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Abstract 
Protein misfolding and mislocalization are common themes in neurodegenerative disorders, including motor neuron dis-
ease, and amyotrophic lateral sclerosis (ALS). Maintaining proteostasis is a crosscutting therapeutic target, including the 
upregulation of heat shock proteins (HSP) to increase chaperoning capacity. Motor neurons have a high threshold for 
upregulating stress-inducible HSPA1A, but constitutively express high levels of HSPA8. This study compared the expression 
of these HSPs in cultured motor neurons expressing three variants linked to familial ALS: TAR DNA binding protein 
43 kDa (TDP-43)G348C, fused in sarcoma (FUS)R521G, or superoxide dismutase I (SOD1)G93A. All variants were poor inducers 
of Hspa1a, and reduced levels of Hspa8 mRNA and protein, indicating multiple compromises in chaperoning capacity. To 
promote HSP expression, cultures were treated with the putative HSP coinducer, arimoclomol, and class I histone dea-
cetylase inhibitors, to promote active chromatin for transcription, and with the combination. Treatments had variable, often 
different effects on the expression of Hspa1a and Hspa8, depending on the ALS variant expressed, mRNA distribution 
(somata and dendrites), and biomarker of toxicity measured (histone acetylation, maintaining nuclear TDP-43 and the 
neuronal Brm/Brg-associated factor chromatin remodeling complex component Brg1, mitochondrial transport, FUS ag-
gregation). Overall, histone deacetylase inhibition alone was effective on more measures than arimoclomol. As in the FUS 
model, arimoclomol failed to induce HSPA1A or preserve Hspa8 mRNA in the TDP-43 model, despite preserving nuclear 
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TDP-43 and Brg1, indicating neuroprotective properties other than HSP induction. The data speak to the complexity of drug 
mechanisms against multiple biomarkers of ALS pathogenesis, as well as to the importance of HSPA8 for neuronal pro-
teostasis in both somata and dendrites. 

Keywords Amyotrophic lateral sclerosis · Heat shock protein · Histone deacetylase inhibitor · Arimoclomol · Chromatin 
remodeling  

Introduction 

Heat shock proteins (HSPs) act as protein chaperones to 
assist protein folding and maintain proteome stability under 
physiological and stress conditions. They recognize mis-
folded proteins or unstable intermediates, interact with 
them to prevent inappropriate interactions, and refold or 
target them for degradation. A general biological principle 
is that cells regulate the expression of heat shock genes 
according to demand and upregulate them under stress, the 
so-called heat shock response. This response can be com-
promised by aging and disease. Accumulation of misfolded 
proteins and protein aggregation are a common theme in 
neurodegenerative disorders, including amyotrophic lateral 
sclerosis (ALS). A logical therapeutic strategy is to improve 
the function of pathways involved in maintaining a healthy 
proteome, including upregulation of the chaperone net-
work; however, this approach has been complicated by the 
high threshold for activating transcription of stress-in-
ducible heat shock genes in neurons, including motor 
neurons, and loss of efficacy with disease progression 
consequent to disease mechanisms, including changes in 
chromatin structure.1–3 

The drug arimoclomol has been investigated as a HSP 
coinducer; i.e., to magnify an existing stress response by 
prolonging the interaction of the major heat shock 
transcription factor, HSF1, with heat shock elements 
(HSE) in heat shock gene promoters.4 ALS is a fatal 
disease in which gradual paralysis occurs due to dys-
function and loss of motor neurons in the cerebral 
cortex, brainstem, and spinal cord. Mutations in over 30 
identified genes account for approximately 10% of cases 
(familial ALS or fALS), the remaining termed sporadic 
ALS (sALS), without a family history or identified 
cause.5 Arimoclomol showed some efficacy in mouse 
models of fALS due to mutation in the superoxide dis-
mutase I (SOD1) gene (ALS1)6 or valosin-containing 
protein,7 and promise in ALS patients with SOD1 mu-
tation,8 but it failed to meet primary endpoints in a 
clinical trial in sALS patients. 

We have been investigating approaches to facilitate 
the upregulation of heat shock genes in motor neurons 
and recently reported that histone deacetylase (HDAC) 
inhibitors enabled the heat shock response in motor 
neurons of dissociated murine spinal cord cultures, 

improving the efficacy of HSP-inducing drugs in re-
sponse to proteotoxic stress induced by expression of the 
SOD1G93A variant.9 Consistent with our previous re-
port,10 the stress-inducible Hsp70 isoform, HSPA1A, 
was induced in only about 10% of motor neurons ex-
pressing SOD1G93A. Although arimoclomol was a poor 
coinducer, efficacy was enhanced by combined treat-
ment with a HDAC inhibitor, particularly through in-
hibition of class I HDACs.9 

The heat shock response is induced by inhibition of 
HSP90. HSF1 is maintained in an inactive state as part of 
HSP90 complexes, like many other transcription factors. 
Under stress or when treated with HSP90 inhibitors that 
disrupt the complex, HSF1 is released to engage with HSE 
of heat shock genes.11 In contrast to the mild induction of 
HSPA1A in neurons expressing SOD1G93A, HDAC inhibi-
tion strongly accentuated the induction of HSPA1A ex-
pression by HSP90 inhibitors.9 HDAC class I inhibitors 
could enhance the heat shock response by maintaining 
histone acetylation and transcriptional competence, i.e., by 
regulating of the “openness of chromatin” to be accessible 
by transcription factors.12 

HSF1–HSE interaction is also influenced by SWI/ 
SNF chromatin remodeling complexes in yeast.13 The 
mammalian ortholog, the neuronal Brm/Brg-associated 
factor (nBAF) chromatin remodeling complex, drives 
neuronal differentiation in development and maintains 
dendritic architecture in mature neurons.14 Dendritic 
attrition and loss of nBAF complexes in motor neurons 
are features of ALS, implicating chromatin remodeling 
pathways in ALS.15,16 Components of nBAF complexes 
were depleted from motor neurons in ALS autopsy 
tissue and in culture models of fALS due to mutation in 
RNA-binding proteins.16 ALS6, is caused by dominantly 
inherited mutations in the gene encoding the RNA- 
binding protein, fused in sarcoma (FUS).17 FUS is found 
concentrated in the nucleus, where it plays roles in 
RNA processing and cycles to the cytoplasm for mes-
senger RNA (mRNA transport).18 When expressed in 
cultured spinal motor neurons, FUS variants caused 
features of the disease including loss of nuclear FUS and 
accumulation and aggregation in the cytoplasm, as well 
as loss of dendritic branching associated with loss of 
nBAF chromatin remodeling complexes.16,19 In motor 
neurons expressing FUSR521G/H, HDAC inhibition 
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preserved nuclear FUS.9 Arimoclomol was as efficient 
as HDAC inhibition in preserving nuclear FUS, despite 
the lack of direct class I HDAC inhibitory activity, and 
combination treatment with HDAC inhibitor and ar-
imoclomol was even more effective. Neither expression 
of the FUS variant nor treatment with HDAC inhibitors 
and/or arimoclomol induced expression of HSPA1A, 
indicating that the heat shock response was even fur-
ther suppressed in motor neurons expressing FUS var-
iants in comparison to SOD1G93A.9 

Those data encouraged us to pursue studies to test ar-
imoclomol in combination with a class I HDAC inhibitor 
in ALS models. An important limitation with most com-
mercially available HDAC inhibitors is target engagement 
in the central nervous system. RGFP963 was obtained 
from BioMarin as a class I HDAC inhibitor with central 
nervous system biodistribution. In the present study, 
RGFP963 was included, alone and in combination with 
arimoclomol, for the induction of HSPs in cultured motor 
neurons expressing ALS-linked variants and for the im-
pact of the treatments on multiple biomarkers of toxicity. 

ALS10 is caused by dominantly inherited mutations 
in TARDBP encoding another DNA/RNA-binding 
protein, TAR DNA binding protein 43 kDa (TDP-43). 
TDP-43 is normally concentrated in the nucleus, but 
shuttles between the nucleus and cytoplasm, like FUS.20 

Depletion of TDP-43 from the nucleus and accumula-
tion in cytoplasmic inclusions can be found in autopsy 
specimens in the majority of ALS cases and in fronto-
temporal dementia.21–23 Although TARDBP mutations 
account for a small percentage of ALS cases, the general 
presence of this pathology in other ALS types indicates 
an important role of the protein in stressed neurons and 
in ALS pathogenesis.21,23 Thus, we focused experiments 
on TDP-43 variants linked to fALS as well as pursuing 
experiments with SOD1 and FUS variants. Our previous 
study established a culture model of ALS10, showing 
depletion of nuclear TDP-43, dendritic attrition, and 
loss of nBAF chromatin remodeling complexes in motor 
neurons expressing TDP-43G348C, similar to neurons 
expressing FUS variant.24 

Here we report the neuroprotective properties of both 
HDAC inhibitors and arimoclomol in motor neurons in all 
three fALS culture models that were not linked to upre-
gulation of HSPA1A. This stress-inducible HSP is typically 
used as a marker of the heat shock response, due to low or 
absent expression under homeostatic conditions and upre-
gulation during stress. However, constitutively expressed 
HSPs are the work horse in maintaining protein quality 
under physiological conditions. Motor neurons express high 
levels of heat shock cognate proteins (HSC)/HSP70s,25 and 
Brown et al. proposed that neurons would rely on these 
isoforms when under stress, in the absence of HSPA1A.26 

HSCs can be upregulated and translocated to synaptic-rich 
areas of the cortex in response to thermal stress in the 
absence of stress-inducible Hsp70.27,28 Therefore, we in-
vestigated the expression of the the HSC70, HSPA8. Hspa8 
mRNA levels declined in somata and dendrites of motor 
neurons expressing ALS variants. RGFP963 prevented this 
loss in the SOD1 model, but not in motor neurons ex-
pressing the FUS variant; only the combination of 
RGFP963 and arimoclomol preserved somal, but not den-
dritic, Hspa8. These data point to differences in how ALS 
variants affect chaperone expression and to neuroprotective 
properties of arimoclomol through other mechanisms. 

Results 

Effect of fALS variants, HDAC inhibition, and arimoclomol on the 
heat shock response in cultured motor neurons 

HSPA1A in motor neurons expressing fALS-linked variants 

Experimental models of ALS in which fALS-linked variants 
are expressed in motor neurons have the advantage of ex-
amining these variants and candidate therapies in the 
context of the unique physiology that increases motor 
neuron vulnerability to disease. We previously reported that 
SOD1G93A, causing fALS1, demonstrated limited capacity to 
induce expression of the stress-inducible HSP70 isoform, 
HSPA1A, in cultured motor neurons.9,10 The percentage of 
motor neurons expressing HSPA1A 3 days following mi-
croinjection of expression plasmid was significantly in-
creased when cultures were exposed to arimoclomol, to the 
pan HDAC inhibitor suberoylanilide hydroxamic acid 
(SAHA) or the class I HDAC inhibitor RGFP109, but not 
the HDAC6 inhibitor Tubastatin A.9 Although the combi-
nation of arimoclomol and SAHA was significantly more 
effective than either drug alone, most neurons remained 
resistant. No expression of HSPA1A was detected in motor 
neurons expressing the fALS6-linked variant FUSR521G even 
with drug treatments. 

Effect of TDP-43G348C on HSPA1A expression and the 
consequences of drug treatments 

TDP-43G348C also is a poor inducer of the heat shock 
response. HSPA1A was detected by immunolabeling in 
a mean of only 6.5% of cultured motor neurons ex-
pressing this variant 3 days following intranuclear mi-
croinjection of expression plasmid, in contrast to 
absence of labeling in neurons expressing mCherry 
(control) (Figure 1(b)). The pan HDAC inhibitor, 
SAHA (Figure 1(c)) and class I HDAC inhibitors, 

HDAC inhibition and arimoclomol on HSP expression                                                                                                          361  



362                                                                                                                                        Fernández Comaduran et al.  



RGFP109 (Figure 1(d)) and RGFP963 (Figure 1(e)), 
significantly increased the percentage of motor neurons 
with HSPA1A immunolabeling, whereas the HDAC6 
inhibitor Tubastatin A had no effect (Figure 1(f)). 
Qualitatively, those results resemble those obtained in 
neurons expressing SOD1G93A, except that arimoclomol 
was not effective in neurons expressing TDP-43G348C, 
nor did it improve the efficacy of HDAC inhibitors 
when used in combination. 

Hspa1a mRNA levels and cellular distribution in motor 
neurons expressing fALS variants 

Expression of Hspa1a mRNA, measured by single mo-
lecule fluorescence in situ hybridization (smFISH) on 
day 3 post microinjection, was consistent with the low 
protein level. eGFP, coexpressed with ALS variant for 
visual identification of injected neurons as well as ser-
ving as a procedural control, did not induce expression 
of Hspa1a mRNA. Figure 2(a) illustrates a motor 
neuron labeled with a probe specific for the con-
stitutively expressed Hspa8 for comparison to the 
Hspa1a probe (Figure 2(b–d)). Few neurons micro-
injected with plasmid encoding TDP-43G348C 

(Figure 2(b)), FUSR521G (Figure 2(c)), or SOD1G93A 

(Figure 2(d)) expressed Hspa1a mRNA. Treatment with 
arimoclomol or RGFP963 increased the percentage of 
motor neurons expressing this mRNA only in the SOD1 
model, but as with protein measurement, most neurons 
remained refractory. 

Hspa1a transcription sites 

Transcription sites are regions within the nucleus where 
active transcription is occurring, leading to the production 
of RNA molecules. The localization of RNA polymerase at 
transcription sites correlates with levels of RNA transcrip-
tion, resulting in brighter fluorescence signals compared to 
individual mRNA spots detected by smFISH (see diagram,  
Supplementary Figure 2). Supplementary Figures 3(b) and 
4(b) illustrate how transcription sites appear in smFISH. 
They manifest within the nucleus as big punctate 

fluorescent signals, representing the accumulation of RNA 
transcripts at the site of active transcription. Supplementary 
Figure 3 illustrates all channels imaged from a neuron ex-
pressing eGFP and FUSR521G and probes for Hspa1a 
mRNA. 

The number of transcription sites, illustrated in Figure 
2(e), was quantified on day 1 (Figure 2(f)) and on day 3 
(Figure 2(g)) post microinjection. Few motor neurons ex-
pressing eGFP, SOD1G93A, TDP-43G348C, or FUSR521G had 
visible transcription sites, there being no significant differ-
ence between groups; however, on day 1, a few motor 
neurons had up to 2 transcription sites, whereas on day 3 
no motor neurons had more than 1 (Figure 2(f) and (g)), 
consistent with a weak but unsustained transcriptional ac-
tivation in a subset of neurons. The number of motor 
neurons with Hspa1a transcription sites was not increased 
by treatment with arimoclomol in combination with 
RGFP963. These results point to the major cause of poor 
induction of HSPA1A by proteotoxic stress in motor neu-
rons being at the level of transcription. 

The data reinforce the differences in impact ALS- 
linked variants have on the heat shock response and 
have implications for therapy with HSP coinducers, 
which depend on initial activation of the heat shock 
response to be effective. 

Impact of ALS variants on the constitutively expressed 
HSC, HSPA8 

The high level of constitutively expressed HSP/heat shock 
cognate protein (HSC) isoforms in motor neurons is likely to 
serve as a defense mechanism against proteotoxic stress.26 

Given the poor induction of HSPA1A, we turned our at-
tention to the effect of ALS variants and of arimoclomol and 
RGFP963 on the major HSC isoform, HSPA8. 

Hspa8 mRNA spots, representing individual mRNA 
molecules, were quantified in both the soma and dendrites 
of motor neurons, given the importance of transport of 
HSP-encoding mRNAs to dendrites and dendritic spines to 
maintaining local protein quality control29 (Figure 3). 
Hspa8 mRNA was highly expressed in somata of control 
motor neurons (injected neurons expressing eGFP) (mean 

Fig. 1 Effects of HDAC inhibitors, arimoclomol, and combined treatments on HSPA1A in motor neurons expressing TDP-43G348C. (a) 
Phase contrast image of spinal cord-DRG culture. Arrows point to motor neurons. (b) Small but significant increase in the percentage 
of motor neurons with HSPA1A immunoreactivity 3 days following microinjection of plasmid encoding TDP-43G348C, compared to 
absence of labeling in neurons injected with mCherry (control). (c)–(f) Percentage of HSPA1A immunopositive motor neurons after 3 
days of treatment with vehicle, the HDAC inhibitors (c) SAHA, (d) RGFP109, (e) RGFP963 or (f) Tubastatin A, or with arimoclomol 
alone or in combination with the respective HDAC inhibitor. HDAC inhibitors with class I activity (c)–(e) significantly increased the 
percentage of neurons expressing HSPA1A. Arimoclomol and the HDAC6 inhibitor Tubastatin A were ineffective. Data presented as 
mean  ±  SD. Each data point on the graph represents the mean % of neurons expressing HSPA1A in each of 9 cultures (11–49 
neurons/culture). Statistical significance was evaluated by one-way ANOVA followed by Bonferroni post hoc analysis. *P  <  0.05, 
**P  <  0.01, ***P  <  0.001, ****P  <  0.0001. Scale bar = 20 μm. Abbreviations used: DRG, dorsal root ganglia; HDAC, histone 
deacetylase; SAHA, suberoylanilide hydroxamic acid; SD, standard deviation; TDP-43, TAR DNA binding protein 43 kDa. 
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of 1370 mRNA spots); expression of SOD1G93A or TDP- 
43G348C, initially increased the number of Hspa8 mRNA 
spots in somas of motor neurons after 24 h of plasmid ex-
pression. See Supplementary Figure 5 for a direct statistical 
comparison of noninjected, eGFP-expressing, and ALS 
variant-expressing controls at 24 h post-microinjection. 
However, a significant reduction occurred in motor neu-
rons expressing SOD1G93A by day 3 (mean of 580 Hspa8 
mRNA spots). Similarly, motor neurons expressing TDP- 
43G348C displayed a reduced mean count of 590 mRNA 
spots, and even lower expression was measured in those 
expressing FUSR521G (mean of 490 mRNA spots) (Figure 
3(b)). A significant reduction in dendritic mRNAs also oc-
curred in motor neurons expressing ALS variants, from a 
mean count of 160 Hspa8 mRNA spots in control to 60 
mRNAs in neurons expressing SOD1G93A, 70 mRNAs in 
neurons expressing TDP-43G348C, and 50 mRNAs in neu-
rons expressing FUSR521G (Figure 3(c)). Wild-type SOD1, 
TDP-43, and FUS were also investigated (Figure 3(d) and 
(e)); only TDP-43 overexpression reduced Hspa8 mRNA, 
consistent with previous studies showing toxicity of its 
upregulation.30 The reduction in Hspa8 mRNA levels in 
somata of motor neurons expressing ALS variants was re-
flected in the decreased expression of HSPA8 protein 
(Figure 3(f) and (g)). 

Impact of RGFP963 and arimoclomol on Hspa8 mRNA 
levels in motor neurons expressing ALS variants 

Only combined treatment with RGFP963 and arimoclomol 
significantly maintained Hspa8 mRNA counts in somata of 
motor neurons expressing TDP-43G348C (mean count of 
1340 mRNA spots compared to 590 with vehicle treatment) 
on par with the levels in eGFP controls (Figure 4(a)). In 
contrast, drug treatments failed to maintain dendritic 
Hspa8 mRNA levels (Figure 4(b)). 

In motor neurons expressing FUSR521G, neither in-
dividual treatments nor their combination maintained the 
levels of Hspa8 mRNA in somata or dendrites (Figure 4(c) 
and (d)). In contrast, in motor neurons expressing 
SOD1G93A, both individual treatment with RGFP963 and its 
combination with arimoclomol effectively maintained 

Hspa8 mRNA levels in both the somata and dendrites at 
near control levels (Figure 4(e) and (f)). Arimoclomol 
treatment was ineffective in maintaining dendritic Hspa8 
mRNA, although there was a trend to maintain levels in the 
somata. 

Longitudinal analysis of Hspa8 mRNA levels in motor 
neurons expressing ALS variants 

To detect variations in mRNA levels within the initial 
days of SOD1G93A, TDP-43G348C, or FUSR521G expres-
sion, we quantified Hspa8 mRNA over a 3-day period, to 
capture any initial but transient changes that might 
have resolved by day 3. 

Hspa8 mRNA levels in both non-injected and eGFP-ex-
pressing motor neurons remained consistent over the 
course of 3 days (Figure 5(a) and (b)). In somata of motor 
neurons expressing TDP-43G348C, Hspa8 mRNA levels were 
elevated on day 1 (mean of 3000 mRNAs) and progressively 
declined over days 2 and 3 (mean of 600 mRNAs) (Figure 
5(c)). Again, treatment with the combination of RGFP963 
and arimoclomol prevented the decline on day 3, main-
taining a mean count close to control (mean of 1300 
mRNAs) (Figure 5(c)), but had no effect on dendritic levels 
(Figure 5(d)). 

In FUSR521G-expressing motor neurons there was also a 
progressive decline in the mean number of Hspa8 mRNA 
spots over the 3-day period, from 2000 on day 1, to 1300 on 
day 2, and to 490 on day 3. Combined treatment with 
RGFP963 and arimoclomol had no effect (Figure 5(e)). A 
similar gradual decline in dendritic Hspa8 mRNA levels 
occurred in dendrites, although in this experiment there 
was some preservation on day 3 by the combination treat-
ment (Figure 5(f)). 

In motor neurons expressing SOD1G93A, Hspa8 
mRNA levels in somata were initially increased (day 1 
mean of 3100 mRNAs in comparison to 1800 in eGFP 
control, P = 0.0101) (Figure 5(g)), but subsequently de-
clined to 2200 mRNAs on day 2 and only 580 mRNAs by 
day 3. Combined treatment with RGFP963 and ar-
imoclomol prevented the decline between day 2 and day 
3. Similarly in dendrites, expression of SOD1G93A 

Fig. 2 Hspa1a mRNA in ALS culture models using single molecule fluorescence in situ hybridization (smFISH). Cultures containing motor 
neurons expressing TDP-43G348C, FUSR521G, or SOD1G93A were treated with vehicle (DMSO), 4 µM arimoclomol, 1 µM RGFP963, or the 
combination of arimoclomol and RGFP963 (Combo). smFISH was conducted on day 3. (a) The highly expressed Hspa8 mRNA is presented 
as a reference control for comparison to the minimal labeling of Hspa1a mRNA in (b)–(d). (b) No significant impact of TDP-43G348C or drug 
treatments on the number of Hspa1a mRNA spots. (c) Scarcity of Hspa1a mRNA spots in neurons expressing FUSR521G; no significant effect 
of drug treatments. (d) Low numbers of Hspa1a mRNA spots in neurons expressing SOD1G93A; a small but significant increase in a subset of 
neurons by arimoclomol and RGFP963 treatments. Data are presented as mean  ±  SD, n = 9–24 neurons per group. (e–g) Number of 
transcription sites by smFISH. (e) Example of Hspa1a transcription site labeling. (f and g) Effect of ALS variants and combination drug 
treatment on the number of Hspa1a transcription sites on (f) day 1 and (g) day 3 following microinjection of expression vectors. n = 6–30 
neurons per group. Statistical significance was evaluated through one-way ANOVA followed by Bonferroni post hoc analysis. *P  <  0.05. Scale 
bar = 15 μm. Abbreviations used: ALS, amyotrophic lateral sclerosis; FUS, fused in sarcoma; SD, standard deviation; SOD1, superoxide 
dismutase I; TDP-43, TAR DNA binding protein 43 kDa. DMSO; dimethyl sulfoxide. 
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reduced Hspa8 mRNA levels over the 3 days, which was 
prevented by combination treatment (Figure 5(h)). 

In summary, ALS variants were poor inducers of Hspa1a 
expression; RGFP963 slightly improved this response in 
motor neurons expressing TDP-43 and SOD1 variants, but 
arimoclomol was significantly effective only in the SOD1 
model. Hspa8 mRNA and HSPA8 protein levels were ro-
bust in both somata and dendrites of motor neurons but 
declined over 3 days with expression of TDP-43G348C, 
FUSR521G, or SOD1G93A. Arimoclomol had minimal impact 
on these measures, whereas RGFP963 was particularly ef-
fective in maintaining Hspa8 expression in the SOD1 
model. Whether this preservation involved specific action 
on Hspa8 gene transcription by the drugs or occurred sec-
ondary to other drug actions that preserved motor neuron 
functions more generally would be difficult to determine. 
Nevertheless, the previously reported neuroprotection in 
the FUS model by HDAC inhibitors and arimoclomol9 in 
the absence of any measured upregulation of HSPA1A or 
HSPA8, encouraged us to measure biomarkers of toxicity in 
the TDP-43 model. 

Impact of RGFP963, arimoclomol alone and in combination on 
disease-relevant biomarkers in motor neurons expressing TDP-43G348C 

Histone acetylation 

There is evidence of decreased histone acetylation in 
ALS tissue and experimental models.16,31–35 We pre-
viously reported that H3/H4 histone acetylation, asso-
ciated with active chromatin, was reduced in cultured 
motor neurons expressing a fALS-linked FUS variant 
and was prevented by treatment with the pan HDAC 
inhibitor, SAHA.35 Thus, examining the effect of HDAC 
inhibitors serves as a biomarker of target engagement as 
well as addressing a relevant biomarker of disease. 

To assess histone acetylation in motor neurons ex-
pressing TDP-43G348C, we used an antibody specifically 
recognizing H3 acetylated at residues 9 and 14 (H3K9/ 
K14Ac) and rated antibody labeling of the nucleus as 
strong (H3K9Ac+/+), weak (H3K9Ac+/−), or absent 

(H3K9Ac−/−) (Figure 6(a)). In line with our previous 
findings,24 we observed decreased H3K9/K14 acetyla-
tion in motor neurons expressing TDP-43G348C. Sixty 
percent of control motor neurons exhibited strong nu-
clear H3K9/K14Ac+/+ compared to 28% of TDP- 
43G348C-expressing motor neurons (Figure 6(b)). This 
percentage was significantly increased to control levels 
by treatment with SAHA (Figure 6(c)) or the Class I 
inhibitor, RGFP963 (Figure 6(d)), but arimoclomol was 
ineffective (Figure 6(c) and (d)), consistent with its lack 
of class I HDAC inhibitory activity.9 Expression of wild- 
type TDP-43 did not significantly alter H3K9/K14Ac 
scoring (Figure 6(e)), nor was H3 acetylation influenced 
by SAHA (Figure 6(e)). 

Nuclear-cytoplasmic localization of TDP-43 

Abnormal cytoplasmic accumulation of RNA-binding 
proteins is a hallmark of ALS, potentially contributing 
to nuclear dysfunction and cytoplasmic toxicity.36 This 
feature is reproduced in cultured motor neurons ex-
pressing ALS-linked TDP-43 variants37 and FUS var-
iants.19 We previously reported that SAHA and 
RGFP109 maintained FUS within the nucleus of cul-
tured motor neurons expressing FUSR521H, increasing 
the percentage of neurons exhibiting both nuclear and 
cytoplasmic FUS and decreasing the percentage in 
which FUS was exclusively cytoplasmic.9 Thus, we de-
termined if these treatments had comparable effects on 
the distribution of TDP-43 in motor neurons expressing 
TDP-43G348C. 

Three days following microinjection of the expression 
plasmid, cultures were immunolabeled with an anti-
body to TDP-43 and immunolabeling was categorized 
as: cytoplasmic only, both nuclear and cytoplasmic, and 
nuclear only (Figure 7(a)). Treatment with SAHA 
(Figure 7(b)), RGFP963 (Figure 7(c)), or RGFP109 
(Figure 7(d)) significantly preserved nuclear TDP-43, 
with a significantly lower percentage of neurons ex-
pressing the variant scored as having only cytoplasmic 
TDP-43. A similar preservation of nuclear TDP-43 was 
achieved by treatment with arimoclomol. As reported in 

Fig. 3 (a–e) ALS variants suppress Hspa8 mRNA levels in motor neurons. Hspa8 mRNA was quantified by smFISH 3 days after 
microinjection of TDP-43G348C, FUSR521G, or SOD1G93A plus eGFP vectors. Microinjected motor neurons were identified by double- 
immunolabeling with antibodies to eGFP and TDP-43, FUS, or SOD1. (a) Examples of Hspa8 smFISH. Significant decrease in RNA 
spot counts in (b) somata and (c) dendrites of motor neurons expressing ALS variants compared to eGFP control. (d) and (e) 
Reduction in Hspa8 mRNA only in somata of neurons expressing wild-type (WT) TDP-43. Data presented as mean spot counts  ±  SD, 
n = 11–61 neurons. (f) and (g) Reduction in HSPA8 protein in somata of motor neurons expressing ALS variants, compared to 
noninjected motor neurons in the same culture (CTL). (f) Representative micrographs of spinal cord-DRG culture double-labeled 
with anti-HSPA8 and anti-TDP-43. Arrow points to a neuron expressing TDP-43G348C. (g) Graphed is mean pixel intensity of 
immunolabeling signal  ±  SD, n = 9–24 neurons. Statistical significance was evaluated through one-way ANOVA followed by 
Bonferroni post hoc analysis. *P  <  0.05, ****P  <  0.0001. Scale bar = 15 μm unless stated otherwise. Abbreviations used: ALS, 
amyotrophic lateral sclerosis; FUS, fused in sarcoma; smFISH, single molecule fluorescence in situ hybridization; SD, standard 
deviation; SOD1, superoxide dismutase I; TDP-43, TAR DNA binding protein 43 kDa. eGFP; enhanced green fluorescent protein. 
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the FUS ALS model,9 the HDAC6 inhibitor Tubastatin 
A had no significant effect on TDP-43 localization 
(Figure 7(e)). 

Some motor neurons overexpressing wild-type TDP- 
43 lacked nuclear TDP-43 (Figure 7(f)), consistent with 
previous data and the normal cycling of this RNA- 
binding protein between the nucleus and cytoplasm in 
neurons37; however, neither arimoclomol nor SAHA 
treatment significantly affected wild-type TDP-43 loca-
lization. 

Expression of Brg1, the nBAF chromatin remodeling 
complex ATPase 

Components of the nBAF chromatin-remodeling com-
plex, including the ATPase Brg1, were depleted from the 
nucleus of cultured motor neurons expressing ALS- 
linked FUS or TDP-43 variants; this depletion correlated 
with the reduction in nuclear FUS or TDP-43 and with 
dendritic attrition.16 nBAF complex depletion also oc-
curred in spinal motor neurons in autopsy tissue from 
both sALS and fALS ALS cases.16 We now report similar 
findings in cultured motor neurons expressing TDP- 
43G348C. Nuclear Brg1 was evaluated by im-
munolabeling in the absence and presence of treatment 
with HDAC inhibitor (SAHA or RGFP963), ar-
imoclomol alone, or drug combinations. Im-
munolabeling with antibody to Brg1 was categorized 
based on labeling intensities: strong (+/+), weak (+/−), 
or none (−/−) as shown in Figure 8(a). The mean per-
centage of TDP-43G348C-expressing motor neurons 
scored as (+/+) Brg1 was reduced to 35% compared to 
62% in the control group (expressing mCherry) (Figure 
8(b)). Both SAHA (Figure 8(c)) and RGFP963 (Figure 
8(d)) maintained nuclear Brg1 at levels comparable to 
control motor neurons, 65% and 61% of motor neurons, 
respectively scoring as (+/+) Brg1. Arimoclomol also 
preserved nuclear Brg1 within TDP-43G348C-expressing 
motor neurons (mean (+/+) score of 57%). Over-
expression of wild-type TDP-43 did not significantly 
affect nuclear Brg1 scoring (Figure 8(e)). 

Effect of fALS variants, HDAC inhibition, and arimoclomol on 
axonal transport of mitochondria 

Disruption of organelle transport, including mitochon-
dria, is a common consequence of the expression of 
ALS-linked variants (reviewed in38). For vital imaging of 
transport in axonal segments, mCherry was targeted to 
mitochondria by incorporating the ornithine carba-
moyltransferase signal sequence (Figure 9(a)). Figure 
9(a) includes sample kymograph recordings, showing 
color-coded mitochondria. The mean start-to-end velo-
city was significantly reduced by the expression of TDP- 
43G348C, FUSR521G, or SOD1G93A (Figure 9(b)). Neither 
RGFP963 nor arimoclomol preserved transport in neu-
rons expressing TDP-43G348C (Figure 9(c)) or FUSR521G 

(Figure 9(d)). In the SOD1 model, transport was sig-
nificantly increased by treatment with RGFP963 in 
combination with arimoclomol, relative to vehicle 
treatment, but not by these drugs individually, another 
example of the drug combination outperforming in-
dividual drugs (Figure 9(e)). 

Discussion 

ALS is a heterogeneous disease, characterized by mul-
tiple interacting pathophysiological mechanisms that 
can vary with genetic factors, environmental influences, 
and stage of disease. Although protein quality control 
mechanisms have been recognized as a potential cross- 
cutting therapeutic strategy, they have proven difficult 
to effectively manipulate for clinical benefit. Using pri-
mary culture models of three forms of ALS caused by 
mutations in TARDPB, FUS, and SOD1, we have high-
lighted the differences in the effect of these variants on 
the expression of HSPs, specifically the stress-inducible 
isoform HSPA1A and the constitutively expressed HSC, 
HSPA8, as well as the effect of drugs that potentially 
alter their expression. This paper focused on the 
TARDBP model to complement a previous study using 
SOD1 and FUS models,9 as well as on additional 

Fig. 4 Effect of RGFP963 and arimoclomol alone and in combination on Hspa8 mRNA levels in motor neurons expressing ALS variants. 
smFISH quantitation of Hspa8 mRNA levels in both somata and dendrites of motor neurons expressing eGFP alone (control) or with the 
ALS-associated variants TDP-43G348C, FUSR521G, or SOD1G93A. Cultures were treated with vehicle (DMSO) or with 4 µM arimoclomol or 
1 µM RGFP963 alone or in combination. Hspa8 smFISH and immunolabeling with antibodies to eGFP and TDP-43, FUS, or SOD1 was 
carried out on day 3. (a) and (b) TD-43 model: Only the combination of RGFP963 and arimoclomol preserved Hspa8 mRNA levels in 
somata. Levels remained low in dendrites, regardless of the treatment. (c) and (d) FUSR521G model: Neither individual treatments nor their 
combination maintained the levels of Hspa8 mRNA in either somata or dendrites. (e) and (f) SOD1 model: Both RGFP963 alone and 
combined with arimoclomol, but not arimoclomol alone, significantly maintained Hspa8 mRNA levels in both somata and dendrites. Data 
are presented as mean  ±  SD, n = 14–60 neurons. Statistical significance was evaluated through one-way ANOVA followed by Bonferroni 
post hoc analysis. **P  <  0.01, ***P  <  0.001, ****P  <  0.0001. Abbreviations used: ALS, amyotrophic lateral sclerosis; FUS, fused in 
sarcoma; SD, standard deviation; smFISH, single molecule fluorescence in situ hybridization; SOD1, superoxide dismutase I; TDP-43, TAR 
DNA binding protein 43 kDa. DMSO; dimethyl sulfoxide. eGFP; enhanced green fluorescent protein. 
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experiments comparing all three models (summarized 
in Table 1 in Supplementary Data). 

Poor induction of HSPA1A with proteotoxic stress 
has remained a consistent theme, with FUS variants 
being particularly ineffective.2,9 Several factors have 
been proposed to underlie the lack of HSPA1A expres-
sion in neurons. Levels of the transcription factor HSF1 
are low in neurons and generally diminish with aging,11 

but overexpression of wild-type HSF1 in cultured motor 
neurons was not sufficient.39 This study demonstrated 
the lack of Hspa1a mRNA expression as well. TDP-43 
and FUS variants affect multiple levels of gene and 
protein expression including DNA repair, RNA splicing, 

transport and translation that could contribute,36,40–43 

but we observed transcription sites appearing only 
transiently, if at all, in motor neurons expressing ALS 
variants, pointing to the major impairment in HSPA1A 
induction being at the transcriptional level. 

Translation of Hspa1a mRNA requires the transla-
tion initiation factor eEF1A1, but the neuron-specific 
variant eEF1A2 lacks this ability.44 Expression switches 
from eEF1A1 to eEF1A2 during neuronal development, 
although some eEF1A1 has been localized to post-
synaptic densities45,46 and axons,47 which could support 
local translation. In the Drosophila brain, Mettl3-de-
pendent increase in m6A (methyladenosine) 

Fig. 5 Differential effects of arimoclomol and RGFP963 on the decline in Hspa8 mRNA levels in motor neurons expressing ALS 
variants. (a) and (b) Controls: Hspa8 mRNA expression remained unchanged over a 3-day period in (a) soma and (b) dendrites of 
control motor neurons (nonmicroinjected neurons labeled with MAP2 antibody and microinjected motor neurons expressing eGFP). 
(c) and (d) In somata of motor neurons expressing TDP-43G348C, Hspa8 levels gradually declined over 3 days; Combined treatment 
with RGFP963 and arimoclomol prevented the decline from day 2 to day 3. (e) and (f) In motor neurons expressing FUSR521G, Hspa8 
mRNA levels declined in both somata and dendrites. Combination treatment failed to prevent this decline in somata, although 
decline in dendrites was less. (g) and (h) Spike in HSPA8 mRNA somata of SOD1G93A-expressing motor neurons on day 1, but 
substantial decline by day 3, which was prevented by the drug combination. Similarly, drug combination maintained Hspa8 mRNA 
in dendrites. Data are presented as mean  ±  SD, n = 9–60 neurons. Statistical significance was evaluated through one-way ANOVA 
followed by Bonferroni post hoc analysis. *P  <  0.05, **P  <  0.01, ***P  <  0.001, ****P <  0.0001. Abbreviations used: ALS, amyotrophic 
lateral sclerosis; FUS, fused in sarcoma; SD, standard deviation; SOD1, superoxide dismutase I; TDP-43, TAR DNA binding protein 
43 kDa. eGFP; enhanced green fluorescent protein. 
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Fig. 6 HDAC inhibition limited the reduction of histone acetylation in TDP-43G348C-expressing motor neurons. After microinjection 
of plasmid encoding TDP-43G348C or mCherry as control, cultures were treated with vehicle (DMSO), 4 µM arimoclomol, 4 µM SAHA, 
1 µM RGFP963, alone and in combination for 3 days. Injected neurons were identified by double-labeling with rabbit anti-flag M2 to 
visualize TDP-43G348C or by mCherry epifluorescence. (a) Acetylation of histone 3 at lysine residues 9 and 14 (H3K9/K14Ac), 
evaluated by immunocytochemistry using an acetylation-specific antibody was categorized as: strong (H3K9/K14Ac+/+), weak 
(H3K9/K14Ac+/−) or absent (H3K9/K14Ac−/−). (b) Reduction in H3K9K14ac in motor neurons expressing TDP-43G348C was 
prevented by the HDAC inhibitors (c) SAHA or (d) RGFP963 demonstrating target engagement, whereas arimoclomol had no 
impact. (e) No alteration of histone acetylation by wild-type TDP-43. Data are presented as mean  ±  SD. Each data point on the 
graph represents the mean % of neurons in each of 6–13 cultures (10–59 neurons/culture). Statistical significance was evaluated by 
one-way ANOVA followed by Bonferroni post hoc analysis. *P  <  0.05, **P  <  0.01, ***P  <  0.001. Scale bar = 20 µm. Abbreviations 
used: HDAC, histone deacetylase; SAHA, suberoylanilide hydroxamic acid; SD, standard deviation; TDP-43, TAR DNA binding 
protein 43 kDa. 43 kDa; DMSO dimethyl sulfoxide. 
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Fig. 7 HDAC inhibitors and arimoclomol preserve nuclear localization of TDP-43. Cultures containing motor neurons expressing 
TDP-43G348C or wild-type TDP-43 were treated with vehicle (DMSO), 4 µM arimoclomol, or HDAC inhibitor (4 µM SAHA, 1 µM 
RGFP963, 4 µM RGFP109, or 1 µM Tubastatin A) alone or in combination with arimoclomol. (a) After 3 days, cultures were 
immunolabeled with rabbit anti-TDP-43 and TDP-43 localization was categorized as: cytoplasmic only, both nuclear and cytoplasmic, 
and nuclear only. (b) SAHA, (c) RGFP109, or (d) RGFP963 significantly preserved nuclear TDP-43 in motor neurons expressing TDP- 
43G348C. Arimoclomol treatment also significantly maintained nuclear TDP-43. (e) No effect of the HDAC6 inhibitor Tubastatin A. (f) 
Neither overexpression of wild-type TDP-43 nor treatment of these neurons with drugs affected TDP-43 distribution. Data are 
presented as mean  ±  SD. Each data point on the graph represents the mean % of neurons in each of 6–9 cultures (12–45 neurons/ 
culture). Statistical significance was evaluated by one-way ANOVA followed by Dunnett’s multiple comparison test. *P  <  0.05, 
**P  <  0.01, ***P  <  0.001, ****P  <  0.0001. Scale bar = 20 µm. Abbreviations used: HDAC, histone deacetylase; SAHA, suberoylanilide 
hydroxamic acid; SD, standard deviation; TDP-43, TAR DNA binding protein 43 kDa. 43 kDa; DMSO dimethyl sulfoxide. 

372                                                                                                                                        Fernández Comaduran et al.  



HDAC inhibition and arimoclomol on HSP expression                                                                                                          373  



modification of polyA+ RNA with heat stress atte-
nuated the heat shock response at the translational 
level.48 Hspa1a mRNA was very low in motor neurons 
expressing ALS variants arguing against the major block 
being at the translational stage. Nevertheless; Hspa1a 
transcription can be increased; two conditions that do 
upregulate HSPA1A in cultured motor neurons are 
treatment with agents that disrupt HSP90 complexes 
that sequester HSF12,10 and proteasome inhibition, 
which leads to increased levels of the heat shock tran-
scription factor, HSF2.2 

We postulated that HDAC inhibitors by promoting his-
tone acetylation and openness of chromatin would facilitate 
access of HSF1 to HSE of heat shock genes and improve the 
efficacy of HSP coinducers, such as arimoclomol, when 
used in combination. HDAC inhibition did preserve histone 
3 acetylation in motor neurons expressing FUS35 or TDP-43 
variants (this study). While class I HDAC inhibitors were as 
effective as arimoclomol in inducing HSPA1A expression 
under various stress conditions,9 in only some circum-
stances has the combination of HDAC inhibitor with ar-
imoclomol been more effective than either drug alone; e.g., 
more motor neurons expressing SOD1G93A were im-
munopositive for HSPA1A when treated with SAHA and 
arimoclomol in combination compared to either drug 
alone.9 However, in motor neurons expressing TDP-43G348, 
arimoclomol was not effective, nor did combining with 
HDAC inhibitors improve efficacy. Neurons expressing 
FUSR521G failed to respond to any treatment by expressing 
HSPA1A at the protein or mRNA level. 

There is increasing appreciation for epigenetic mechan-
isms contributing to ALS and other neurodegenerative 
disorders including DNA methylation, chromatin re-
modeling factors, and post-translational modification of 
histones.3,16,49–51 Recruitment of chromatin remodeling 
complexes by HSF1 is an important aspect of transcrip-
tional regulation52; thus, the loss of nBAF chromatin re-
modeling complexes in ALS might be disruptive. Both class 
I HDAC inhibition and arimoclomol preserved nuclear 
TDP-43, FUS, and Brg1 (the ATPase component of nBAF 
chromatin remodeling complexes) in motor neurons, but 
without promoting Hspa1a expression. 

Several families of HSPs cooperate for protein quality 
control and might obviate a role for HSPA1A under real- 
world conditions in mammalian systems. Expression of the 
HSC, HSPA8, was suppressed in both somata and dendrites 
in all three ALS models tested, both at the mRNA and 
protein levels, which would likely have a significant impact 
on proteostasis. HSPA8 interacts with TDP-43.53,54 In Dro-
sophila motor neurons, TDP-43G298S interacted with Hsc70- 
4 (HSPA8) protein and mRNA to a greater extent than 
wild-type TDP-43 and suppressed its translation, with a 
reduction in Hsc70-4 levels at neuromuscular junction sy-
napses.55 HSPA8 also was reduced in growth cones of pri-
mary cultured motor neurons overexpressing TDP-43Q331K 

or TDP-43M337V and at neuromuscular junctions of TDP- 
43A315T transgenic mice, with impairment of synaptic ve-
sicle endocytosis. In our study, the suppression of HSPA8 
was observed in soma, perhaps due to a higher level of 
overexpression of TDP-43G348C compared to models used by 
Coyne et al., but the message is qualitatively similar. 

RGFP963 preserved Hspa8 mRNA in somata and den-
drites of motor neurons expressing SOD1G93A, but only in 
somata of neurons expressing TDP-43G348C when combined 
with arimoclomol. No drug treatment was effective in the 
FUS ALS model, following the same pattern as with 
HSPA1A. The distinction between somatic and dendritic 
mRNA levels is significant given that Hspa8 mRNA is the 
chaperone mRNA most transported to dendrites for trans-
lation during proteotoxic stress and this transport is im-
paired with knockdown of FUS or expression of a 
dominant mutation in HNRNPA2B1, another RNA-binding 
protein.29 Thus, RNA-binding proteins play an important 
role in dendritic proteostasis. To maintain neuronal con-
nectivity, an effective therapy would need to not only reg-
ulate gene expression but also target proteins to appropriate 
cellular compartments. 

As in Kuta et al.,9 efficacy of HDAC inhibition, ar-
imoclomol, and the combination depended on the type of 
stress and the biomarker being measured. Indeed, ar-
imoclomol presents an enigma. It is inefficient as an HSP 
coinducing agent in motor neurons, yet it protects against 
some measures of toxicity in ALS models, including the 
FUS model, which was the least responsive in terms of 

Fig. 8 HDAC inhibitors and arimoclomol preserve Brg1, the ATPase component of nBAF chromatin remodeling complexes, in TDP- 
43G348C-expressing motor neurons. Three days after microinjection, cultures were immunolabeled with rabbit anti-Brg1 and mouse 
anti-flag M2 to visualize TDP-43G348C. (a) Intensity of Brg1 immunolabeling in the nucleus was categorized as: strong (+/+), (+/−), 
or none (−/−). (b) Compared to controls (mCherry), expression of TDP-43G348C significantly reduced the percentage of motor 
neurons displaying strong Brg1 labeling. This percentage was maintained similar to controls by (c) SAHA and (d) RGFP963 
treatments. Arimoclomol also maintained nuclear Brg1 expression, although slightly less efficiently than HDAC inhibitors. When 
SAHA or RGFP963 was combined with arimoclomol, a modest enhancement occurred. (e) Brg1 distribution was not significantly 
affected by overexpression of wild-type TDP-43. Data are presented as mean  ±  SD. Each data point on the graph represents the 
mean % of neurons in each of 4–15 cultures (13–39 neurons/culture). Statistical significance was evaluated through one-way ANOVA 
followed by Bonferroni post hoc analysis. *P  <  0.05, **P  <  0.01, ***P  <  0.001. Scale bar = 20 µm. Abbreviations used: HDAC, histone 
deacetylase; nBAF, neuronal Brm/Brg-associated factor; SAHA, suberoylanilide hydroxamic acid; SD, standard deviation; TDP-43, 
TAR DNA binding protein 43 kDa. 
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HSPA1A induction and preservation of Hspa8 mRNA ex-
pression. Indeed, arimoclomol failed to maintain Hspa8 
mRNA expression in neurons expressing ALS variants, 
despite preserving nuclear TDP-43 and FUS and nBAF 
chromatin remodeling complexes (this study and Kuta 
et al.9). On the other hand, HDAC inhibition, but not 

arimoclomol, inhibited cytoplasmic aggregation FUS in 
cultured motor neurons expressing FUSR521G, contrary to 
what might be expected of a HSP coinducer 
(Supplementary Figure 6). 

Neither arimoclomol nor RGFP963 significantly 
preserved mitochondrial transport in motor neurons 

Fig. 9 Effect of ALS variants and drug treatments on axonal transport of mitochondria. (a) Image of axonal segment of motor neuron 
expressing pOCT-mCherry localized to mitochondria. Kymographs generated from mitochondrial movements in control or TDP- 
43G348C-expressing neurons and in cultures treated with vehicle or the combination of arimoclomol and RGFP963. Individual 
mitochondria were color-coded using KymoResliceWide. Scale bars = 20 µm horizontal and 3.5 min vertical. (b) TDP-43G348C, 
FUSR521G, or SOD1G93A impaired start-to-end velocity of mitochondrial transport in axonal segments of motor neurons compared to 
mCherry alone. (c) Neither RGFP963 nor arimoclomol preserved mitochondrial transport in neurons expressing TD-P43G348C or (d) 
FUSR521G. Only the combination of RGFP963 and arimoclomol reduced the decline in mitochondrial transport by SOD1G93A. Data are 
presented as mean  ±  SD, n = 17–33 axons per group. Statistical significance was evaluated through one-way ANOVA followed by 
Bonferroni post hoc analysis. *P  <  0.05, **P  <  0.01, ***P  <  0.001, ****P  <  0.0001. Abbreviations used: ALS, amyotrophic lateral 
sclerosis; FUS, fused in sarcoma; SD, standard deviation; SOD1, superoxide dismutase I; TDP-43, TAR DNA binding protein 43 kDa. 
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expressing TDP-43G348C or FUSR521G. Tubulin acetyla-
tion is an important regulator of axonal transport, but 
since this post-translational modification is regulated 
by the Class IIB HDAC, HDAC6, Class I inhibitors 
would not be expected to have a direct effect on 
transport mechanisms.56 In the SOD1 model, the 
combination of arimoclomol and RGFP963 did im-
prove transport, although the mechanism(s) are not 
apparent. Mitochondria are particularly compromised 
by expression of SOD1 variants,57 including accumu-
lating Ca++ and vacuolating, abnormalities that are 
expressed in our primary motor neuron culture model 
in addition to impaired transport.58 

Conclusion 

In conclusion, the multitude of interacting pathways 
altered by expression of these fALS variants and in ALS 
in general, and incomplete understanding of drug 
properties, defies identifying precise mechanisms of 
neuroprotection. Collectively, the data speak to the 
complexity of drug mechanisms and the importance of 
testing drug combinations against multiple biomarkers 
of ALS pathogenesis to identify effective therapies de-
pending on the type and stage of the disease. 

Materials and methods 

fALS culture models 

Preparation and maintenance of dissociated spinal cord- 
DRG cultures from E13 CD1 mouse embryos (Charles 
River Laboratories, St. Constant, QC, Canada) were as 
previously described.59 Briefly, ∼450,000 cells were 
seeded onto 18 mm glass coverslips (Thermo Fisher 
Inc., St. Laurent, QC, Canada) previously coated with 
poly-D-lysine (Millipore Sigma, Oakville, ON, Canada) 
and Matrigel basement membrane matrix (Millipore 
Sigma) in 12-well culture dishes (Greiner Bio-One, 
Frickenhausen, Germany). Cultures were maintained at 
37 °C and 5% CO2 in the modified N3 growth medium 
described in Roy et al.59 plus 1.3% horse serum (In-
vitrogen Canada Inc., Burlington, ON, Canada), 5 ng/ 
mL 2.5S nerve growth factor (Millipore Sigma) and 0.5X 
B-27 Supplement (Life Technologies, Carlsbad, CA, 
USA). At confluency, cultures were treated with 1.4 μg/ 
mL cytosine-β-D-arabinofuranoside (Calbiochem) for 3 
days to suppress the division of non-neuronal cells. 
Cultures were matured for at least 3 weeks for the de-
velopment of motor neurons (Figure 1(a)), identified as 
described in Roy et al.59 

fALS culture models were established by intranuclear 
microinjection of plasmids encoding ALS variants and/or 
cell markers into motor neuronal nuclei as previously de-
scribed.58,60 Plasmids used were human TARDBP (WT or 
G348C) with N-terminus Flag and C-terminus Myc tags in 
pCS2+ microinjected at 20 ng/µL,37 N-terminal Flag-tagged 
human FUS (WT or R521G) in pcDNA3 at 20 ng/μL,19 

SOD1 (WT or G93A) in pCEP4 at 200 ng/μL or pcDNA3 at 
27 ng/μL,60 mCherry-C1 plasmid (Clontech, Mountain 
View, CA, USA) at 1 ng/μL, eGFP plasmid (Clontech) at 
5 ng/μL and pOCTmCherry at 1 μg/mL.58 

Immunocytochemistry 

Cultures on coverslips were fixed in 4% paraformaldehyde 
in PBS for 10 min; permeabilized using 0.5% NP-40 for 
5 min; resubmerged in 4% paraformaldehyde in PBS for 
2 min; blocked in 5% horse serum in PBS for 30 min at R.T. 
or overnight at 4 °C; incubated with primary antibody for 
1 h; washed 3 times for 5 min in phosphate buffered saline 
(PBS); incubated with secondary antibody for 45 min; wa-
shed 3 times for 5 min in PBS, and mounted on microscope 
slides in Epredia Immu-Mount (Thermo Fisher 
Scientific Inc.). 

Primary antibodies were: rabbit anti-TDP-43 (EPR18554 
1:500 Abcam, Cambridge, UK), rabbit anti-FUS (11570-1- 
AP 1:300, Proteintech, Rosemont, IL, USA); mouse anti-
body specific for human SOD1 (SD-G6 1:100, Millipore 
Sigma), Mouse anti-human HSP70 specific for stress-in-
ducible HSPA1A (SMC-100B 1:100, Stressmarq Biosciences 
Inc., Victoria, BC, Canada), mouse anti-HSPA8/HSC71/ 
Hsc70 (13D3) antibody (NB120-2788 1:300, Novus 
Biologicals, Centennial, CO, USA), mouse anti-FLAG M2 
(F1804 1:400, Millipore Sigma), rabbit anti-acetylated 
H3K9/K14 (9677 1:400, Cell Signaling, Danvers, MA, USA), 
rabbit anti-Brg1 (21634-1-AP 1:600, Proteintech), rabbit 
anti-MAP2 (AB5622 1:500, Millipore Sigma), chicken anti- 
GFP (GFP1010 1:500 AVES, CA, USA). 

Secondary antibodies for immunofluorescence 
(Jackson Immunoresearch, Cedarlane, Burlington, ON, 
Canada, unless stated otherwise): Alexa Fluor 488- 
conjugated donkey anti-mouse IgG (1:300), Cy5-, Cy3- 
and Cy2-conjugated donkey anti-rabbit IgG (1:300), 
Cy3-donkey anti-mouse IgG (1:300), Cy2-donkey anti- 
mouse IgG (Rockland, PA, USA; 610-711-124; 1:300), 
Alexa Fluor 750-goat anti-rabbit (Invitrogen; 1:1000), 
Alexa Fluor 488-goat anti-chicken (Invitrogen; 1:1000), 
and Alexa 750-goat anti mouse (Invitrogen; 1:1000). 

Imaging was carried out using a Zeiss Observer Z1 
microscope (Carl Zeiss Microscopy) equipped with a 
Hamamatsu ORCA-ER cooled CD camera (Hamamatsu, 
Japan). Images were acquired and analyzed with Zeiss 
Axiovision software. 
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Drug treatments 

Cultures were treated post microinjection and analyzed 
after 3 days, unless otherwise stipulated. Drugs used were: 
Arimoclomol (Medkoo Biosciences, Morrisville, NC, USA) 
dissolved in water to prepare a stock solution of 2 mM; 
HDAC inhibitors: the pan HDAC inhibitor SAHA 
(Cedarlane), HDAC 1/3 inhibitors RGFP963 (BioMarin 
Pharmaceutical Inc., San Raphael, CA, USA) and RGFP109 
(Selleck Chemicals LLC, Houston, TX, USA) dissolved in 
dimethyl sulfoxide for stock solutions of 2 mM, and the 
HDAC6 inhibitor Tubastatin A (Cayman Chemical, Ann 
Arbor, MI, USA) dissolved in dimethyl sulfoxide for a stock 
solution of 6 mM. Drugs were diluted to working con-
centrations in a modified N3 culture medium with genta-
mycin, with an equivalent concentration of dimethyl 
sulfoxide as control. 

Quantifying HSP mRNA expression using smFISH 

Motor neurons were microinjected with plasmids en-
coding the ALS variant and eGFP to identify injected 
cells. On day 1, 2, or 3 post microinjection, a combined 
smFISH with immunofluorescence protocol was fol-
lowed as described in detail by Jacob-Tomas et al.,61 

adapted from Eliscovich et al.62 The probes used for Mus 
musculus Hspa1a or Hspa8 mRNA (Stellaris LGC Bio-
search Technologies, CA, USA) are a mixture of up to 48 
lyophilized DNA oligonucleotides, each of them being 
between 18 and 22 nucleotides in length.61 The se-
quence of probes labeled with Quasar 570 or Quasar 670 
is presented in Supplementary Figure 1. 

After prehybridization and blocking, cells were in-
cubated with smFISH Hspa1a and Hspa8 probes at 
125 nM and primary antibodies against GFP, MAP2 to 
identify dendrites and SOD1, TDP-43, or FUS in hy-
bridization buffer, incubated at 37 °C for 3 h, washed 2 
times using warmed prehybridization buffer and then 
incubated with secondary antibodies in prehybridiza-
tion buffer for 1 h at 37 °C in the dark. After washing, 
coverslips were air dried and mounted in ProLong Gold 
Antifade Reagent (Thermo Fisher Scientific Inc.). The 
smFISH and epifluorescent signals were detected using 
a customized inverted Nikon Ti-2 wide-field microscope 
using a 60× 1.4NA oil immersion objective (Nikon), 
Spectra X LED light engine with a Cy7+ bandpass filter 
(Lumencor, Beaverton, OR), and Orca-Fusion sCMOS 
camera (Hamamatsu). Automated Nikon Elements 
software was used to acquire a stack of 41 optical planes 
(at 0.2 μm steps) consecutively in 5 channels: Hspa1a 
mRNA (555 nm); Hspa8 mRNA (640 nm); TDP-43, FUS 
or SOD1 (750 nm); GFP or MAP2 (470 nm); DAPI 

(395 nm), with x–y pixel size of 107.5 nm, and z-step size 
of 200 nm. 

The subcellular distribution of epifluorescent spots 
from the mRNA probe, representing single mRNAs, was 
analyzed using a specialized protocol developed by the 
Vera lab, employing a segmented computational ap-
proach using Python and FISH-Quant.61 See Wefers 
et al.63 for detailed methods. A separate analysis of 
somal cytoplasm and dendritic projections was carried 
out using the FISH-Quant polygon tool to outline re-
gions of interest. Foci of probe labeling in the nucleus 
representing transcription sites also were quantified. 

Quantifying intensity of HSPA8 immunolabeling 

Three days following microinjection with plasmid en-
coding ALS variants, cultures were double labeled with 
mouse anti-HSPA8 antibody and antibody to TDP-43, 
SOD1, or FUS, using Alexa Fluor 488 anti-rabbit and 
Cy3 anti-mouse secondary antibodies. Noninjected 
motor neurons served as controls. Images were acquired 
as described for smFISH, converted to 16-bit format 
using ImageJ, and then annotated to identify the soma. 
The resulting annotated images were processed using 
Python to generate print files that served as outlines. 
These outlines were further analyzed for pixel intensity 
using a Python code developed for this purpose. 

Mitochondrial transport 

Mitochondrial transport was assessed by live imaging 3 
days following microinjection of plasmids encoding ALS 
variant and pOCT-mCherry (the ornithine carbamoyl-
transferase signal sequence targeting mCherry to mi-
tochondria). Cultures on coverslips were transferred to a 
live imaging chamber (Quick Change Chamber, Warner 
Instruments, Hamden, CT, USA) and mounted on the 
stage of the Zeiss Observer Z1 microscope. Microinjected 
motor neurons and their axonal projections were identi-
fied by mCherry epifluorescence. Movement of mi-
tochondria in initial axonal segments was recorded by 
time series acquisitions of mCherry epifluorescence using 
a 40× objective. The Hamamatsu ORCA-ER cooled CD 
camera and Axiovision software described above were 
configured to record frames at 3 s intervals over a 7 min 
interval. Fiji ImageJ (NIH) was used to generate kymo-
graphs of mitochondrial movement using the 
KymoResliceWide plug-in. Kymographs were analyzed 
using the KymoButler plug-in, which automatically tracks 
dynamic processes in kymographs,64 designed for Mathe-
matica (Wolfram Research, Inc.). After visual examination 
for artifacts, mitochondrial velocities determined by the 
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KymoButler plug-in were extracted and subjected to sta-
tistical analysis. 

Statistical analysis 

Statistical analyses were performed in Prism 8 (GraphPad 
Software Inc.); i.e., unpaired Student’s t-tests to compare two 
data sets and one-way ANOVA followed by Bonferroni’s or 
Dunnett’s multiple comparison tests to compare more than 
two data sets. Significance was established at P  <  0.05. 

Data availability statement Data will be made available on request.    
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