling and (ii) to gain 
insight into its cellular and molecular origins. ECoG in the Sod1G86R 
and FusΔNLS/+ ALS mouse models was performed, and theta-gamma 
PAC was characterized and compared with healthy control mice. 
Sample size was estimated on the basis of former studies in rodents 
(17). In vivo two-photon imaging in behaving mice, LC-MS, histol-
ogy, and transcriptomics were used to characterize changes in NA 
signaling in ALS mouse models. Sample size was estimated on the 
basis of former studies (20). All mouse experiments were approved 
by the local ethics committee of Strasbourg University [Comité 
d'éthique en matière d'expérimentation animale de Strasbourg 
(CREMEAS), authorization #12138-2017111016579993 v3] and 
the government of Upper Bavaria. Experiments on presymptomatic 
animals were blinded. EEG data from 26 patients with ALS and 26 
matched healthy controls were obtained. EEG procedures con-
formed to the lasted revision of the Code of Ethics of the World 
Medical Association (Declaration of Helsinki) and were approved 
by the ethics committee of Inserm (protocol C17-70) and by the na-
tional ethical authorities (CPP Ouest II Angers, no. 18.07.11.57804 
2018/58; RCB 2018) and recorded in public register (ClinicalTrials.
gov, NCT03694132). Each participant provided their written in-
formed consent. The PAC analysis in patients is part of a more ex-
tensive study primarily focused on investigating the integration of 
sensory feedback at the cerebral level in ALS, using EEG, magneto-
encephalography (MEG), and magnetic resonance imaging. Using a 
5% alpha risk, we determined a sample size for a t test and its cor-
responding power. The statistical analysis yielded a projected sam-
ple size of 26 individuals, with a test power of 75%. Recordings on 
humans were not blinded because of the motor phenotypes of pa-
tients with ALS. LC-MS on postmortem tissue samples from 9 pa-
tients with sporadic ALS and 7 healthy controls and transcriptomics 
on postmortem tissue motor and frontal cortices from 27 patients 
with ALS and 29 healthy controls were applied to quantify disease-
related changes in CNS NA. Sample size was based on availability of 
tissue samples and transcriptomic data. Patients or families had pro-
vided written informed consent.

Statistics
Data are presented as violin plots with all points and expressed as 
average ± SEM. Mouse data statistical analyses, as well as human 
LC-MS, were performed on Prism 6 (GraphPad). Multiple t tests, 

one-way or two-way ANOVA, or mixed-effect analyses in the case of 
missing values, followed by Fischer’s least significant difference 
(LSD) multiple comparisons post hoc tests, were used to compare 
more than two conditions. Two-sided unpaired Student’s t tests were 
used for comparisons between two conditions, two-sided paired 
Student’s t tests were used to analyze the PTZ susceptibility and PAC 
before and after DSP-4 and L-DOPS + benserazide treatments, and 
one-sided unpaired Student’s t tests were used for comparisons be-
tween two groups of LC-MS human samples. Pearson correlation 
was used to assess human postmortem NA concentration against 
the age at death. Human EEG data analyses were performed on JMP 
Pro 16.0.0 (SAS Institute JMP, Brie Comte Robert, France) using an 
rmLMM. Multiple regression analyses were performed to test the 
correlation between MI and patients’ clinical features in the same 
statistical model. Results were considered significant when P < 0.05.
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