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A B S T R A C T

Protein misfolding and mislocalization are common to both familial and sporadic forms of amyotrophic lateral
sclerosis (ALS). Maintaining proteostasis through induction of heat shock proteins (HSP) to increase chaperoning
capacity is a rational therapeutic strategy in the treatment of ALS. However, the threshold for upregulating stress-
inducible HSPs remains high in neurons, presenting a therapeutic obstacle. This study used mouse models
expressing the ALS variants FUSR521G or SOD1G93A to follow up on previous work in cultured motor neurons
showing varied effects of the HSP co-inducer, arimoclomol, and class I histone deacetylase (HDAC) inhibitors on
HSP expression depending on the ALS variant being expressed. As in cultured neurons, neither expression of the
transgene nor drug treatments induced expression of HSPs in cortex, spinal cord or muscle of FUSR521G mice,
indicating suppression of the heat shock response. Nonetheless, arimoclomol, and RGFP963, restored perfor-
mance on cognitive tests and improved cortical dendritic spine densities. In SOD1G93A mice, multiple HSPs were
upregulated in hindlimb skeletal muscle, but not in lumbar spinal cord with the exception of HSPB1 associated
with astrocytosis. Drug treatments improved contractile force but reduced the increase in HSPs in muscle rather
than facilitating their expression. The data point to mechanisms other than amplification of the heat shock
response underlying recovery of cognitive function in ALS-FUS mice by arimoclomol and class I HDAC inhibition
and suggest potential benefits in counteracting cognitive impairment in ALS, frontotemporal dementia and related
disorders.
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Introduction

Protein misfolding and aggregation are common themes in neuro-
degenerative diseases, including both familial and sporadic forms of
amyotrophic lateral sclerosis (ALS). They can occur as a direct conse-
quence of genetic mutations, from posttranslational modifications, or
from a general compromise in proteostasis. A key mechanism regulating
protein quality control is the chaperoning activity of heat shock proteins
(HSPs), which work collaboratively to sequester misfolded proteins to
prevent inappropriate interactions, to restore proper folding, or to target
them for degradation. Upregulating HSP expression has been pursued as
a logical therapeutic strategy in disorders like ALS, but applying HSP-
based therapy in patients has proven challenging.

In general, environmental and physiological stresses that increase the
load of misfolded proteins activate transcription of HSP genes, a process
known as the heat shock response. The major transcription factor is heat
shock transcription factor 1 (HSF1), which binds to heat shock elements
(HSE) on HSP gene promoters. HSF1 is sequestered in a multichaperone
complex including HSP90 and HSP70. Upon stress, misfolded proteins
compete for these HSPs, releasing HSF1, which then bind as trimers to
HSE [1,2]. Indeed, inhibitors that disrupt these HSP90 complexes upre-
gulate HSPs, including the stress-inducible isoform HSPA1A [3].
Although HSP90 inhibitors have been neuroprotective in preclinical
models of neurodegeneration including ALS [4,5], they tend to have a
low therapeutic window due to toxicity, and sensitivity can be lost over
time, as in the case of the R6/2 mouse model of Huntington's disease
treated with the inhibitor HSP990 [6].

Arimoclomol is a hydroxylamine that enhances an existing heat shock
response by promoting HSF1 binding to HSE, i.e., acting as an HSP co-
inducer [7]. The attractiveness of this class of agents is that HSPs
would be produced according to demand with less potential for toxicity
compared to constitutive upregulation. Arimoclomol showed promise in
preclinical models [8,9], but a phase III clinical trial in sporadic ALS
failed to meet primary endpoints [10].

HSF1 binding to HSE is not sufficient to initiate transcription, sub-
sequent steps being required to activate HSF1 [2]. Many classes of neu-
rons including spinal motor neurons in vivo [11] and in culture [12] have
a high threshold for activating HSF1 and mounting a heat shock response
to thermal stress or to proteotoxic stress such as expression of genetic
variants linked to familial ALS. This property could contribute to the
vulnerability of motor neurons in ALS by allowing the accumulation of
toxic misfolded proteins and putting stress on proteolytic mechanisms.
The same property likely contributes to the failure of drugs like arimo-
clomol designed to magnify the heat shock response. Efficacy would
depend not only on some activation of the pathway by the stress, but on
transactivational competence, both of which appear to be compromised
in neurons.

Regulation of HSF1 is complex, but epigenetic mechanisms including
histone acetylation certainly play a major role in HSP expression nor-
mally and in ALS. The chromatin landscape dictates the stress-inducible
binding of HSF1 to HSE. Binding occurs at areas of open chromatin with
tetra-acetylated H4 and acetylated H3K9 marks [13]. The desensitization
of R6/2 mice to HSP990 was attributed to reduction in H4
tetra-acetylation as part of the disease process [6]. The reduction in
acetylation of H3K9/14 in motor neurons expressing ALS-linked FUS or
TDP-43 variants could have a comparable effect [14]. We previously
reported that inhibitors of class I histone deacetylases (HDAC) and the
pan HDAC inhibitor, suberoylanilide hydroxamic acid (SAHA) acted as
HSP co-inducers comparable to arimoclomol, in cultured motor neurons
with proteotoxic stress induced by the ALS-linked variant SOD1G93A, and
could enhance expression of HSPA1A when combined with either ari-
moclomol or with an HSP90 inhibitor that constitutively induced HSPs
[15]. However, the response to proteotoxicity and to drug treatments
varied with the form of familial ALS being modeled; e.g., no HSPA1A or
increase in the constitutively expressed heat shock cognate protein
HSPA8 was detected in neurons expressing the FUSR521G variant with or
2

without drug treatment, indicating shut down of the heat shock response
[15,16]. Nevertheless, treatments were neuroprotective independent of
HSP induction, including preservation of FUS and the nBAF chromatin
remodeling complex component Brg1 in the nucleus [15,16].

The next step was to extend this knowledge derived in culture models
to the in vivo context using mouse models of familial ALS caused by
mutations in SOD1 and FUS, specifically SOD1G93A transgenic mice
(a.k.a. Gurneymice from The Jackson Laboratory) [17] andmice globally
expressing the human FUS variant p.R521G, hFUSR521G/Meox2 (FUSR521G

mice) produced by the Sephton lab (see Methods). We have determined
the effect of the transgenes and of treatments with a CNS-permeant in-
hibitor of class I HDACs, RGFP963, arimoclomol and the drug combi-
nation on expression of a panel of HSPs in CNS and muscle tissue, in
comparison to performance on behavioral tests and neuromuscular
function. Effects on HSP expression were qualitatively similar to findings
in the culture models. Of particular importance, we report that in the
ALS-FUS mice, arimoclomol, and RGFP963, actually restored perfor-
mance on cognitive tests, despite no change in expression of HSPs. The
data point to alternative neuroprotective mechanisms exerted by these
drugs and potential benefit in disorders with cognitive impairment.

Materials and Methods

Mouse models of familial ALS

FUS ALS: hFUSR521G/Meox2Cre (FUSR521G) mice were produced by
crossing CAG-Z-FUSR521G-IRES-EGFP mice with Meox2Cre mice (Con-
trol) [18] to induce global expression of the human FUSR521G variant.
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’). Note this mouse line expresses total FUS at similar
levels to wild type mice [18].

SOD1 ALS: Male transgenic mice overexpressing the human
SOD1G93A transgene [17] (stock #002726) and B6 (non-carrier litter-
mates, control) were obtained from The Jackson Laboratory (JAX).
Genotyping was carried out by JAX and human SOD1 expression was
verified by Western analysis.

Drug treatment

Mice were injected i.p. with the class I HDAC inhibitor, RGFP963
(BioMarin Pharmaceutical Inc.), arimoclomol (Medkoo Biosciences) or
the combination at indicated dosages in a solution containing 45%
normal saline, 50% polyethylene glycol 300 (Sigma-Aldrich) plus 4.8%
dimethyl sulfoxide (DMSO) or vehicle alone. Dosage for arimoclomol was
obtained from the literature [8,19]. Dosage of RGFP963 was inferred
from pharmacokinetic data provided by the supplier and target engage-
ment in mouse CNS was determined by inhibition of class I HDACs in
homogenates of cortex as described in Fig. S1.

FUSR521G mice were treated for 28 days (7 days/week) starting at
P60, when behavioral deficits are present (vide infra). SOD1G93A mice
were treated 5 days/week from P50-P75 (for evaluation of neuromus-
cular parameters), P75-105 (beginning prior to motor neuron loss) or
during the symptomatic phase from P105 to endstage (onset of hindlimb
paralysis) [17].

Behavioral testing of FUS mice

Behavioral tests were conducted as previously described [20] and
summarized below. Testing was performed 7 days before treatment and 7
days after treatment. The total number of mice (male (M) and female (F))
tested for each experimental condition included 32 (16M:16F) littermate
controls - vehicle (þ/þ; þ/þ, þ/þ; þ/Cre, Tg/þ; þ/þ); FUSR521G

(Tg/þ; þ/Cre) mice: 34 (19M:15F) - vehicle, 13 (6M:7F) �10 mg/kg
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RGFP963, 12 (8M:4F) - 20 mg/kg RGFP963, 9 (6M:3F) - 5 mg/kg ari-
moclomol, 10 (5M:5F) - 10 mg/kg arimoclomol, 9 (5M:4F) - 20 mg/kg
arimoclomol, 7 (2M:5F) – 5 mg/kg arimoclomol combo, and 11 (5M:6F)
– 20 mg/kg arimoclomol combo.

Novel object recognition test to assess memory
On the first day of the test, mice were introduced to the arena and

allowed to explore for 5 min. On the second day, two identical objects
(familiar objects) were presented to the mice for a maximum of 5 min. On
the third day, 24 h after the presentation of the familiar objects, animals
were exposed to one familiar and one novel object for 5 min. Interaction
time with each object during the duration of the test was recorded.

Passive avoidance test to assess memory in a fear-aggravated environment
The apparatus consists of equal-sized light and dark compartments

separated by a door and an electrified grid. On the first day, mice were
placed in the light chamber; after 30 s the door was opened allowing the
animals to cross to the dark chamber and get familiarized with the arena.
On the second day, mice were introduced into the light chamber; after 30
s the door was opened and mice were allowed to cross to the dark
chamber, where immediately after entry, an electrical foot shock (0.5 mA
for 2 s) was delivered. Twenty-four hours after the foot-shock, mice were
re-introduced to the light chamber. The door was opened after 5 s, and
the latency time to cross from the light to the dark chamber was
measured to a maximum of 5 min.

Rotarod test of motor function
Mice were placed on a stationary rotarod, which was accelerated at

0.1 rpm/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 for 2
consecutive days with an inter-trial interval of at least 10 min.

Hanging wire test
Mice were placed on a horizontal wire 50 cm above a layer of soft

bedding, flipped upside down and latency to fall was measured up to a
maximum of 300 s.

Grip strength
All-limbs grip strength was measured using a machine from BioSeb

and a custom-made metal grid. The animals were placed on all four limbs
in the center of the grid, then firmly pulled off the grid by the tail. Each
session consisted of 3 rounds (3 pulls per round), with the round with
greatest force being kept. The final output for each session corresponds to
the average force generated from those 3 rounds. Muscle strength were
assessed using the BIO-GS3 grip strength meter (Bioseb, France). Mice
were placed on a wire grid and gently pulled backward by the tail. Ab-
solute grip strength was measured in grams and normalized to body
weight.

Immunocytochemistry and image analysis of FUS mice

FUSmice were anesthetized with ketamine/xylazine (100/10mg/kg)
and perfused with 0.9% saline and 4% paraformaldehyde (PFA). Cortex
and spinal cord samples were post-fixed for 24 h in 4% PFA, and cry-
oprotected in 30% sucrose solution for 24–48 h at 4oC. 40 μmmicrotome
sections (Microm HM430, ThermoFisher) were washed 3 � 10 min with
PBS, followed by 1 h blocking with 3% BSA, 5% FBS, 0.3% Triton 100X
and 0.02% sodium azide in PBS. Sections were incubated overnight at
4oC with primary antibodies diluted in 1% BSA, 3% fetal bovine serum
(FBS), 0.3% Triton 100X, and 0.02% sodium azide in PBS. The next day,
sections were washed 3 times with PBS followed by incubation with
Alexa Fluro-conjugated secondary antibodies diluted in incubation so-
lution for 2 h at room temperature in the dark. Sections were washed 3
times with PBS and mounted onto glass slides using VECTASHIELD
Antifade Mounting Medium with DAPI (Vector Laboratories,
VECTH1200). Imaging was performed using a Zeiss LSM710 inverted
3

confocal and imaged as z-stacks (1–2 μm steps per stack) from 3 to 4
biological replicates per group. Maximum intensity projection images for
5–7 images per biological replicate were analyzed using Fiji ImageJ
signal intensity measuring tool.

Synaptophysin (SYP) and PSD-95 imaging was performed using a
Nikon A1 confocal microscope, 63� oil immersion objective, collecting z-
stacks images (1 μm steps per stack) from 3 to 5 nonoverlapping images
of 3 biological replicates per group. Puncta were counted using the spot-
detection function of IMARIS (software version 10.0, Oxford In-
struments, UK). For colocalization, spot-detection was combined with
shortest distance to spots-spots filter.

Primary antibodies were: rabbit anti-FUS (Sigma HPA008784,
1:500), FluoTag®-X2 AZDye568 anti-PSD-95 (NanoTag Biotechnologies
N3702-AF568L, 1:500), mouse anti-SYP (Synaptic Systems 101011,
1:250).

Secondary antibodies were from Invitrogen and used at 1:500: Alexa
Fluor 488 goat anti-mouse IgG (A11001), Alexa Fluor 488 goat anti-
rabbit IgG (A11034), Alexa Fluor 546 goat anti-mouse IgG (A11030),
Alexa Fluor 546 goat anti-rabbit IgG (A11035), Alexa Flour 647 goat anti-
mouse IgG (A211236) and Alexa Flour 647 goat anti-rabbit IgG
(A211245).

Golgi staining and Sholl analysis of FUS mice

Golgi staining was carried out according to manufacturer's in-
structions as previously described [21] using FD Rapid GolgiStain™ kit
(FD Neurotechnologies Inc.) on cortical and spinal cord cryostat sections
(Cryostat NX50, Thermo Scientific) mounted on gelatin-coated slides
(1% gelatin and 0.1% chromium potassium sulphate dodecahydrate).

Cortical and spinal motor neuron images were taken using a Zeiss
AxioImager.M2 microscope and a 40� oil immersion lens and 20� ob-
jectives. Cortical neurons from layers IV-V of the M1 and M2 brain re-
gions and spinal motor neurons located at the ventral horn of the spinal
cord were selected for the analysis. Motor neurons were 3D-recon-
structed using Neurolucida 360 software (MBF Bioscience) as previ-
ously described [20]. Spine detection was performed in Neurolucida 360
of the apical dendrite of cortical motor neurons at a 30–100 μm distance
from the soma. Spines were classified according to their shape:
mushroom-shaped spines were considered “mature” whereas thin filo-
podia or stubby-shaped spines were considered “immature”, and spine
density was calculated. Sholl and spine analysis was performed on 10
individual neurons from 3 biological replicates per group for a total of 30
neurons.

Immunohistochemistry and image analysis of SOD1 mice

For immunohistochemistry, tissues were collected in 50 ml tubes
containing 10% Buffered Formalin (Fisher Scientific, 23245684)
following euthanasia and perfusion of mice with normal saline. After 48
h, tissues were transferred to 70% ethanol and transported to the MUHC
Research Institute Histology Platform for processing, paraffin embed-
ding, and cutting and mounting of serial cross-sections (4 μM thickness, 2
sections per slide). Sections were deparaffinized in xylene, rehydrated in
ethanol and rinsed with distilled water. For antigen retrieval, sections
were boiled in 10 mM sodium citrate þ0.05% Tween pH6.0 for 10 min,
cooled for 20–30 min and rinsed in TBS, followed by blocking in 10%
horse serum (HS) þ 3% BSA þ 0.3% Triton-X100 in TBS for 1.5–2 h.
Antibodies were diluted in 10%HS in TBS. Sections were outlined using a
delimiting Pen (Dako S2002) to restrict antibody distribution. Primary
antibodies were applied overnight at 5 �C in a humidified chamber.
Endogenous peroxidase was quenched in 0.6% hydrogen peroxide for 10
min. Secondary antibodies were biotinylated anti-mouse IgG (HþL), anti-
rabbit IgG (HþL) or anti-goat IgG (HþL) (Vector Laboratories) or
peroxidase-conjugated anti-rabbit IgG (Jackson ImmunoResearch),
applied at 1:500 at room temperature for 1 h. For biotinylated secondary
antibodies, VECTASTAIN Elite ABC-HRP Kit (Vector Laboratories, PK-
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6100) was employed for 1 h. All steps were followed by 3 � 2 min rinses
in TBS. ImmPACTDABHRP Substrate (Vector Laboratories, SK4105) was
applied for 5–10 min prior to mounting in Immu-Mount (Epredia,
9990412). Primary antibodies were: mouse anti-HSPA1A (StressMarq
smc-100, 1:100), rabbit anti-HSPA8 (StressMarq smc-151, 1:100), goat
anti-HSPB1 (Santa Cruz sc-1049, 1:100), mouse anti-
hypophosphorylated neurofilament SM132 (Biolegend 801701,
1:1000) and rabbit anti-glial fibrillary acidic protein (GFAP) (Dako
Z0334, 1:400).

Western analysis

Mice were euthanized by deep anesthesia with isoflurane (SOD1
mice) or ketamine/xylazine (FUS mice) and perfused with normal saline.
Cortex, lumbar spinal cord, and skeletal muscle (gastrocnemius/soleus)
were harvested and stored at �80 �C. Immediately after thawing, tissue
samples were homogenized in buffer containing 50 mM Tris-HCl pH 7.4
and 10% glycerol using Bullet Blender (Next Advance) and aliquots were
kept at �80 �C.

Tissue homogenates were diluted in lysis buffer (50 mM Tris-HCl pH
7.4, 2% SDS 10% glycerol) supplemented with protease inhibitor cocktail
(Sigma Aldrich) and 5 mM sodium butyrate (Bio Basic Inc.). Homoge-
nates were sonicated for 5–10 s at 50 % cycle using an Ultrasonic ho-
mogenizer 4710 series (Cole Parmer Instrument Co., Chicago, IL USA)
and protein concentrations were determined using the DC protein assay
(Bio-Rad Laboratories). Twenty-five μg of protein were separated by
10–15% SDS-PAGE. After transfer to nitrocellulose, membranes were
blocked in 5% skimmilk in TRIS-buffered saline (TBS) plus 0.05% Tween
20 (TBST) and probed with primary antibodies, then HRP-conjugated
secondary antibodies in 5% skim milk. Labeling was detected using
ECL Prime Detection Reagent (Amersham, RPN2236). Images were ac-
quired with an Intas Imaging System (Intas GmbH) and densitometry of
bands was performed using NIH ImageJ software. Bands of interest were
normalized to loading controls (as indicated in the figures), followed by
normalization to the vehicle-treated control.

Primary antibodies were: mouse anti-HSPA1A (StressMarq smc-100,
1:500), mouse anti-HSPA8 (StressMarq smc-151, 1:1000), rabbit anti-
HSP70 (Enzo ADI-SPA812, 1:1000), goat anti-HSPB1 (Santa Cruz sc-
1049, 1:1000), rabbit anti-HSP40 (Enzo ADI-SPA-400, 1:2000), mouse
anti-HSP90 (StressMarq smc-149, 1:000), rabbit anti-α-tubulin (Abcam
15246, 1:10,000), mouse anti-tubulin acetylated (Sigma T6793,
1:10,000), mouse anti-STIP1(Abnova H00010963-M11, 1:1000), rat
anti-HSF1 (StressMarq smc-118, 1:1000), rabbit anti-HDAC3 (Sigma
H3034, 1:1000), mouse anti-α-tubulin (MediMabs MM-0163, 1:20,000),
mouse anti-actin (Mp Biochemicals 691002, 1:20,000), mouse anti-
GAPDH (MediMabs MM-0163, 1:5000), rabbit anti-SOD1 (Enzo ADI-
SOD-101, 1:5000), rabbit anti-FUS ((Proteintech 11570-1-AP, 1:1000)
and mouse anti-FUS (Santa Cruz, sc-47711, 1:1000). Peroxidase-
conjugated secondary antibodies were from Jackson ImmunoResearch:
goat anti-mouse (115-035-044, 1:5000), donkey anti-rabbit (711-035-
152, 1:5000), rabbit anti-goat (305-035-045, 1:5000) and goat anti-rat
(112-035-167, 1:5000).

Evaluation of neuromuscular junction and muscular properties of SOD1
mice

At P75, mice were euthanized and Extensor Digitorum Longus (EDL)
nerve-muscle preparations were isolated in oxygenated normal Rees'
Ringer solution: (in mM) 110 NaCl, 5 KCl, 1 MgCl2, 25 NaHCO3, 2 CaCl2,
11 glucose, 0.3 glutamate, 0.4 glutamine, 5 BES, 4.34 x 10�7 cocarbox-
ylase and 3.6 x 10�5 choline chloride. A C-1 curved needle and 6-0 suture
wire (Ethicon) were then used to tie knots on both tendons of the muscle
before installing it vertically on the force transducer (Aurora Scientific)
(Fig. S11D). Once mounted, the muscle was stretched to the length at
which stimulation generated the largest force and the nerve was suc-
tioned into a Ringer-filled pipette for stimulation. A stimulation electrode
4

and a reference electrode were placed near the muscle in the bath of
oxygenated Ringer solution.

Muscle contraction was evoked by stimulating the nerve (1 V) or the
muscle directly (50 V) using a Grass S88 stimulator (Grass Instruments)
coupled to an IsoFlex (A.M.P.I., Israel). The resulting contractile force
was converted to an electrical signal by the force transducer, which was
then passed through a 2 kHz low-pass filter (DC amplifier/filter, Warner
Instruments) and digitalized (BNC-2110, National Instruments). The
signal was acquired and analyzed using WinWCP 5.3.2 (John Dempster,
Strathclyde University, United Kingdom).

Force/frequency curve
Each EDL underwent the same two stimulation protocols. First, both

the nerve and the muscle were stimulated sequentially, at 2-min in-
tervals, at frequencies ranging from 5 to 300 Hz (Fig. S11). Each nerve
stimulation was followed bymuscle stimulation (and vice-versa), until all
18 frequencies had been recorded for both nerve and direct muscle
stimulation. Baseline force was constantly monitored to ensure that the
tension in the muscle was ideal throughout.

Fatigue and recovery
A 120 Hz stimulus was applied every second (9 times to the nerve,

once to both the nerve and the muscle; repeated 18 times) for 180 s.
Recovery was then assessed by measuring the contraction force sporad-
ically over the following 30 min. After each experiment, the preparations
were fixed in 4% formaldehyde for 10 min, washed 3 x for 5 min in PBS
and kept at 4 �C until further processing.

Neuromuscular junction immunofluorescence
Muscles were permeabilized in 100% methanol at �20 �C for 6 min,

washed 3 � 5 min in PBS, and then immersed in a PBS solution con-
taining 0.01% Triton X-100 and 10% normal donkey serum (NDS) for 20
min at room temperature. The muscles were sequentially incubated with
primary antibodies against S100 (Rabbit anti-S100 IgG, Dako IR-504,
1:4), neurofilament M (NFM) (Chicken anti-NFM IgY, Rockland,
1:1000) and SV2 (Mouse anti-SV2 IgG1, DSHB, 1:2000) in 1% Triton X-
100 and 2-10% normal donkey serum in PBS for 2 h at room temperature.
After washing PBS 3-4 x 5 min, the muscles were incubated with sec-
ondary antibodies from Jackson ImmunoResearch (Alexa 647-conju-
gated donkey anti-rabbit IgG (1:500), Alexa 488-conjugated donkey
anti-chicken IgG (1:500), Alexa 448-conjugated donkey anti-mouse
IgG1 (1:500), as well as with Alexa 594-conjugated α-bungarotoxin
(Invitrogen, 1:500) for 1–1.5 h at room temperature. Finally, the muscles
were placed on microscope slides, immersed in ProLong Gold Antifade
(Invitrogen) and sealed with nail polish. Z-stack images were acquired
using the Olympus FV-1000 confocal microscope and analyzed using the
Fluoview software.

Results

Treatment with RGFP963, arimoclomol or the combination improved
cognitive performance of FUSR521G mice

The germline FUSR521G mice develop social and motor deficits and
neuroinflammation [18]. By 2 months of age, they showed significant
impairment in passive avoidance and novel object recognition tests,
which measure memory and cognitive function [20], in comparison to
littermate control mice (Figs. S2A and B). At this age, FUSR521G mice also
have modest motor impairment measured by latency to fall from the
rotarod (Fig. S2C). Mice were retested following 4 weeks of treatment
with arimoclomol, the class I histone deacetylase (HDAC) inhibitor
RGFP963, or drug combination by daily i.p. injection. Both RGFP963 and
arimoclomol produced dose-dependent improvement in cognitive
behavior (Fig. 1A and B).

Compared to vehicle-treatment, FUSR521G mice treated with 20 mg/
kg RGFP963 showed improvement in passive avoidance (Fig. 1A) and



Fig. 1. Treatment with RGFP963, arimoclomol or drug
combinations improved cognitive performance in
FUSR521G mice. (A) Passive avoidance test: hFUSR521G/
Meox2Cre (FUSR521G) mice treated with 20 mg/kg RGFP963,
10 or 20 mg/kg arimoclomol, or the low-dose (5 mg/kg
arimoclomol þ 10 mg/kg RGFP963) and high-dose (20
mg/kg arimoclomol þ 10 mg/kg RGFP963) combinations
showed a significant increase in latency time in entering
the dark compartment after aversive shock precondition-
ing compared to vehicle-treated FUSR521G mice. (B) Novel
object recognition test: CTL and FUSR521G mice treated
with 10 or 20 mg/kg RGFP963, 10 or 20 mg/kg arimo-
clomol, or the low- or high-dose combinations spent more
time interacting with the novel object versus the familiar
object, whereas vehicle-treated FUSR521G mice spend equal
time interacting with both objects. (C) Rotarod test:
FUSR521G mice treated with RGFP963 or the high-dose
combination stayed longer on the rotarod. Values from
each group are expressed as mean � SEM. Statistical
analysis was by unpaired Student's t-test for comparisons
between two groups and a one-way ANOVA with Bonfer-
roni correction test for comparisons between more than 2
groups. mice/group: CTL mice - vehicle (32); FUSR521G

mice - vehicle (34), 10 mg/kg RGFP963 (13), 20 mg/kg
RGFP963 (12), 5 mg/kg arimoclomol (9), 10 mg/kg ari-
moclomol (10), 20 mg/kg arimoclomol (9), low-dose
combo (7), high-dose combo (11)). *p < 0.05, **p <

0.01, ***p < 0.005, ****p < 0.001, and not significant
(ns).
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novel object recognition (Fig. 1B), whereas mice treated with 10 mg/kg
showed only improvement in the novel object recognition test. Mice
treated with 20 mg/kg arimoclomol showed full reversal of deficits in
both the passive avoidance and novel object recognition tests, perform-
ing equivalent to vehicle-treated littermate controls. The dose of 10 mg/
kg arimoclomol had a reversal effect on both tests, but 5 mg/kg arimo-
clomol had no effect. In the passive avoidance test, the low-dose com-
bination of 5 mg/kg arimoclomol with 10 mg/kg RGFP963 (both
showing no effect individually) improved performance, indicating a
synergistic effect (Fig. 1A). In the novel object recognition test, all
treatment groups except 5 mg/kg arimoclomol, the no effect level,
showed an increase in the percentage of interaction time with a novel
object (Fig. 1B).
5

Improved motor function occurred in mice treated with 20 mg/kg
RGFP963 and the high-dose combination, but not with arimoclomol
alone or the other treatment regimens (Fig. 1C). Thus, treatment with
arimoclomol and RGFP963 reversed profound cognitive deficits in mice
expressing the ALS-associated FUSR521G variant with minimal effect on
motor function.

Combined treatment with arimoclomol and RGFP963 improved motor
neuron dendritic branching and cortical motor neuron synaptic densities

The expression of ALS-FUS variants in multiple models reduces
neuronal arborization and structural complexity as well as synaptic
connectivity and integrity [18,20–24]. The data showing impairment in
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cortical andmotor neuron dendritic arbors of FUSR521G mice compared to
wild-type mice was previously reported [18,20]. For the present study,
we focused on comparing morphology of cortical and spinal motor
neurons of FUSR521G mice treated with vehicle compared to those
administered 20 mg/kg arimoclomol, 10 mg/kg RGFP963 or the com-
bination. The combination, but not the drugs individually, improved
dendritic structures, as indicated by an increase in the number of den-
dritic intersections and thickness of dendritic branches (Fig. 2). These
drug treatments had similar effects on spinal motor neuron dendritic
branching and cumulative area (Fig. 3A and D).

The 20 mg/kg arimoclomol combination with RGFP963 (high-dose
combination) as well as RGFP963 or arimoclomol individually did in-
crease the number of mature spines and density of mature dendritic
spines on cortical motor neurons in FUSR521G mice (Fig. 4A–C). The
increased number of mature post-synapses in mice treated with the high-
dose combination corresponded to an increase in synaptic densities as
determined by the co-localization of both pre-synaptic and post-synaptic
markers, indicating that this treatment promotes synaptic connectivity
within the cortex (Fig. 4D–G). Collectively, the analysis of neuronal
arborization and synapses show that individual treatment with RGFP963
or arimoclomol is sufficient to improve the spine density of cortical motor
neurons; however, a synergistic effect of these two drugs is required to
improve dendritic branching.
Fig. 2. Combined treatment with arimoclomol and RGFP963 promoted cortical moto
from FUSR521G mice treated with vehicle, 10 mg/kg RGFP963, 20 mg/kg arimoclomo
intersections and cumulative area of dendrites in (B) RGFP963- or (C) arimoclomol-tr
in mice treated with (D) the combination. Values from each group are expressed as m
ANOVA with Bonferroni correction test for Sholl analysis (n ¼ 3 mice/group). *p <
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We then assessed the neuromuscular junctions (NMJs) from the
extensor digitorum longus (EDL) of FUSR521G mice (Fig. S3) and found no
significant change in the innervation profile between littermate controls
and FUSR521G mice. EDL innervation was not compromised significantly
in the FUSR521G mice, thus not accounting for the modest reduction in
Rotarod performance. Moreover, there was no significant effect of either
individual treatment and the high-dose combination treatment was
potentially damaging (Fig. S3).

Neither expression of FUSR521G nor drug treatments altered expression of
HSPs in cortex or skeletal muscle

The original premise of this study was to facilitate upregulation of
HSPs with chaperoning activity to improve neuroprotection in ALS
models. As in the culture model of FUS ALS, both RGFP963 and arimo-
clomol demonstrated neuroprotective properties in vivo in FUSR521G

mice. In cultured motor neurons, the heat shock response was impaired
by FUS variants and did not account for efficacy of the drug treatments
[15,16]. We measured levels of a variety of HSPs in homogenates of
cortex and skeletal muscle of FUSR521G mice by Western analysis; i.e., the
inducible HSP70 isoform, HSPA1A, and the constitutively expressed
HSPA8; HSP40, a DNAJ protein acting with HSP70 in ATP-dependent
protein refolding; HSP90 important for transcription factor regulation
r neuron dendritic branching. (A) Neurolucida tracing of cortical motor neurons
l or the combination. Sholl analysis showing no significant changes in dendritic
eated mice, but a significant increase in dendritic branching and cumulative area
ean � SEM. Statistical analysis was determined with a two-way repeat measures
0.05, **p < 0.01, ***p < 0.005 ****p < 0.001, and not significant (ns).



Fig. 3. Combination treatment improved dendritic branching of spinal motor neurons. (A) Neurolucida tracing of spinal motor neurons from FUSR521G mice treated
with vehicle, 10 mg/kg RGFP963, 20 mg/kg arimoclomol or the combination. Sholl analysis showing no significant changes in dendritic intersections and cumulative
area of dendrites in (B) RGFP963- or (C) arimoclomol-treated mice, but a significant increase in dendritic branching and cumulative area in mice treated with (D) the
drug combination. Values from each group are represented as mean � SEM. Statistical analysis was by two-way repeat measures ANOVA with Bonferroni correction
test for Sholl analysis (n ¼ 3 mice/group). *p < 0.05, **p < 0.01.

M.C. Pelaez et al. Neurotherapeutics 21 (2024) e00388
including HSF1 as well as protein chaperoning, and HSPB1, which serves
as a ‘holdase’ to sequester misfolded proteins (Fig. 5, Fig. 6 and Fig. S4).
Neither expression of FUSR521G nor treatment with RGFP963, arimoclo-
mol or the drug combinations resulted in any significant change in HSP
levels in cortex (Fig. 5) or gastrocnemius/soleus muscle (Fig. 6). In
addition, there were no changes in cortical levels of HSF1 or appearance
of bands with higher apparent molecular weight indicative of HSF1
phosphorylation associated with transcriptional activation (Fig. S5).

Thus, the dramatic reversal of cognitive impairment and improve-
ment in dendritic architecture observed with drug treatments in
FUSR521G mice were not attributable to increase in HSP expression.

Effect of drug treatments on expression of HSPs and neuromuscular function
at various disease stages in SOD1G93A transgenic mice

In the Gurney line of SOD1G93A transgenic mice, 10 mg/kg arimo-
clomol delayed motor neuron loss and muscle denervation and pro-
longing lifespan, increasing HSF1 phosphorylation and expression of
HSP70 and HSP90 in spinal cords at late-stage disease [8,19]. In cultured
motor neurons expressing SOD1G93A, we found induction of HSPA1A to
be minimal, but some enhancement was obtained by treatment with
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arimoclomol or HDAC inhibitors [12,15,16]. We therefore conducted a
more comprehensive analysis of HSP expression in SOD1G93A transgenic
mice at different stages of disease for comparison to the FUS ALS models.

In this line of SOD1G93A mice, motor neuron loss becomes evident by
P90, although deficits of neuromuscular innervation and function are
measurable by P30 [9,25,26]. Subsequently, mice exhibit abnormal
hindlimb splay reflex followed quickly by paralysis around P120. Mice
were treated with vehicle, 20 mg/kg arimoclomol, 10 or 20 mg/kg
RGFP963 or the drug combination using three regimens: from P50-P75 to
evaluate early deficits in neuromuscular function; from P75-P105 to
encompass the early symptomatic stage; and from P105 to endstage to
encompass the late symptomatic stage of disease. Levels of HSPs in ho-
mogenates of lumbar spinal cord and skeletal muscle (gastro-
cnemius/soleus) were quantified by Western analysis.

At P105, no changes in HSPA1A, HSPA8, HSP40 or HSP90 were
measured in spinal cord of SOD1G93A mice relative to littermate controls,
nor with drug treatments (Fig. S6). On the other hand, multiple HSPs
(HSPA1A, HSPA8, HSP40 and STIP1 (a.k.a. HOP, an adapter protein
coordinating HSP70 and HSP90 functions)) were upregulated in
gastrocnemius/soleus muscle, with drug treatments having minimal ef-
fect (Fig. 7). HSPB1 was upregulated in astrocytes of lumbar spinal cord



Fig. 4. RGFP963 and arimoclomol improved dendritic spine densities in cortex of FUSR521G mice. (A) Golgi images of dendritic spines on cortical neurons in FUSR521G

treated with vehicle (veh), 10 mg/kg RGFP963 (RGFP), 20 mg/kg arimoclomol (Arim) or the drug combination (combo) and (B, C) their quantification. (B) Increase in
overall dendritic spine density and (C) the percentage of mature spines in mice treated with RGFP963, arimoclomol or the combination compared to vehicle-treated
mice. (D) Co-labelling of cortex of FUSR521G and littermate control (CTL) mice with the pre-synaptic marker anti-synaptophysin (SYP), the post-synaptic marker anti-
PSD-95 and DAPI (nuclear marker), showing significant reduction in synaptic density in FUSR521G cortex. Treatment with the drug combination resulted in no changes
in the pre-synapse as determined by the number of (E) SYP puncta, but significant increase in (F) PSD-95 puncta. (G) Increased co-localization of PSD-95 with SYP in
cortex of mice treated with the drug combination compared to vehicle-treated FUSR521G mice. Values from each group are expressed as mean � SEM. Statistical
analysis was by one-way ANOVA with Tuckey correction to determine significance and an unpaired Student's t-test for comparison between two groups (n ¼ 3–4 mice/
group). *p < 0.05, **p < 0.01, ***p < 0.005 ****p < 0.001, and not significant (ns). Red and blue arrows indicate immature and mature spines, respectively.
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as previously reported [12,27] and in gastrocnemius/soleus muscle, both
at P105 and more extensively at endstage (Fig. S7).

At endstage disease, levels of HSPA1A, HSPA8, HSP40, HSP90 and
STIP1 remained unchanged in lumbar spinal cord of SOD1G93A mice
relative to littermate controls (Fig. 7, Fig. S9). All drug treatments
significantly increased the level of HSPA8, but not the other HSPs, rela-
tive to vehicle-treated mice. Levels of all HSPs were substantially
increased in skeletal muscle of SOD1G93A mice but were not further
increased by drug treatments. Rather levels decreased, particularly in
mice treated with the combination of RGFP963 and arimoclomol (Fig. 8).
Effect of drug treatments on body weight and motor behavioral testing in
SOD1G93A mice

Clinical disease was evaluated in P75-P105 and P105-endstage
treatment groups by loss of body weight and deterioration in perfor-
mance on behavioral measures of motor function (Fig. S10). At P105,
there was no significant change in body weight among groups
(Fig. S10A), but latency to fall in the hanging wire test was impaired in
SOD1G93A mice compared to nontransgenic littermates (Fig. S10C). Only
the combination treatment resulted in minor but significant reduction in
this impairment. At endstage, body weight was significantly reduced in
SOD1G93A mice (Fig. S10B), but this loss was not prevented by any
treatment. Treatments also failed to prevent impairment on the hanging
wire test (Fig. S10D) or reduced grip strength (Fig. S10E).
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Thus, the only significant effect of treatment on motor function was in
the P75-P105 cohort in which combination treatment produced a minor
delay in impairment on the hanging wire test. Since impairment in
physiological measurements of neuromuscular function are well docu-
mented at earlier stages of disease, mice were treated with vehicle, 20
mg/kg RGFP963, 20 mg/kg arimoclomol or the drug combination from
P50 to P75 to determine if treatments might show better improvement at
this stage.
Drug treatments result in modest improvement in muscle contractile force,
but not innervation in SOD1G93A mice at P75

Motor function was assessed through behavioral tests for prehensile
force (Grip Strength Test) (Fig. S11A), motor coordination (Rotarod)
(Fig. S11B) and endurance (Hang Time) (Fig. S11C), but at the end of the
3-week treatment, no significant impairment on these motor tests
resulted from expression of the transgene, as expected at this stage, nor
by any drug treatment. On the other hand, structural and functional
neuromuscular defects are well documented in SOD1G93A mice at this
age. At the end of treatment, neuromuscular properties were investigated
in EDL muscles isolated with a segment of the deep fibular nerve and
mounted as shown in Fig. S11D. The nerve and the muscle were stimu-
lated sequentially at frequencies ranging from 5 to 300 Hz and the force
generated by the muscle contraction was recorded on a force transducer
(Fig. S11E). With all experimental paradigms, SOD1G93A mice were



Fig. 5. No significant change in expression of HSP70 isoforms, HSP40, HSP90 or HSPB1 in FUSR521G cortex or with drug treatments. FUSR521G mice were treated daily
i.p. for 28 days beginning on P60 with vehicle, 20 mg/kg RGFP963, 10 mg/kg RGFP963), 20 mg/kg arimoclomol or the combination. Western blots of homogenates of
cortex were probed with antibodies smc-100 (HSPA1A), SPA812 (inducible and constitutive HSP70), smc-151 (HSPA8), ADI-SPA-400 (HSP40), smc-149 (HSP90) or
sc-1049 (HSPB1) and normalized to GAPDH or actin. Top row: Levels of HSPs were unchanged in cortex of FUSR521G compared to control mice. Rows 2–5: Levels were
not affected by any drug treatments. Data are shown as mean � SD (3–7 mice/group). Statistical analysis was by unpaired, two-tailed Student's t-test; *p < 0.05, **p <
0.01, ***p < 0.001.
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impaired relative to nontransgenic littermates. Nerve stimulation in the
80–250 Hz range generated more force in EDLs from arimoclomol-
treated SOD1G93A mice compared to EDLs from vehicle-treated
SOD1G93A mice (Fig. S11F). Interestingly, more force was generated in
that stimulation range by direct muscle stimulation in all treated groups
compared to vehicle-treated SOD1G93A mice, as well as in EDLs from
arimoclomol- and RGP963-treated mice stimulated at 40 Hz (Fig. S11G).

Next, fatigue was induced by rapid, successive 120 Hz stimulation for
180 s. The force generated by the EDLs at the end of the fatigue protocol
was similar across all SOD1G93A groups, with the exception that direct
9

muscle stimulation of EDLs from mice treated with the drug combination
generated more contractile force compared to vehicle treatment
(Figs. S11H and I). All muscles recovered at least 90% of their original
force in the 30 min following the fatigue protocol.

The integrity of the NMJs of these EDLs was assessed as in FUSR521G

mice by quantifying the overlap between markers of the pre-synaptic
terminals (NFM and synaptic vesicle protein 2 (SV2)) and the post-syn-
aptic receptors (α-bungarotoxin) (Fig. S11J). Over half of EDLs from all
groups of SOD1G93A mice were denervated compared to EDLs from
nontransgenic littermates, but there were no significant differences in the



Fig. 6. No change in expression of heat shock proteins in gastrocnemius/soleus
muscle of FUSR521G mice or with drug treatments. FUSR521G mice were treated
for 28 days (7 days/week) i.p. beginning P60 with vehicle or the combination of
20 mg/kg arimoclomol and 10 mg/kg RGFP963. Homogenates of muscles were
analyzed for levels of HSPA1A, HSPA8, HSP40, HSP90 or HSPB1 by Western
blotting and normalized to GAPDH. Levels of HSPs were unchanged in muscles
of FUSR521G compared to control mice (left column). Combination treatment had
no effect on their levels (right column). Data are presented as mean � SD (7
mice/group). Statistical analysis was by unpaired, two-tailed Student's t-test; *p
< 0.05, **p < 0.01, ***p < 0.001.
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proportion of completely denervated NMJs among the SOD1G93A treat-
ment groups (Fig. S11K).

Thus, drug treatments produced significant, although modest,
improvement in skeletal muscle contractile force in SOD1G93A mice, but
without sustaining NMJ innervation.

Discussion

Approximately 10% of ALS cases are familial with over 40 identified
genes showing disease association (ALSoD). These genes encode proteins
involved in several categories of biological processes including DNA/
RNA binding, RNA processing, intracellular transport, metabolic pro-
cesses, and protein quality control [28]. SOD1 was the first ALS gene
identified and cellular and animal models have served as major tools to
identify disease mechanisms and potential therapeutic approaches [17].
Although SOD1 is an antioxidant enzyme, gain of toxic function rather
than loss of dismutase activity causes motor neuron disease. Mutations
result in abnormal protein conformation leading to inappropriate in-
teractions and aggregation, with numerous downstream consequences.
Formation of protein aggregates is a common feature among different
forms of familial ALS as well as sporadic disease of unknow cause,
pointing to failure of mechanisms of protein quality control as a central
and common factor of pathogenesis to target therapeutically.

Whereas SOD1 mutations cause a predominant motor phenotype in
patients and mouse models, mutations in RNA binding protein genes
(e.g., TARDBP, FUS, HNRNPA1) and hexanucleotide expansion in
C9ORF72 can result in a spectrum of presentation from motor neuron
disease to frontotemporal dementia. Both presentations are modeled in
the mice expressing the human FUSR521G variant used in this study; they
develop severe cognitive deficits as well as motor impairment, compared
to the predominant motor neuron disease in mice overexpressing human
SOD1 variants. Mild cognitive impairment and learning disability have
been reported in some pediatric patients with FUS mutation [29,30].

As in our culture model of ALS-FUSR521G, both arimoclomol and the
HDAC inhibitor RGFP963 were neuroprotective in FUSR521G mice
without enhancing expression of HSPs. The mice showed severe deficits
in novel object recognition and passive avoidance tests before drug
treatment was initiated. Surprisingly, these deficits were reversed in a
dose-dependent fashion by arimoclomol and by RGFP963 treatment. The
increase in the number and density of mature dendritic spines on cortical
neurons points to a general recovery of synaptic integrity that could be a
contributing factor to this recovery. FUS plays many roles in RNA pro-
cessing including RNA splicing, transport of mRNAs to neuronal pro-
cesses, local translation and maintenance of synaptic connections [31].
The mechanism(s) underlying recovery with arimoclomol treatment is
unlikely related to its putative role as an amplifier of the heat shock
response. Indeed, consistent with results in cultured motor neurons [15,
16], there were no increases in expression of a battery of HSPs with
complementary function (HSPA1A, HSPA8, HSP40, HSPB1, HSP90 or
STIP1/HOP) in spinal cord, cortex or skeletal muscle of FUSR521G mice,
nor in these mice treated with arimoclomol, RGFP963 or the combina-
tion. Nor was there evidence of change in level or activation of the
transcription factor HSF1.

Arimoclomol was previously reported to delay motor neuron loss and
muscle denervation in SOD1G93A mice and to increase HSF1 phosphor-
ylation and expression of HSP70 and HSP90 in spinal cords at late-stage
disease [8,19]. We studied these mice in comparison to the FUSR521G

mice. Unlike in FUS mice, upregulation of multiple HSPs was evident in
skeletal muscle at intermediate stage disease, being more pronounced at
endstage. However, no upregulation was evident in lumbar spinal cord,
other than HSPB1 associated with astrocytosis, nor was enhancement
observed with any drug treatment regimen; rather, HSP levels were less
pronounced in skeletal muscle, suggesting that other protective mecha-
nisms reduced the need for the additional HSPs. Indeed, muscle con-
tractile force was increased by drug treatments.

https://alsod.ac.uk/


Fig. 7. Drug treatments increased only HSPA8 in lumbar spinal cord (LSC) of endstage SOD1G93A mice. B6 nontransgenic and SOD1G93A transgenic mice were treated
5 days/week i.p. from P85 to endstage with vehicle, 20 mg/kg RGFP963, 20 mg/kg arimoclomol, or the combination. Homogenates of LSC were analyzed for levels of
HSPA1A, HSPA8, HSP40 and HSP90 by Western blotting and normalized to GAPDH. (A) HSP levels were unchanged in LSC from SOD1G93A mice compared to B6
control mice. (B–D) HSPA8 levels were significantly elevated by drug treatments, but HSPA1A, HSP40 and HSP90 remained unchanged. Data are shown as mean � SD
(4 mice/group). Statistical analysis was by unpaired, two-tailed Student's t-test; *p < 0.05, **p < 0.01, ***p < 0.001.
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Consistent with results in fALS culture models, activation of the
conventional heat shock response in motor neurons varies with the type
of stress [12,15,16,32]. Proteasome inhibitors do upregulate the
stress-inducible isoform HSPA1A, but the transcription factor HSF2,
which accumulates when the proteasome is sufficiently inhibited, could
be involved [12]. In mouse models of disease, the response can be even
more variable and refractory, as illustrated by the following examples.
The HSP90 inhibitor NXD30001was highly effective in increasing
HSPA1A in cultured motor neurons, but not in the SOD1G93A mouse
model, even in peripheral tissues [5]. In NPC1�/� mice, a model of the
lysosomal storage disease Niemann-Pick Type C, arimoclomol increased
HSF1 phosphorylation and restored HSP70 levels in brain, but not in
liver. In mice expressing humanized valosin-containing protein
(VCP/p97) with the dominant mutation A232E causing a multisystem
disorder of nervous system, bone and muscle, HSP70 was increased
almost 3-fold in motor neurons compared to wild type controls and
further increased by treatment with 120 mg/kg arimoclomol [33]. In
skeletal muscle HSP70 was not elevated by the variant but was enhanced
by arimoclomol [33]. Notably, arimoclomol was administered p.o. with
11
an estimated dosage of 120 mg/kg compared to the maximum dosage of
20 mg/kg i.p. in our study. Regardless, the reversal of cognitive deficit in
the ALS-FUS mice occurred without evidence of HSP induction or
reduction in FUS expression (Fig. S12). Neither FUS levels nor solubility
in cortex of ALS-FUS mice were significantly altered by arimoclomol
treatment (Fig. S12A). Accumulation of insoluble FUS is not a feature of
the FUSR521G line used in this study (Fig. S12B). Thus, the phenotype is
similar to the mouse developed by Huang, which also expresses FUS at
similar levels as control mice and experiences defects in memory and
spatial awareness [21]. On the other hand, RGFP963 treatment increased
cortical FUS. Further study would be required to understand the mech-
anism, epigenetic alteration in FUS expression or direct interaction of
HDACs with FUS being possibilities [34,35].

How FUS variants suppress the heat shock response remains un-
known. Epigenetic mechanisms regulating HSP gene expression could be
involved but were not overcome by HDAC inhibition to promote active
chromatin or by maintaining nBAF chromatin remodeling complexes in
the nucleus [15], both important for HSF1 interaction with HSE [36].
HDAC inhibition would impact other protective mechanisms, including



Fig. 8. Increase in HSPA1A, HSPA8, HSP40, HSP90 and STIP1/HOP in gastrocnemius/soleus muscle of endstage SOD1G93A mice, but no augmentation by drug
treatments. B6 nontransgenic and SOD1G93A mice were treated 5 days/week i.p. from P85 to endstage with vehicle, 20 mg/kg RGFP963, 20 mg/kg arimoclomol or the
combination. Homogenates of gastrocnemius/soleus were analyzed for HSPA1A, HSPA8, HSP40, HSP90 or STIP1/HOP by Western blotting and normalized to
GAPDH. (A) Levels of HSPA1A, HSPA8, HSP40, HSP90 and STIP1 were increased in muscle from SOD1G93A mice compared to B6 control mice. (B-D) Combination
drug treatment significantly reduced the elevation in HSP levels. Data are shown as mean � SD (5–7 mice/group). Statistical analysis was by unpaired, two-tailed
Student's t-test; *p < 0.05, **p < 0.01, ***p < 0.001.
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DNA repair [15]. Arimoclomol was screened for binding of representa-
tive classical receptors, transporters and ion channels, and various ki-
nases, and found to interact with FGR kinases, MAPKAPK2, PRKACA and
GSK3β [37], pointing to other potential pathways. GSK3β was particu-
larly interesting, being an important signaling molecule for cell survival
and memory. Phosphorylation (pGSK3β) inactivates the kinase by pro-
moting proteasome degradation. pGSK3β is substantially reduced in
neurodegenerative disease including ALS, leading to increased activity
with harmful downstream consequences to neuronal maintenance and
metabolic processes [38]. Levels were reduced in the cortex of FUSR521G

mice, but treatment with arimoclomol or RGFP963 had no significant
effect (data not shown).

Although focus for developing therapeutics has been on increasing
the amount of HSPs to combat protein misfolding, the level might not be
the only or even major limiting factor for protein quality control during
stress in neurons [39,40]. HSPs need to be in the right place, in particular
to protect synaptic connections. Chen and Brown reported that consti-
tutively expressed HSC70 was translocated to synaptic areas of rabbit
cerebral cortex after thermal stress, to promote protein folding in asso-
ciation with HSP40 [41]. Neurons normally express high levels of
constitutive HSPs including HSPA8 [11,39]. Indeed, Hspa8 mRNA is the
most abundant dendritic chaperone and local translation efficiency is
enhanced by proteotoxic stress [32]. Given that attrition of motor neuron
dendrites is a common theme in ALS [42,43], compromise of proximal
connections as well as neuromuscular junctions would contribute to
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motor impairment. Consistent with this, localization of Hspa8 mRNA to
dendrites was impaired in cultured murine motor neurons expressing
FUSR521G and in neurons derived from human induced pluripotent stem
cells expressing a pathogenic variant of heterogenous nuclear ribonu-
cleoprotein A2/B1 [32]. Hspa8 mRNA levels were reduced in soma and
dendrites of cultured motor neurons expressing FUSR521G, but not
restored by arimoclomol or HDAC inhibition [16]. Levels ofHspa8mRNA
and protein were reduced in motor neurons expressing ALS variants of
SOD1, TDP-43 and FUS indicating multiple compromises in chaperoning
capacity. Treatments had variable, often different effects on expression
and intracellular distribution of Hspa8 mRNA depending on the ALS
variant, and on biomarkers of toxicity, further highlighting the need to
understand the function of different ALS variants to better tailor thera-
peutic approaches.

At this time, we can't say how the counteraction of cognitive impair-
ment by arimoclomol or HDAC inhibition applies across the various types
of ALS. Recently, there has been awareness of cognitive involvement in
patients with SOD1mutation, particularly in language domains and social
cognition [44]. Assessment of cognitive performance was not planned in
the SOD1G93Amice in this study, as itwas not a usual or expected endpoint
in high copynumber SOD1G93A transgenicmice, given theprofoundmotor
phenotype. Also, the mice obtained from JAX have developed a hyperki-
netic behavior, independent of the classic motor deficits, and they were
difficult to handle for behavioral testing. In the phase III clinical trial of
arimoclomol in sporadic ALS, cognitive testing was not listed as an
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outcomemeasure. The outcomemeasureswere: Time frombaseline to one
of the events (PAV/tracheostomy/death), ALSFRS-R and Slow Vital Ca-
pacity. Thus, there would be limited ability to identify participants with
deficits or benefiting from therapy [10].

Overall, the study reinforces the challenges in therapeutic develop-
ment in a complex family of diseases called ALS. Disease mechanisms can
differ with the initiating factor(s) and stage of disease. In drug trials, it is
important to measure multiple endpoints and target engagement, but
also to be attuned to ‘off target’ effects, which can significantly impact
outcomes and interpretation of results.
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