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Abstract 

Amyotrophic lateral sclerosis (ALS) and frontotemporal dementia (FTD) are related neurodegenerative diseases 
that belong to a common disease spectrum based on overlapping clinical, pathological and genetic evidence. 
Early pathological changes to the morphology and synapses of affected neuron populations in ALS/FTD suggest 
a common underlying mechanism of disease that requires further investigation. Fused in sarcoma (FUS) is a DNA/
RNA‑binding protein with known genetic and pathological links to ALS/FTD. Expression of ALS‑linked FUS mutants 
in mice causes cognitive and motor defects, which correlate with loss of motor neuron dendritic branching and syn‑
apses, in addition to other pathological features of ALS/FTD. The role of ALS‑linked FUS mutants in causing ALS/
FTD‑associated disease phenotypes is well established, but there are significant gaps in our understanding of the cell‑
autonomous role of FUS in promoting structural changes to motor neurons, and how these changes relate to disease 
progression. Here we generated a neuron‑specific FUS‑transgenic mouse model expressing the ALS‑linked human 
FUSR521G variant,  hFUSR521G/Syn1, to investigate the cell‑autonomous role of FUSR521G in causing loss of dendritic 
branching and synapses of motor neurons, and to understand how these changes relate to ALS‑associated pheno‑
types. Longitudinal analysis of mice revealed that cognitive impairments in juvenile  hFUSR521G/Syn1 mice coincide 
with reduced dendritic branching of cortical motor neurons in the absence of motor impairments or changes 
in the neuromorphology of spinal motor neurons. Motor impairments and dendritic attrition of spinal motor neurons 
developed later in aged  hFUSR521G/Syn1 mice, along with FUS cytoplasmic mislocalisation, mitochondrial abnormalities 
and glial activation. Neuroinflammation promotes neuronal dysfunction and drives disease progression in ALS/FTD. 
The therapeutic effects of inhibiting the pro‑inflammatory nuclear factor kappa B (NF‑κB) pathway with an analog 
of Withaferin A, IMS‑088, were assessed in symptomatic  hFUSR521G/Syn1 mice and were found to improve cogni‑
tive and motor function, increase dendritic branches and synapses of motor neurons, and attenuate other ALS/
FTD‑associated pathological features. Treatment of primary cortical neurons expressing FUSR521G with IMS‑088 
promoted the restoration of dendritic mitochondrial numbers and mitochondrial activity to wild‑type levels, sug‑
gesting that inhibition of NF‑κB permits the restoration of mitochondrial stasis in our models. Collectively, this work 
demonstrates that FUSR521G has a cell‑autonomous role in causing early pathological changes to dendritic and syn‑
aptic structures of motor neurons, and that these changes precede motor defects and other well‑known pathological 
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features of ALS/FTD. Finally, these findings provide further support that modulation of the NF‑κB pathway in ALS/FTD 
is an important therapeutic approach to attenuate disease.

Keywords Amyotrophic lateral sclerosis (ALS), Frontotemporal dementia (FTD), Motor neuron disease (MND), 
Synapse, Dendrite, Synaptopathy, Fused in sarcoma (FUS), Mitochondria, Cell‑autonomous, Nuclear factor kappa B 
(NF‑κB)

Introduction
Amyotrophic lateral sclerosis (ALS) is the most com-
mon adult-onset motor neuron disease, characterised 
by loss of voluntary movement resulting from degenera-
tion of cortical and spinal motor neurons. Nearly 50% 
of ALS cases also meet the diagnosis criteria for fronto-
temporal dementia (FTD), which is marked by neuronal 
loss in the frontal and temporal lobes that contribute to 
behavioural changes and cognitive abnormalities [1–3]. 
Among FTD subtypes, ~ 40% of patients with behavioral 
variant frontotemporal dementia (bvFTD) develop motor 
neuron dysfunction and meet the criteria for motor neu-
ron disease (FTD-MND) [1, 4]. Similarly, ALS and FTD 
share the pathological feature of aggregated proteins 
such as dipeptide repeats (DPRs) that are transcribed 
from the hexanucleotide repeat expansion within intron 
1 of chromosome 9 open reading frame 72 (C9ORF72) 
[5, 6], TAR-DNA binding protein (TDP-43) [7, 8] and 
fused in sarcoma (FUS) [9–11]. While the majority of 
ALS and FTD are considered sporadic, 10–15% of ALS 
and 10–20% of FTD are identified as familial with an 
inherited genetic risk factor [12]. To date, ALS and FTD 
share at least 17 gene susceptibilities including those for 
C9ORF72, TARDBP (or TDP-43) and FUS [12]. Over 
50 mutations have been identified in the FUS gene and 
account for approximately ~ 5–10% of familial ALS 
and ~ 0.4% of sporadic ALS [9, 10]. Whereas, only a few 
FUS mutations have been identified in familial FTD [13, 
14]. ALS and FTD-linked FUS mutations result in patho-
logical aggregation of FUS, with varying levels of ubiq-
uitination, in the cytoplasm and nucleus of neurons and 
glia throughout the affected regions of the cortex, brain-
stem and spinal cord [9, 10, 15–19]. Based on the overlap 
of clinical, pathological and genetic features of ALS and 
FTD, these diseases are considered to be part of a com-
mon disease spectrum [12]. While significant advances 
have been made in our understanding of ALS/FTD, there 
is no consensus as to how these diseases are initiated, nor 
are there effective therapeutic strategies for treating the 
vast majority of ALS/FTD cases.

Pathological changes to dendritic and synaptic struc-
tures are common features of all forms of ALS/FTD 
[12]. Post-mortem analysis of motor neurons from ALS 
and FTD cases show dendritic attrition and thinning of 
dendritic branches in the apical and basal dendrites of 

cortical motor neurons [20–23] as well as lower motor 
neurons of patients with motor impairments [24]. Con-
sistent with changes in dendritic branching, alterations 
in synaptic densities are also observed in ALS/FTD [22, 
25–30]. In ALS, the pre-synaptic densities of cortical 
motor neurons are reported to be unchanged, however, 
the number of post-synaptic densities are significantly 
reduced [22, 25]. These findings are consistent with a sig-
nificant loss of pre-synaptic densities around the soma 
and proximal dendrites of lower motor neurons in ALS 
spinal cord tissues [26]. In line with these studies, prot-
eomic and transcriptomic research of human ALS and 
FTD tissues show that changes in synaptic proteins and 
genes are affected in disease [31–34]. Additionally, syn-
aptic loss is found to correlate with disease severity in 
ALS and FTD. Analysis of prefrontal cortex from spo-
radic ALS patients showed that the severity of cognitive 
impairments correlated with the amount of synaptic loss 
and were not due to cortical atrophy or dementia-asso-
ciated neuropathology [25]. Similarly, in  vivo analysis 
of FTD patients with C9ORF72 hexanucleotide repeat 
expansions by positron emission tomography (PET) scan 
revealed reduced synaptic densities in the thalamus of 
pre-symptomatic and extensive synaptic loss in the fron-
totemporal regions of symptomatic patient [35]. Impor-
tantly, these findings indicate that cortical synaptic loss 
occurs early in the pre-symptomatic stages of the disease.

Animal models of ALS/FTD exhibit reduced dendritic 
branching and synaptic loss of motor neurons [36–41], 
including models harbouring FUS mutants [42]. FUS is 
a multi-functional DNA/RNA binding protein involved 
in transcription and several aspects of RNA metabolism 
[43–54]. The majority of FUS mutations identified in 
familial ALS are found mainly within the C-terminal PY-
NLS region of the encoded protein [9, 10] and cause mis-
localisation of this predominantly nuclear protein to the 
cytoplasm [55, 56]. The consequences of these changes 
are shown to affect transcription, mRNA metabolism and 
proteostasis, which in turn affect several aspects of cellu-
lar status and function [57–60]. Indeed, global transgenic 
mice expressing low levels of human FUSR521G develop 
motor and cognitive deficits that correlate with reduced 
dendritic branching of the sensorimotor cortex and lower 
motor neurons, loss of synapses and activation of astro-
cytes and microglia in the brain and spinal cord [42]. 
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Neuron-specific expression of ALS-linked FUS mutants 
in models of disease show similar changes in neuromor-
phology and synaptic loss [61–64] that impact neuronal 
function [63–65]. These studies highlight the importance 
of FUS in regulating neuronal status and the potential 
impact of ALS-linked FUS mutants in the central nerv-
ous system. However, there are still significant gaps in 
our understanding of the cell-autonomous and non-cell 
autonomous role of FUS mutants in promoting structural 
changes to motor neurons, and how these changes relate 
to disease progression.

In the present study, we investigated the cell-auton-
omous effects of the ALS-linked FUS R521G variant on 
dendritic branches and synapses of motor neurons and 
examined how these changes relate to ALS-associated 
pathology. We generated a neuron-specific mouse model 
expressing human FUSR521G, hereafter referred to as 
 hFUSR521G/Syn1 and found that cognitive defects and 
reduced dendritic branching of cortical motor neurons 
occurred in 1-month-old mice in the absence of synaptic 
loss and other pathological markers of ALS/FTD. Lon-
gitudinal analysis of  hFUSR521G/Syn1 mice showed that 
cognitive defects persisted and by 6  months of age dis-
played motor impairments that corresponded with den-
dritic attrition of lower motor neurons and synaptic loss. 
In addition to these changes, 6-months-old  hFUSR521G/

Syn1 mice displayed cytoplasmic mislocalisation of 
FUSR521G, reduced mitochondrial expression of trans-
locase of outer mitochondrial membrane 20 (TOM20) 
indicative of mitochondrial dysfunction [66], and acti-
vation of astrocytes and microglia. Neuroinflammation 
and glial activation are shown to promote neuronal dys-
function and drive disease progression in ALS/FTD [67, 
68]. The therapeutic effects of IMS-088, an inhibitor of 
the canonical NF-κB pathway [69–71], were assessed in 
 hFUSR521G/Syn1 mice and found to improve cognitive and 
motor function and promote the restoration of dendritic 
branches and synapses of motor neurons. Moreover, 
treatment of  hFUSR521G/Syn1 mice with IMS-088 attenu-
ated glial activation and restored nuclear FUSR521G 
localisation and mitochondrial expression of TOM20 in 
neurons. In  vitro studies showed that treatment of pri-
mary cortical neurons expressing FUSR521G with IMS-
088 promoted an increase in dendritic mitochondrial 
numbers and mitochondrial activity to similar levels 
found in wild-type cultures, suggesting that inhibition of 
NF-κB has a therapeutic effect on mitochondrial stasis 
in our FUSR521G models. Collectively, this work dem-
onstrates that FUSR521G has a cell-autonomous role 
in causing early pathological changes to dendritic and 
synaptic structures of motor neurons, and that these 
changes precede motor defects and other well-known 
pathological features of ALS/FTD. Additionally, we 

found that neuron-restricted expression of FUSR521G 
promotes non-cell autonomous effects on glial activa-
tion in  hFUSR521G/Syn1 mice. Finally, our findings suggest 
that targeting the canonical NF-κB pathway is a potential 
therapeutic strategy for stabilizing dendritic structures 
and maintaining corticospinal connectivity in patients 
with ALS/FTD.

Materials and methods
Mouse models
All animal studies were carried out using protocols 
approved by the Canadian Council on Animal Care 
(CCAC) and by the Université Laval Committee on Eth-
ics and Animal Research. Human FUSR521G/Syn1Cre 
 (hFUSR521G/Syn1) mice were generated by crossing CAG-
Z-FUSR521G-IRES-EGFP (strain #682) mice [42] with 
Tg(Syn1-cre)671Jxm (strain # 003966), where the trans-
genic expression of Cre-recombinase in these mice is 
regulated under the control of the Synapsin 1 promoter 
[72], to generate neuron-specific  hFUSR521G/Syn1 trans-
genic mice.  hFUSR521G/Meox mice were generated as pre-
viously described [42]. Genotypes of all animals were 
determined by PCR, using the following primers: FUS: 
(forward: 5′ GAC CAG GTG GCT CTC ACA TG 3′); 
(reverse: 5′ GTC GCT ACA GAC GTT GTT TGT C 3′) 
and Cre: (forward: 5′ GGA CAT GTT CAG GGA TCG 
CCA GGC 3′); (reverse: 5′ GCA TAA CCA GTG AAA 
CAG CAT TGC 3′).

Behavioral testing
Behavioral tests were performed as previously described 
[42], and briefly detailed below. Longitudinal testing of 
mice was performed in order to capture the progressive 
cognitive and motor decline that is observed in ALS/
FTD. In this study, the same mice were used for all time 
points. The number of mice tested for each experimen-
tal condition test included 14 (6M:8F) littermate controls 
(+ / + ; + / + , + / + ; + /Cre, Tg/ + ; + / +) and 12 (5M:7F) 
 hFUSR521G/Syn1 transgenic (Tg/ + ; + /Cre) mice.

Novel object recognition test
This test is used to assess recognition memory [73]. On 
the first day of testing, mice were habituated to an empty 
testing arena for 5 min. On the second day, mice were 
presented with two identical “familiar” training objects 
for 5 min. After 24 h of completing the second day of 
training, the probe tests were carried out. The animals 
were exposed to the same arena, where they were pre-
sented with one familiar object and one novel object. The 
time of the interactions with each object were recorded 
for 5 min. Interactions were defined as nosing, touching, 
and sniffing.
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Passive avoidance
This is a fear-aggravated test used to assess learn-
ing and memory in a fear-aggravated environment 
[74]. The testing apparatus consisted of light and dark 
compartments of equal size that are separated by a 
guillotine door. The first day of the test, mice were 
habituated in the testing arena. Each mouse was placed 
in the light compartment and after 30  s the door was 
opened, allowing the animal to cross to the dark cham-
ber. On the second day, mice were again placed in the 
light compartment and after 30 s the door was opened. 
Immediately after entry of each mouse into the dark 
chamber an electrical foot shock (0.5  mA for 2  s) was 
delivered. On the third day of the test, each mouse was 
again placed in the light compartment and after 5 s the 
door was opened. The latency to enter the dark com-
partment was measured for a maximum of 5 min.

Hindlimb splay
This test is used to assess hindlimb strength [42]. Mice 
were held vertically at the mid-point of the tail 50 cm 
above a layer of soft bedding for a maximum of 30 s. 
Mice were scored as follows: 0 = both hindlimbs com-
pletely retracted; 1 = both hindlimbs partially retracted; 
2 = one hindlimb retracted; 3 = hindlimbs splayed away 
from the abdomen.

Wire hanging test
This test is used to measure motor function by assess-
ing limb strength [75]. Mice were placed on a wire 50 
cm above a layer of soft bedding and the latency to fall 
was measured. Three attempts per mouse were made 
over three consecutive days for a maximum of 5 min 
per attempt.

Grip test
This test is used to measure motor function by assess-
ing limb strength [42]. Mice were placed on a metal 
grid maintained horizontally 35 cm above a layer of soft 
bedding. The metal grid was inverted and the latency of 
the mice to fall was measured. The test was conducted 
over three consecutive days for a maximum of 3 min 
per attempt and three attempts per mouse.

Rotarod
This test is used to measure motor function [42]. Mice 
were placed on a stationary rotarod which was acceler-
ated at 0.1rpm/s for a total of 5 min. The latency time 
to fall from the rod was recorded for each mouse. Each 

mouse was tested four times a day over two consecutive 
days with an intertrial interval of 10 min.

IMS‑088 treatment of  hFUSR521G/Syn1 mice
IMS-088 was provided by IMSTAR therapeutic (Van-
couver, Canada).  hFUSR521G/Syn1 mice were treated with 
30mg/kg IMS-088 or vehicle (0.9% saline with 2.5% 
Tween-80 and 5% DMSO) by gavage daily for 8  weeks. 
Behavior testing was performed during the last 12 days 
of the treatment period. The number of mice tested for 
each experimental condition test included 12 (6M:6F) 
vehicle treated littermate controls (+ / + ; + / + , + / + ; + /
Cre, Tg/ + ; + / +), 9 (5M:4F) vehicle treated  hFUSR521G/

Syn1 transgenic (Tg/ + ; + /Cre) and 9 (4M:5F) IMS treated 
 hFUSR521G/Syn1 transgenic (Tg/ + ; + /Cre) mice.

Western blotting
Tissues were homogenized in lysis buffer contain-
ing 50 mM Tris pH8.0, 140 mM NaCl, 1 mM EDTA 
pH8, 1% Triton X-100, 0.1% Na-deoxycholate sup-
plemented with fresh 1 mM DTT, protease inhibitors 
(Sigma, 11,836,170,001) and 1X PHosSTOP (Sigma, 
04906845001). Lysates were incubated for 30 min on ice 
and centrifugated at 18 000×g for 25 min at 4 °C. Cleared 
lysates were collected and boiled in 1X Laemmli buffer, 
5 min at 95 °C. Protein samples were separated on a 10% 
SDS-PAGE and transferred to nitrocellulose membranes 
for Western blotting as previously described [18, 54]. 
Membranes were blocked with 5% non-fat dried skim 
milk in Tris-buffered saline containing 0.1% (w/v) Tween 
20 (TBST) for 1h at room temperature (RT), and incu-
bated with primary antibodies (Table  1) overnight at 
4°C. After washing three times for 10  min with TBST, 
the membranes were incubated with fluorescent LI-COR 
secondary antibodies for 1  h at RT, washed three times 
for 10 min with TBST and imaged using the LI-COR 
Odyssey imaging system.

Primary neuron cultures
Dissociated cortical neurons were prepared from neo-
natal  hFUSR521G/Meox and littermate control pup (P0–P2) 
cortices as described previously [18]. Cells were plated 
at a density of 50 cells/mm2 on glass coverslips laminin-
coated on a PDL layer (Neuvitro Corporation). Complete 
Neurobasal media was supplemented with serum-free 
B-27™ (50:1; Gibco, 17,504,001), penicillin/streptomy-
cin (50  U/mL; 50  μg/mL; Gibco, 15,140,148) and 0.5 
mM L-GlutaMAX (Invitrogen, 35,050,061). When plat-
ing cells, fetal bovine serum (5%; Hyclone SH30071.03) 
was added to complete Neurobasal media. To limit 
the proliferation of non-neuronal cells, cultures 5 days 
in  vitro (DIV5) received a half media change of serum-
free growth medium containing Ara-C (5  µM; Sigma, 
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C1768). Neurons were fed twice a week by replacing half 
of the conditioned medium with fresh complete Neu-
robasal media. Treatment of primary cultured neurons 
with Vehicle (1X PBS) or IMS-088 (1 µM, 2h) occurred at 
14–15 days in vitro (DIV). Mitotracker Orange (100 nM, 
CMTMRos, M7510) was added to the culture media 30 
min before the end of the treatments and incubated at 
37 °C.

Immunofluorescence
Mice were anesthetized with ketamine/xylazine 
(100mg/kg/10mg/kg) and perfused with 0.9% saline 
and 4% paraformaldehyde (PFA). Brain and spinal cord 
were post-fixed in 4% PFA for 24 h at 4°C, then trans-
ferred to a 30% (w/w) sucrose solution for 24–48  h at 
4 °C. Tissues were sectioned to a 40 µm thickness using 
a microtome (Microm HM430, ThermoFisher). Tis-
sue sections were washed three times with 1X PBS for 
10 min, followed by a 1 h incubation in blocking solu-
tion containing 3% BSA, 5% normal goat serum (NGS), 
0.3% TritonX-100, 0.02% NaAz in 1X PBS. Sections 
were incubated overnight at 4  °C in primary antibod-
ies (Table  1) diluted in incubation solution containing 
1% BSA, 3% NGS, 0.3% Triton X-100, 0.02% NaAz in 
1X PBS. The next day, sections were washed three times 

with 1X PBS, followed by a 2 h incubation at RT with 
Alexa-Fluor-conjugated secondary antibodies (Table 1) 
diluted in incubation solution. Sections were washed 
three times for 10  min with 1X PBS and mounted in 
Vectashield mounting media (Vector Laboratories, 
VECTH1200). Imaging of the motor cortex and ven-
tral horn of the spinal cord was performed using a 
Zeiss LSM710 inverted confocal and imaged as z-stacks 
(1–2 µm steps per stack) from 3–4 biological replicates 
per group. Maximum intensity projection images for 
5–7 images per biological replicate were analysed in Fiji 
ImageJ using the signal intensity measuring tool. No 
background subtraction was applied in the analysis and 
all normalization was performed relative to littermate 
control mice.

Motor neuron analysis was performed on lumbar 
spinal cord sections stained with anti-choline acetyl-
transferase (ChAT) and anti-NeuN (Table 1) to label cho-
linergic motor neurons. Confocal images were captured 
as described above and motor neurons were classified 
as being ChAT and NeuN positive and with a cell body 
diameter > 100 µm. Cell body diameter of motor neurons 
was determined using the Fiji ImageJ selection tool. 7–10 
tissue sections were quantified per animal from 3–4 bio-
logical replicates per group.

Table 1 List of antibodies

Antibody Species Dilution Company Catalog no

Acetylated p65 (acetyl K310) Rabbit 1:1000 Abcam ab19870

Alpha‑bungarotoxin‑647 conjugate Mouse‑Conjugated 1:500 Thermo scientific B35450

Beta‑Actin Mouse 1:30,000 Cell Signaling Technology 3700

CD11b Rat 1:200 BioRad MCA711

ChAT Goat 1:500 Sigma‑Aldrich AB144p

GFAP Chicken 1:500 Sigma‑Aldrich AB5541

Human FUS Rabbit 1:500 Produced by Yu lab [42] N/A

Iba1 Rabbit 1:500 Wako 019‑19741

MAP2 Chicken 1:500 Abcam AB5392

MAP2 Mouse 1:500 Sigma‑Aldrich MAB3418

NeuN Mouse 1:500 Sigma‑Aldrich MAB377

Neurofilament light Mouse 1:1000 Cell Signaling Technology 2835

SV2 Mouse 1:1000 DSHB SV2

Synaptophysin Mouse 1:500 Synaptic System GmbH 101–011

TOM20 Rabbit 1:500 Santa Cruz Biotechnology sc‑11415

Total FUS Rabbit 1:500 Sigma‑Aldrich HPA008784

Alexa Fluor 488 goat anti‑chicken Chicken 1:500 Abcam ab150169

Alexa Fluor 488 goat anti‑mouse Mouse 1:500 Life technologies A11001

Alexa Fluor 488 goat anti‑rabbit Rabbit 1:500 Life technologies A11034

Alexa Fluor 546 goat anti‑mouse Mouse 1:500 Life technologies A11030

Alexa Fluor 546 goat anti‑rabbit Rabbit 1:500 Life technologies A11035

Alexa Fluor 647 goat anti‑mouse Mouse 1:500 Life technologies A21236

Alexa Fluor 647 goat anti‑rabbit Rabbit 1:500 Life technologies A21245
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Neuromuscular junction (NMJ) staining was per-
formed on gastrocnemius muscle isolated from PFA-
perfused mice. Muscles were frozen, embedded with 
O.C.T and longitudinally cut at a 30 µm thickness using 
a cryostat (Thermo Scientific NX50). Sections were 
incubated with primary antibodies synaptophysin and 
neurofilament light (Table 1) overnight at 4 °C. The next 
day, sections were washed three times with 1X PBS for 
5 min each, followed by an incubation with secondary 
antibodies and alpha-bungarotoxin (Table  1) for 2  h at 
RT. Sections were then washed three times with 1X PBS 
and mounted with Vectashield mounting media. NMJs 
images were obtained by confocal microscopy described 
above. NMJs were manually classified as innervated, par-
tially denervated and totally denervated as previously 
described [42], from 20 to 50 individual NMJs from 3 to 5 
biological replicates per group.

Primary cortical neurons (DIV14-15) were fixed with 
4% PFA solution pre-warmed at 37 °C for 10 min at RT. 
Fixed cells were washed three times with 1X PBS for 5 
min each and then incubated for 30 min with a blocking 
solution containing 10% NGS, 0.2% Triton X-100, 0.1% 
NaAz in 1X PBS. Cells were then incubated with primary 
antibodies (Table 1) diluted in blocking/permeabilization 
solution at 4 °C overnight. Cells were washed three times 
with 1X PBS, followed by 1 h incubation at RT with sec-
ondary antibodies diluted in blocking/permeabilization 
solution. Cells were washed three times with 1X PBS and 
then mounted with ProLong Gold Antifade mounting 
media containing DAPI (Thermo Fisher, P3635). Z-stack 
confocal images of neurons were obtained by confo-
cal microscopy as described above. Mitochondria were 
labelled using Mitotracker Orange or TOM20 and ana-
lysed in IMARIS using the spot-detection function. An 
arbitrary mean quality threshold was used to detect mito-
chondria. The number, volume and area of the different 
mitochondria were calculated and presented as mean per 
cell analysed (for Mitotracker Orange) or mean per soma 
analysed (for TOM20). Analysis of mitochondria in the 
cell body and dendrites was performed by manual selec-
tion using MAP2 from 18 individual neurons from 3 to 4 
biological replicates per group.

TMRM live‑cell imaging on mice cortical neurons
Primary cortical neurons were plated at 50 cells/mm2 on 
glass coverslips (Ibidi USA, #80,426) that were laminin-
coated on a PDL layer. At DIV14-15 neurons were treated 
with vehicle or IMS-088. Tetramethylrhodamine, methyl 
ester  (TMRM, 50  nM, ThermoFisher, # I34361), a red–
orange fluorescent dye that is readily sequestered by 
active mitochondria, was added to the cultures 30 min 
before live-cell imaging. Cultures were washed in 1X PBS 
and media was replaced with conditioned neurobasal 

media before z-stack images (1 µm step per stack) were 
captured at a constant temperature of 37 °C and 5.0% of 
 CO2 using a Zeiss LSM710 inverted confocal. TMRM 
signal intensity was analysed as described above from 8 
to 15 individual neurons from 3–4 biological replicates 
per group.

Golgi staining and morphological analysis
Mouse brain and spinal cords were used for Golgi stain-
ing using a kit (FD Rapid GolgiStain™ kit) according to 
the manufacturer’s instructions. Tissues were incubated 
at RT in A and B solutions (1:1) for 2 weeks in the dark, 
followed by incubation in solution C at 4  °C for 48  h. 
Tissues were then frozen in O.C.T, sectioned at 100 µm 
thickness using a Thermo Scientific Cryostat NX50, and 
mounted on gelatine-coated slides (1% gelatin and 0.1% 
chromium potassium sulfate dodecahydrate). After com-
pleting the Golgi staining according to the kit instruc-
tions, sections were covered with Permount mounting 
media (Fisher Scientific, SP15-100) and stored at RT in 
the dark until analysis.

Cortical and spinal motor neuron images were taken 
with an AxioImager.M2 microscope. Cortical neurons 
from layers IV–V of the M1 and M2 regions and motor 
neurons with a cell body diameter > 100 µm located at the 
ventral horn of the spinal cord were selected for the anal-
ysis. Motor neurons were 3D reconstructed using Neu-
rolucida 360 software (MBF Bioscience, Williston, VT) 
using the ‘soma detector’ tool and the dendritic recon-
struction ‘smart-manual’ option. Reconstructed neuronal 
tracing files were analysed in Neurolucida Explorer for 
Sholl analysis. Sholl analysis was performed starting a 
10 µm from the cell body with 5 µm increasing intervals 
throughout the whole neuronal tracing.

Spine detection was performed in Neurolucida 360 in 
the first 100 µm of the apical dendrite of cortical motor 
neurons, then spines were classified according to their 
shape in thin, filopodia, stubby and mushroom/mature. 
Spine density was calculated from 30 to 100 µm distance 
from the soma. Sholl and spine analysis was performed 
on 10 individual motor neurons from 3 biological repli-
cates per group for a total of 30 neurons.

Statistics
All statistical analyses were performed using Graph-
Pad Prism 8 (GraphPad, San Diego, CA). One-way and 
two-way ANOVA analyses used the Bonferroni post-
hoc test. All values given in the text and figures indicate 
mean ± standard error of the mean (SEM). The level of 
significance was specified as follows: * p < 0.05, ** p < 0.01, 
***p < 0.005 and **** p < 0.001.
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Results
Neuronal expression of FUSR521G causes cell‑autonomous 
defects in neuromorphology that precede motor 
impairment
Autosomal dominant FUS mutations are associated 
with familial forms of ALS/FTD [9, 10]. Previously, we 
established and characterised the CAG-Z-FUSR521G-
IRES-EGFP transgenic mouse model, in which the 
human FUSR521G transgene is conditionally expressed 
when crossed with a mouse line containing Cre recom-
binase [42]. This work showed that global expression of 
human FUSR521G at low levels in mice caused cogni-
tive and motor defects, dendritic attrition, synaptic 
loss and glial activation resembling ALS/FTD [42]. To 
investigate the cell-autonomous effects of expressing 
FUSR521G in neurons and this contribution to ALS/

FTD-associated phenotypes, the CAG-Z-FUSR521G-
IRES-EGFP transgenic mice were crossed with Syn1Cre 
mice (Fig.  1a), hereafter referred to as  hFUSR521G/Syn1. 
 hFUSR521G/Syn1 mice were born at normal Mendelian 
ratios (Fig.  1b) and showed no significant differences 
in weight compared with littermate controls (Fig.  1c). 
FUSR521G expression was found to be restricted 
within the nucleus of NeuN-positive neurons and dis-
tributed evenly throughout the brain and spinal cord 
of  hFUSR521G/Syn1 mice (Fig. 1d–f and Additional file 1: 
Figs. S1 and S2). These findings confirm the neuronal 
restricted expression of FUSR521G in this model.

Loss of motor function and cognitive deficits are 
reported in ~ 50% of ALS cases [1–3]. Behavior analy-
sis of  hFUSR521G/Syn1 mice was conducted longitudinally 
to assess the effects of neuronal restricted expression of 
FUSR521G on motor and cognitive function. Beginning 

Fig. 1 Generation of neuron‑specific  hFUSR521G/Syn1 mice. a Schematic of human FUSR521G/Syn1Cre  (hFUSR521G/Syn1) mice generation. b Mendelian 
ratios of offspring genotypes from 56 intercrosses between CAG‑Z‑FUSR521G‑IRES‑EGFP and Syn1Cre mice. The numbers indicated in brackets are 
the number of mice for each genotype. c Weight curve of  hFUSR521G/Syn1 and littermate control mice 6–8 mice per group. d Immunoblot of lysates 
from indicated tissues of 1‑month‑old littermate control (CTL) and  hFUSR521G/Syn1 mice. Proteins are detected with antibodies against total FUS 
(tFUS) and the loading control β‑Actin. The lower molecular weight band in the immunoblot corresponds with endogenous mouse FUS (mFus). The 
higher molecular weight band in the immunoblot corresponds with human FUSR521G protein (hFUS) expressed in the brain and spinal cord tissues 
of  hFUSR521G/Syn1 mice. The brain and spinal cord of CTL and  hFUSR521G/Syn1 mice stained with anti‑NeuN (neuron marker), DAPI (nuclear marker) 
and e anti‑hFUS or f anti‑tFUS. hFUS is only detected in NeuN positive cells in the cortex and spinal cord of FUS transgenic mice
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at 1 month of age,  hFUSR521G/Syn1 mice were assessed for 
cognitive function using novel object recognition and 
passive avoidance tests.  hFUSR521G/Syn1 mice had sig-
nificant cognitive impairments compared to littermate 
controls (Fig.  2a–d). Motor function was also assessed 
using the hindlimb splay, wire hanging and rotarod tests, 
but no motor impairments were observed in 1-month-
old mice (Fig.  2e–h). Cognitive impairments persisted 
throughout the longitudinal analysis of the  hFUSR521G/

Syn1 mice (Fig.  2a–d and Additional file  1: Fig. S3a and 

S3b). By 6 months of age,  hFUSR521G/Syn1 mice displayed 
modest motor deficits (Fig.  2e–h) that progressed to 
significant motor impairment by 8  months of age and 
worsened with age (Fig. 2e–h and Additional file 1: Fig. 
S3c–f). No sex-differences in behavior were observed in 
 hFUSR521G/Syn1 mice (Additional file  1: Fig. S4). Severe 
motor impairments observed in 12-months-old mice 
also corresponded with a significant loss of motor neu-
rons in the ventral spinal cord along with denervation of 
neuromuscular junctions (NMJs) (Additional file  1: Fig. 

Fig. 2 Neuronal expression of FUSR521G causes cell‑autonomous defects in cognitive and motor function. a Schematic of the novel object 
recognition test. b  hFUSR521G/Syn1 mice display significantly lower interaction time with the novel object (N) compared to the familiar object (F), 
and littermate control (CTL) mice spend more interaction time with the novel object. c Schematic of the passive avoidance test. d  hFUSR521G/Syn1 
mice display reduced latency time in entering the dark compartment compared to CTL mice. e  hFUSR521G/Syn1 mice display motor impairments 
in hindlimb splay at 8 months of age compared to CTL mice. f Image shows impaired hindlimb splay of  hFUSR521G/Syn1 mice. g  hFUSR521G/Syn1 mice 
display grip weakness in the wire hanging test at 6 and 12 months of age compared to CTL mice. h  hFUSR521G/Syn1 mice display signs of motor 
impairments in the rotarod test at 6 months and significant motor impairments at 12 months of age compared to CTL mice. Values from each 
group are expressed as mean ± SEM. Statistics uses an unpaired Student’s t‑test for comparison between two groups (n = 12  hFUSR521G/Syn1 and n 
= 14 CTL mice/group). *p < 0.05, **p < 0.01, ***p < 0.005 ****p < 0.001, and not significant (ns)



Page 9 of 21Pelaez et al. Acta Neuropathologica Communications          (2023) 11:182  

S5). These findings indicate that neuron-specific expres-
sion of FUSR521G affects neuron populations involved 
in both cognitive and motor functions in  hFUSR521G/Syn1 
mice.

ALS-FUS variants cause loss of dendritic branching 
of motor neurons and decreased synaptic densities in 
ALS/FTD models of disease [42, 61–64], but it is unclear 
when these changes occur relative to motor decline. To 
address this question, the dendritic structures of cortical 
and spinal motor neurons of  hFUSR521G/Syn1 mice were 
analysed at different stages of motor decline. In 1-month-
old  hFUSR521G/Syn1 mice, there was a significant reduction 
in dendritic branching and cumulative area of cortical 
motor neuron dendrites (Fig.  3a, b), but no changes in 
cortical motor neuron spine density (Fig.  3c, d). Con-
sistent with no observed deficits in motor function 
in 1-month-old  hFUSR521G/Syn1 mice (Fig.  2e–h), den-
dritic branches of spinal motor neurons were unaltered 
(Fig. 3e, f ). In 6-months-old  hFUSR521G/Syn1 mice, where 
motor decline is first observed (Fig. 2e–h), more signifi-
cant reductions in dendritic branching (Fig.  3g, h) and 
fewer mature spines and a decrease in spine density are 
observed in cortical motor neurons (Fig. 3i, j). Significant 
dendritic attrition and reduction in cumulative area were 
observed in spinal motor neurons of these mice (Fig. 3k, 
l), which is consistent with motor decline at this age. 
However, loss of spinal motor neurons or denervation of 
NMJs were not detected in 6-months-old  hFUSR521G/Syn1 
mice (Additional file 1: Fig. S6).

Collectively, the analysis of dendritic branching and 
synapses from 1- and 6-month-old mice show that a 
decrease in dendritic branching of cortical motor neu-
rons precedes synaptopathy and dendritic attrition of 
spinal motor neurons in  hFUSR521G/Syn1 mice. Moreover, 
significant changes in dendritic branches of cortical and 
spinal motor neurons and loss of cortical dendritic spines 
coincide with the emergence of motor impairments in 
 hFUSR521G/Syn1 mice. Our findings indicate that neuronal 
defects begin in the motor cortex of  hFUSR521G/Syn1 mice 
and descend to the spinal motor neurons to promote 
motor impairments, which supports the hypothesis that 
ALS starts in the cortical motor neurons, descends to the 
lower motor neurons [76, 77], as opposed to the dying-
back model, which proposes ALS pathology advances to 
the brain a retrograde direction from spinal motor neu-
ron synaptic terminals [78].

Neuron‑specific expression of FUSR521G promotes 
neuropathological features of ALS/FTD
Glial activation, protein mislocalisation and aggregation, 
and mitochondrial impairments are neuropathologi-
cal features of ALS/FTD implicated in the manifestation 
of the disease [12]. It is unclear how these pathological 

features relate to behavioral deficits, and changes in 
neuromorphology and synapses in  hFUSR521G/Syn1 mice. 
1- and 6-month-old  hFUSR521G/Syn1 mice were assessed 
for astrocyte and microglial activation. There was no evi-
dence of glial activation in the brains and spinal cords of 
1-month-old  hFUSR521G/Syn1 mice (Fig. 4a, b). 6-months-
old  hFUSR521G/Syn1 mice had significant astrogliosis in the 
cortex and spinal cord (Fig. 4c, d) and significant micro-
gliosis in the spinal cord (Fig. 4c, d). However, activated 
microglia was not observed in the cortex of 6-months-
old  hFUSR521G/Syn1 mice (Fig.  4c, d). The reason for the 
lack of microglial activation in the cortex of 6-months-
old  hFUSR521G/Syn1 mice is not clear but may reflect the 
reported role of astrocytes in initiating the activation of 
microglia [79–81].

The 1- and 6-month-old  hFUSR521G/Syn1 mice were 
also examined for changes in FUSR521G localisation 
and mitochondrial abnormalities. The subcellular dis-
tribution of FUSR521G remained prominently nuclear 
in 1-month-old  hFUSR521G/Syn1 mice (Figs. 1e and 4e). In 
6-months-old  hFUSR521G/Syn1 mice there was an observ-
able increase in the distribution of FUSR521G to the 
cytoplasm of spinal motor neurons at this age (Fig.  4e, 
f ). Consistent with the behavioral, cellular and molecu-
lar changes observed in 6-months-old  hFUSR521G/Syn1 
mice, there was a significant reduction in the neuronal 
expression of TOM20 (Fig. 4g–i), a subunit of the TOM 
complex responsible for protein import across the outer 
mitochondrial membrane, whose expression correlates 
with mitochondrial activity [66].

Collectively, these findings indicate that in addition to 
the cell-autonomous effects of neuron-specific expression 
of FUSR521G, the changes that occur in motor neurons 
also promote non-cell autonomous events that involve 
glial activation. Moreover, these findings demonstrate 
that behavioral severity of 6-months-old  hFUSR521G/Syn1 
mice corresponds with a wider range of neuropathologi-
cal features observed in humans with familial ALS-FUS 
or FTD-FUS [9–11].

Inhibition of the canonical NF‑κB pathway attenuates 
neural inflammation and restores neuromorphology 
and behavior deficits
The NF-κB pathway promotes neuroinflammation and 
the activation of astrocytes and microglia in ALS/FTD 
[82]. Sustained glial activation directly damages motor 
neurons and promotes disease progression [83–85]. In 
ALS/FTD models of disease, inhibition of the canoni-
cal NF-κB pathway with Withaferin A, an inhibitor of 
nuclear factor kappa-B kinase subunit gamma  (IKK-γ) 
(also known as NEMO) [86–88] or IMS-088, an analog 
of Withaferin A, provides therapeutic benefits [69–71]. 
To test the effects of inhibiting NF-κB in  hFUSR521G/Syn1 
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Fig. 3 FUSR521G causes cell‑autonomous defects in neuromorphology. a Neurolucida tracing of cortical motor neuron dendrites 
from 1‑month‑old mice. b Sholl analysis shows significant reductions in the dendritic intersections and cumulative area of dendrites in cortical 
motor neurons of 1‑month‑old  hFUSR521G/Syn1 mice compared to littermate controls (CTL). c Golgi images of dendritic spines from layer IV‑V neurons 
in the motor cortex from 1‑month‑old mice and d their quantification. The dendritic spine density of total and mature spines shows no differences 
between 1‑month‑old  hFUSR521G/Syn1 and CTL mice. e Neurolucida tracing of spinal motor neuron dendrites from 1‑month‑old mice. f Sholl 
analysis shows no reduction in the dendritic intersections and cumulative area of dendrites in spinal motor neurons of 1‑month‑old  hFUSR521G/

Syn1 mice. g Neurolucida tracing of cortical motor neuron dendrites from 6‑months‑old mice. h Sholl analysis shows persistent and significant 
reductions in the dendritic intersections and cumulative area of dendrites in cortical motor neurons of 6‑months‑old FUS transgenic mice. i Golgi 
images of dendritic spines from the cortical motor cortex of 6‑months‑old mice and j their quantification. The mature dendritic spine density 
of 6‑months‑old  hFUSR521G/Syn1 mice shows significant reduction in the number of mature spines. k Neurolucida tracing of the dendrites of spinal 
motor neurons from 6‑months‑old mice. l Sholl analysis shows significant reductions in the dendritic intersections and cumulative area of dendrites 
in spinal motor neurons of 6‑months‑old FUS transgenic mice. Values from each group are expressed as mean ± SEM. Statistics uses two‑way repeat 
measures ANOVA for Sholl analysis and an unpaired Student’s t‑test for comparison between two groups (n = 3–4 mice/group). *p < 0.05, **p < 0.01, 
***p < 0.005 ****p < 0.001, and not significant (ns)
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mice, IMS-088 or vehicle was administered to 6-months-
old  hFUSR521G/Syn1 mice daily for a duration of 8  weeks 
(Fig.  5a, b). 6-months-old mice were selected for IMS-
088 administration based on the emerging motor decline 
and glial activation observed in these animals (Figs.  2 
and 4). Vehicle-treated littermate control mice were also 
included in this analysis to establish the level of recov-
ery in drug-treated mice. IMS-088-treated  hFUSR521G/

Syn1 mice showed significant cognitive improvement, 
as measured by the novel object recognition test, when 

compared to vehicle-treated mice (Fig.  5c). However, 
these mice only showed partial recovery of cognition, 
as measured by the passive avoidance test (Fig. 5d). Sig-
nificant motor improvements were also observed in 
IMS-088-treated  hFUSR521G/Syn1 mice as determined by 
hindlimb splay, wire hanging and rotarod tests, when 
compared to vehicle-treated mice (Fig. 5e–g).

The cortical and spinal motor neurons of IMS-088 and 
vehicle-treated mice were analysed for changes in den-
dritic branching and spines. The dendritic branching and 

Fig. 4 Neuron‑specific expression of FUSR521G promotes age‑dependent neuropathological features of ALS/FTD. The brain and spinal cord 
of a 1‑month‑old and c 6‑months‑old CTL and  hFUSR521G/Syn1 mice stained with anti‑GFAP (astrocyte marker) and anti‑Iba1 (microglia marker). 
Signal intensity (S.I) for GFAP and Iba1 show b no significant changes in 1‑month‑old  hFUSR521G/Syn1 mice and d significant activation of astrocytes 
and microglia in 6‑months‑old FUS transgenic mice compared to CTL mice. e, f Spinal cord staining with anti‑hFUS, anti‑NeuN and DAPI show 
mislocalisation of hFUS in 6‑months‑old  hFUSR521G/Syn1 mice. g Spinal cord staining with the mitochondrial marker, TOM20. Quantification of TOM20 
shows a significant decrease in h S.I. and i number of puncta, area and volume in 6‑months‑old  hFUSR521G/Syn1 mice. Values from each group are 
expressed as mean ± SEM. Statistics uses an unpaired Student’s t‑test for comparison between two groups and a one‑way ANOVA for multiple 
group comparisons (n = 3–4 mice/group). **p < 0.01, ***p < 0.005 ****p < 0.001, and not significant (ns)
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cumulative area of cortical motor neurons from IMS-
088-treated  hFUSR521G/Syn1 mice were restored to the 
same level of dendritic complexity as vehicle-treated con-
trols (Fig. 6a, b). The number of mature spines and den-
dritic spine densities of cortical motor neurons were also 
restored to the same levels as vehicle-treated controls 

(Fig. 6c, d). However, the total number of spines in IMS-
088-treated  hFUSR521G/Syn1 mice did not fully return to 
vehicle-treated control levels (Fig.  6d). The dendritic 
branching of spinal motor neurons of IMS-088-treated 
 hFUSR521G/Syn1 mice showed modest improvements 
and no changes in cumulative area compared to 

Fig. 5 hFUSR521G/Syn1 mice treated with IMS‑088 improves cognitive and motor function. a Chemical structure of IMS‑088. b Schematic of treatment 
and behavior analysis of mice. Dotted line indicates when behavior tests were performed. Treatment of  hFUSR521G/Syn1 mice with IMS‑088 (IMS) 
improves their cognitive and motor performance compared with vehicle (veh) treated littermate control (CTL) and  hFUSR521G/Syn1 mice.  hFUSR521G/

Syn1 mice treated with IMS‑088 display c significant improvement in novel object recognition and d modest improvement in the passive avoidance 
test. FUS transgenic mice treated with IMS‑088 display improved motor function as determined by e hindlimb splay, f wire hanging, and g rotarod 
tests. Values from each group are expressed as mean ± SEM. Statistics uses an unpaired Student’s t‑test for comparison between two groups 
and a one‑way ANOVA for multiple group comparisons (n = 9  hFUSR521G/Syn1(veh), n = 9  hFUSR521G/Syn1(IMS) and n = 12 CTL (veh) mice/group). 
*p < 0.05, **p < 0.01, ***p < 0.005 ****p < 0.001, and not significant (ns). For multiple group comparisons: black (*)/ns: CTL(veh) versus  hFUSR521G/

Syn1(veh), orange (*)/ns: CTL (veh) versus  hFUSR521G/Syn1(IMS) and blue (*)/ns:  hFUSR521G/Syn1(veh) versus  hFUSR521G/Syn1(IMS)

(See figure on next page.)
Fig. 6 IMS‑088 treatment of  hFUSR521G/Syn1 mice restores neuromorphology and synapses. a Neurolucida tracing of cortical motor neuron dendrites 
from vehicle and IMS‑088 treated  hFUSR521G/Syn1 mice. b Sholl analysis shows a significant increase in the dendritic intersections and cumulative 
area of dendrites in cortical motor neurons of  hFUSR521G/Syn1 mice treated with IMS‑088 (IMS) compared to vehicle (veh) treated mice. c Golgi 
images of dendritic spines from layer IV–V neurons in the motor cortex from treated mice and d their quantification. There is a significant increase 
in the dendritic spine density of mature spines of  hFUSR521G/Syn1 mice treated with IMS‑088. e Neurolucida tracing of the dendrites of spinal 
motor neurons from  hFUSR521G/Syn1 mice treated mice. f Sholl analysis shows some improvement in dendritic intersections of IMS‑088 treated 
mice, but no improvement in cumulative area of dendrites in spinal motor neurons. g The spinal cord of CTL and  hFUSR521G/Syn1 mice stained 
with anti‑ChAT (motor neuron marker) and anti‑NeuN. h Quantification of spinal motor neuron co‑stained with ChAT and NeuN. i Neuromuscular 
junctions from gastrocnemius stained with α‑bungarotoxin‑647 (BTX) and anti‑synaptophysin (SYP). j Quantification of neuromuscular junctions 
co‑stained with BTX and SYP. Values from each group are expressed as mean ± SEM. Statistics uses two‑way repeat measures ANOVA for Sholl 
analysis and one‑way ANOVA for multiple group comparisons (n = 3–4 mice/group). *p < 0.05, **p < 0.01, ***p < 0.005 ****p < 0.001, and not 
significant (ns). For multiple group comparisons: black (*)/ns: CTL(veh) versus  hFUSR521G/Syn1(veh), orange (*)/ns: CTL (veh) versus  hFUSR521G/Syn1(IMS) 
and blue (*)/ns:  hFUSR521G/Syn1(veh) versus  hFUSR521G/Syn1(IMS)
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Fig. 6 (See legend on previous page.)
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vehicle-treated control mice (Fig. 6e, f ). The cell bodies of 
spinal motor neurons and neuromuscular junctions were 
examined in IMS-088-treated  hFUSR521G/Syn1 mice and 
found to be restored to similar levels as vehicle-treated 
controls (Fig.  6g–j), supporting the observed improve-
ments in motor function these mice (Fig. 5e–g).

The effect of IMS-088 on glial activation, FUS mislo-
calisation, and mitochondrial impairments were exam-
ined in  hFUSR521G/Syn1 mice. Consistent with the reported 
actions of IMS-088, there was a decrease in the nuclear 
signal of acetylated P65, used as a marker for the acti-
vated form of P65 [89], in neurons and non-neuronal cells 

(Fig. 7a), and an attenuation of astrocyte and microglial 
activation in  hFUSR521G/Syn1 treated mice (Fig.  7b, c and 
Additional file  1: Fig. S7). IMS-088-treated  hFUSR521G/

Syn1 mice had a decrease in cytoplasmic mislocalisation 
of FUSR521G in spinal motor neurons (Fig.  7d) as well 
as restored TOM20 expression in neurons when com-
pared to vehicle-treated controls (Fig. 7e–g). Collectively, 
these results demonstrate that inhibiting inflammatory 
signals through the canonical NF-κB pathway has a ben-
eficial impact on motor neuron dendritic and synaptic 
structures, which in turn improve the motor deficits in 
 hFUSR521G/Syn1 mice.

Fig. 7 Inhibition of NF‑κB with IMS‑088 attenuates age‑dependent pathological features in  hFUSR521G/Syn1 mice. a The spinal cord of mice 
co‑stained with anti‑acetylated P65 (acP65) and anti‑NeuN show that IMS‑088 blocks the activation and nuclear localisation of acP65 in neurons 
and non‑neuronal cells of treated  hFUSR521G/Syn1 mice. b Spinal cord staining with anti‑GFAP and anti‑Iba1 in mice. c Signal intensity (S.I) for GFAP 
and Iba1 shows IMS‑088 inhibits activation of astrocytes and microglial in treated FUS transgenic mice compared to vehicle treated mice. d Spinal 
cord staining with anti‑hFUS, anti‑NeuN and DAPI show IMS‑088 restores nuclear distribution of hFUS in  hFUSR521G/Syn1 mice. e Spinal cord staining 
with anti‑TOM20. Quantification of TOM20 shows that IMS‑088 restores f S.I. and g number of puncta, area and volume in 6‑months‑old FUS 
transgenic mice. Values from each group are expressed as mean ± SEM. Statistics uses a one‑way ANOVA for multiple group comparisons (n = 3–4 
mice/group). *p < 0.05, **p < 0.01, ***p < 0.005, ****p < 0.001, and not significant (ns)
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Inhibition of the canonical NF‑κB pathway restores 
dendritic mitochondrial stasis
In ALS/FTD, changes in neuromorphology and syn-
aptic loss have been attributed to defects in mitochon-
drial function and trafficking to dendrites and synapses 
[63, 90–93]. IMS-088 treatment of  hFUSR521G/Syn1 mice 
results in inhibition of NF-κB along with the restoration 
of TOM20 mitochondrial expression and increased den-
dritic branching and synapses of motor neurons (Figs. 6 
and 7). However, it is unclear whether IMS-088 treat-
ment restores the function of mitochondria in our model. 
To address this question, primary cortical neurons 
were cultured from germline  hFUSR521G/Meox2Cre trans-
genic and littermate control mice [42] and treated with 
vehicle or IMS-088. Similar to the observations made 
in vivo, nuclear acetylated P65 was present in FUSR521G 
expressing neurons and was attenuated with IMS-088 
treatment (Fig.  8a). The total mitochondrial numbers 
were examined in these cultures and found to be signifi-
cantly reduced in FUSR521G expressing neurons when 
compared with control neurons (Fig.  8b, c). Mitochon-
drial numbers in the soma and dendrites were analysed 
separately and found to be significantly reduced in both 
cellular compartments, but more prominently reduced in 
the dendrites of FUSR521G expressing neurons (Fig. 8b, 
c). In response to IMS-088 treatments, the total num-
ber and distribution of mitochondria in the dendrites of 
FUSR521G expressing neurons were nearly restored to 
the same levels as control neurons (Fig. 8b, c).

We reasoned that restoring the dendritic mitochon-
dria in FUSR521G expressing neurons could also reflect 
changes in mitochondrial activity. The mitochondrial 
activity was assessed in FUSR521G expressing neurons 
using tetramethylrhodamine, methyl ester (TMRM), 
a fluorescent dye taken-up by active mitochondria. 
FUSR521G expressing neurons had a significant reduc-
tion in dendritic mitochondria activity and no differ-
ences in the total or soma mitochondrial activity when 
compared with control neurons (Fig.  8d, e). Treatment 
of FUSR521G expressing neurons with IMS-088 resulted 
in the restoration of mitochondrial activity to the same 
levels observed in control neurons (Fig. 8d, e). Consistent 

with the restoration of mitochondrial activity due to 
IMS-088 treatments (Fig.  8b–e), FUSR521G express-
ing neurons treated with IMS-088 also had a significant 
reduction in the level of reactive oxygen species when 
compared to control cultures (Fig. 8f, g). Taken together, 
our findings indicate that inhibition of the pro-inflamma-
tory canonical NF-κB pathway using IMS-088 lowers oxi-
dative stress and has a positive effect on mitochondrial 
stasis in neurons.

Discussion
Dendritic attrition of motor neurons and loss of synap-
tic connectivity within motor neuron networks have 
emerged as early and common pathological features of 
ALS and FTD. In order to gain a deeper understanding 
of how changes in neuromorphology and synaptic loss 
relate to disease progression in ALS/FTD, we generated 
a neuron-specific FUS-transgenic mouse,  hFUSR521G/Syn1, 
and longitudinally assessed these pathological features 
and their relationship to other ALS/FTD-associated phe-
notypes. Here we show that neuron-restricted expres-
sion of the ALS-linked FUSR521G variant in mice causes 
early cell-autonomous changes in the dendritic branch-
ing of cortical motor neurons that precede motor deficits 
in  hFUSR521G/Syn1 mice. Age-dependent defects in motor 
function occur in  hFUSR521G/Syn1 mice and coincide with 
more prominent changes in neuromorphology of corti-
cal and spinal motor neurons and synaptic loss. Impor-
tantly, we found that glial activation, FUS mislocalisation 
and defects in mitochondria occur later in symptomatic 
adult mice. These findings demonstrate that expres-
sion of FUSR521G in neurons promotes a sequence of 
cell-autonomous changes that initiate ALS-associated 
phenotypes, including the non-cell autonomous activa-
tion of glia, which in turn contributes to the worsening 
of disease phenotypes. To attenuate motor neuron dam-
age potentially caused by sustained glial activation, we 
treated  hFUSR521G/Syn1 mice with IMS-088, an inhibitor 
of the canonical NF-κB pathway [69–71]. We show that 
inhibition of the NF-κB pathway with IMS-088 improves 
cognitive and motor function, increases dendritic 
branching of motor neurons and restores synapses in 

(See figure on next page.)
Fig. 8 Inhibition of NF‑κB with IMS‑088 restores dendritic mitochondrial stasis in neurons expressing FUSR521G. a Primary cortical neurons cultured 
from  hFUSR521G/Meox (FUSR521G) or littermate control (CTL) mice treated with vehicle (veh) or IMS‑088 co‑stained with anti‑acetylated P65 (acP65), 
anti‑MAP2 (dendritic marker) and DAPI show IMS‑088 blocks the activation and nuclear localisation of acP65 in neurons expressing FUSR521G. b 
Neuron cultures co‑stained with Mitotracker, anti‑MAP2 and DAPI. c Treatment with IMS‑088 promotes an increase in the number of mitochondria 
within the dendrites of neurons expressing FUSR521G. d Live images of neurons stained with tetramethylrhodamine, methyl ester (TMRM). e 
Treatment with IMS‑088 promotes an increase in the number of functional mitochondria within the dendrites of neurons expressing FUSR521G. 
f Neuron cultures co‑stained with CellROX, anti‑MAP2 and DAPI. g Treatment with IMS‑088 blocks the production of reactive oxygen species 
in neurons expressing FUSR521G. Values from each group are expressed as mean ± SEM. Statistics uses a one‑way ANOVA for multiple group 
comparisons (n = 3–4 biological replicates/group). *p < 0.05, **p < 0.01, ****p < 0.001, and not significant (ns)
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 hFUSR521G/Syn1 mice. Investigation into the mechanism of 
action by IMS-088 in vitro show that inhibition of NF-κB 
in FUSR521G expressing neurons reduces oxidative 

stress and positively affects mitochondrial stasis. Col-
lectively, our findings demonstrate that the ALS-linked 
FUSR521G mutant causes cell-autonomous defects that 

Fig. 8 (See legend on previous page.)
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contribute to ALS/FTD-associated pathologies, and that 
targeting the canonical NF-κB pathway is a therapeutic 
strategy for attenuating gliosis and maintaining corti-
cospinal connectivity in ALS/FTD.

We also identified that neuron-restricted expression of 
FUSR521G caused early cognitive defects in  hFUSR521G/

Syn1 mice, which reflects nearly 50% of ALS cases that 
have either cognitive (ALSci) or behavioral (ALSbi) 
impairment, or both (ALScbi), in addition to motor 
impairment [1–3]. Notably, individuals with ALSbi and 
ALScbi have significantly higher cortical motor neuron 
involvement [94, 95]. Behavioral changes and cognitive 
abnormalities in ALS correspond with degeneration of 
the frontal and temporal lobes [1], which are similarly 
affected in FTD-subtypes [96, 97]. The cognitive abnor-
malities in ALS and shared clinical features within the 
spectrum of FTD, suggest a common pathophysiologi-
cal mechanism to account for cognitive defects in these 
diseases. However, the sequence of events that promote 
motor deficits and behavioral and cognitive impairments 
in ALS are unclear. ALS is proposed to begin in the cer-
ebral neocortex regions where it progressively affects 
spinal motor neurons and extra-motor brain regions [76, 
77]. Here we show that expression of FUSR521G in neu-
rons causes cognitive impairments that precede motor 
decline in  hFUSR521G/Syn1 mice (Figs. 1 and 2). We report 
early cell-autonomous changes in the dendritic branch-
ing of cortical motor neurons in juvenile  hFUSR521G/

Syn1 mice, followed by morphological changes in spi-
nal motor neurons, synaptic loss and other pathological 
features of ALS in aged mice (Figs.  3 and 4). Based on 
the early cognitive defects in our model and the mor-
phological changes in cortical motor neurons, our find-
ings point to other neuron populations contributing to 
cognitive defects in our model. In another transgenic 
model expressing FUSR514G under control of the prion 
promotor, age-dependent cognitive defects along with 
decreased dendritic spine density and long-term poten-
tiation in the hippocampus are reported [63]. Thus, 
future work in  hFUSR521G/Syn1 mice will need to exam-
ine the other neuron populations implicated in cognitive 
function to understand the cognitive impairments in our 
model. Collectively, our findings suggest the sequence of 
events that lead to loss of corticospinal connectivity in 
 hFUSR521G/Syn1 mice originate in the brain due to selec-
tive vulnerability of neurons to FUSR521G. The collective 
body of evidence suggests that cognitive impairments in 
ALS can precede motor dysfunction, thus providing a 
strong rational for more rigorous assessment of cognitive 
and behavioral impairments in ALS patients and in mod-
els of disease.

The pathology associated with ALS/FTD is mediated 
by multiple different cell-types [67, 68]. However, the 

contribution of these cell-types to changes in neuromor-
phology and synapses are not well understood. While 
changes in neuromorphology and synaptic loss have been 
reported in mouse models of ALS-FUS [42, 61, 63], other 
pathological features of ALS/FTD such as glial activation 
and protein aggregation coincide with these changes, 
making it difficult to determine the cell-type contribu-
tions to these defects. We examined  hFUSR521G/Syn1 mice 
in the early stages of disease and found that neuron-
restricted expression of FUSR521G caused cell-autono-
mous changes to the neuromorphology of cortical motor 
neurons in the absence of FUSR521G aggregation (Fig. 4), 
suggesting that the mutant is sufficient to promote these 
changes. Our findings are consistent with reports that 
ALS-linked FUS variants, but not human FUS wild-type, 
cause dendritic attrition and loss of synapses [42, 62, 
64]. Indeed, FUS has important functions in dendritic 
growth, maturation of spines and synaptic transmission 
[50, 52, 98]. Deletion of FUS in primary neurons causes 
altered dendritic branching and immature dendritic 
spines [99], down-regulation of AMPA receptor surface 
expression and reduced miniature excitatory postsynap-
tic potential (EPSC) amplitudes [52]. Dysregulation of 
FUS also corresponds with an accumulation of RNA in 
the dendrites [99] and synapses [100], consistent with the 
reported functions of FUS in mRNA transport, stability 
and translation regulation [49–54]. Future studies will 
need to examine the molecular changes that occur within 
motor neurons expressing ALS-linked FUS variants to 
better understand the effects of FUS on motor neuron 
structure and synaptic integrity.

In addition to the cell-autonomous changes caused by 
FUSR521G in neurons, we also found that the activa-
tion of astrocytes and microglia coincided with worsen-
ing behavior and pathological phenotypes in these mice 
(Figs.  2, 3 and 4). These findings suggest that neuronal 
defects caused by FUSR521G are subsequently promot-
ing the activation of glia, which have been shown to act 
in a non-cell autonomous manner to cause ALS/FTD 
pathology [67, 68]. Notability, activation of microglia was 
not observed in the cortex of 6-months-old mice (Fig. 4) 
but observed later in 8-months-old mice (Additional 
file 1: Fig. S7). Although the implications of this are not 
clear, other animal models of ALS have report that acti-
vation of astrocytes can precede microglia activation and 
are involved in their induction [80, 81]. While the non-
cell autonomous contributions of astrocytes and micro-
glia to changes in neuromorphology and synapses were 
not examined in our model, studies show that these cell-
types have important roles in the maintenance of these 
structures [101–103]. Indeed, ALS-linked FUS variants 
have been shown to affect glial function. The expres-
sion of the ALS-linked FUSR521G mutant in astrocytes 
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induces motor neuron death in  vitro through release of 
the pro-inflammatory cytokine tumor necrosis factor-
alpha (TNFα) [104]. Additionally, induced pluripotent 
stem cell (iPSC)-derived microglia expressing the ALS-
linked FUSP525L mutant have altered transcriptome 
profiles including genes involved in chemoreceptor-acti-
vated calcium signalling, alterations which are predicted 
to affect their phagocytic roles during neuroinflamma-
tion [105]. It is therefore likely that the combination of 
both cell-autonomous and non-cell autonomous effects 
of ALS-linked FUS variants in different cell-types con-
tributes to the severity of ALS/FTD pathology that is 
observed in humans. In the context of our  hFUSR521G/

Syn1 mice, neuron-restricted expression of FUSR521G 
produces less severe phenotypes when compared with 
global expression models of FUSR521G, which have 
more severe phenotypes [42]. This suggests that other 
cell-types are also affected by FUS mutations and that 
they too contribute to ALS-associated phenotypes. Fur-
ther investigation into the role of FUS expression in glial 
cells and their contribution to changes in neuromorphol-
ogy and synaptic loss pathologies will provide additional 
information on the non-cell autonomous effects of these 
cell-types on these early pathological features of ALS/
FTD.

Neuroinflammation and mitochondrial dysfunction 
are associated with ALS and FTD pathology [106]. Con-
sistent with these findings, our FUSR521G models have 
increased activation of the pro-inflammatory NF-κB 
pathway and changes in mitochondrial numbers, activity, 
and distribution within dendrites (Figs.  7 and 8). Using 
IMS-088 to inhibit the canonical NF-κB pathway, we 
demonstrate that reducing pro-inflammatory signals has 
an overall therapeutic effect on the reversal of ALS/FTD 
associated phenotypes observed in our models (Figs. 5, 6, 
7 and 8). We find that IMS-088 treatment improves cog-
nitive and motor phenotypes in  hFUSR521G/Syn1 mice and 
restores dendritic branches and synapses (Figs. 5 and 6). 
Additionally, treatment with IMS-088 attenuates inflam-
mation, restores FUS mislocalisation and mitochondrial 
defects in  hFUSR521G/Syn1 mice (Fig.  7). Neuroinflamma-
tion is shown to promote structural defects in neurons 
including dendritic attrition and synaptic loss [107–109]. 
Moreover, sustained activation of pro-inflammatory 
NF-κB pathways negatively impact mitochondrial num-
ber, cellular distribution and function [110, 111]. The 
maintenance of mitochondria function and distribution 
within the neuron is critical for maintaining dendritic 
structures and synaptic integrity [90, 91, 112, 113]. Our 
findings indicate that inhibition of NF-κB restores mito-
chondrial status and promotes phenotypic improvements 

in our models of ALS-FUS. This important relationship 
between the NF-κB pathway and mitochondrial function 
provides new insights into the pathways and mechanisms 
involved in the defects in neuromorphology and synaptic 
loss associated with ALS/FTD. Moreover, these findings 
may have more broad implications for neurodegenerative 
diseases that share similar pathological features.

ALS-linked FUS variants are implicated in several path-
ological changes at the cellular level including mitochon-
drial dysfunction and pro-inflammatory signals [12]. We 
show both mitochondrial dysfunction and pro-inflamma-
tory signals are present in our models (Figs. 7 and 8), but 
the role of FUSR521G in promoting these changes was 
not investigated in our study. However, ALS-linked FUS 
variants are reported to cause defects in mitochondrial 
function through aberrant interactions with mRNA or 
protein interactions that lead to global changes in pro-
tein synthesis [114–116]. Alterations in mitochondrial 
abundance and function occur in ALS/FTD-FUS patients 
and other FUS models [114, 117, 118]. Additionally, FUS 
is implicated in pro-inflammatory signals. FUS acts as a 
coactivator of NF-κB in response to pro-inflammatory 
cytokines [119]. Cells treated with activators of pro-
inflammatory pathways, have a corresponding increase 
in FUS mRNA stability and protein expression [120]. 
Moreover, expression of ALS-FUS variants or overex-
pression of wild-type FUS in glia have increased sensitiv-
ity to pro-inflammatory signals [104, 121]. It is therefore 
possible and likely that FUS misregulation causes sys-
temic defects at various cellular levels including those 
involving mitochondrial function and pro-inflammatory 
signals. Indeed, neuroinflammation and mitochondrial 
dysfunction have complex connections that promote dis-
ease pathology. Damaged mitochondria release factors 
that are recognized by immune receptors of microglia 
and promote neuroinflammation [122, 123]. Conversely, 
inflammatory factors released by activated glia can trig-
ger an intracellular cascade that can affect mitochondrial 
metabolism and function [110, 111]. Our findings show 
inhibiting the NF-κB pathway is sufficient to restore 
aspects of cellular homeostasis and promote phenotypic 
recovery in our FUSR521G models, suggesting that pro-
inflammatory signals are implicated ALS-associated phe-
notypes. It is unclear from our FUSR521G models, which 
occurs first: mitochondrial dysfunction or neuroinflam-
mation, or whether they occur in parallel. Future studies 
will examine the mechanistic actions of inhibiting the 
NF-κB pathway on FUS function and the dynamic inter-
play between pro-inflammatory signals and mitochon-
drial function in disease models of ALS/FTD.
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