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Nucleolar stress in C9orf72 and sporadic 
ALS spinal motor neurons precedes TDP‑43 
mislocalization
Olubankole Aladesuyi Arogundade, Sandra Nguyen, Ringo Leung, Danielle Wainio, Maria Rodriguez 
and John Ravits*

Abstract 

Nucleolar stress has been implicated in the pathology and disease pathogenesis of amyotrophic lateral sclerosis (ALS) 
and frontotemporal lobar degeneration (FTLD) from repeat expansions of GGG​GCC​ in C9orf72 (C9-ALS/FTLD) but not 
in sporadic ALS (SALS). Previously we reported that antisense RNA transcripts are unique in C9-ALS because of their 
nucleolar localization in spinal motor neurons and correlation with TDP-43 mislocalization, the hallmark proteinopathy 
of ALS and FTLD. Here we report our further studies of 11 SALS, 11 C9-ALS and 11 control spinal cords. We find that 
nucleolar stress manifests specifically as shrinkage in nucleoli of C9-ALS spinal motor neurons. Nucleolar size reduc-
tion is greatest in similarly sized alpha motor neurons from C9-ALS cases and results are not skewed by the number 
of surviving neurons from each ALS spinal cord. Surprisingly, nucleolar shrinkage occurs before main pathological 
hallmarks—TDP-43 mislocalization or antisense RNA foci—appear and this suggest that nucleolar stress can precede 
pathology in C9-ALS, findings previously identified in C9-FTLD using sense RNA foci and dipeptide repeat proteins as 
pathological markers. Importantly, these observations are also seen in SALS motor neurons and thus nucleolar stress 
appears to be a significant and probably upstream problem in sporadic disease.

© The Author(s) 2021. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http://creat​iveco​mmons​.org/licen​ses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creat​iveco​
mmons​.org/publi​cdoma​in/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

Introduction
Nucleolar stress has been implicated in C9orf72 amyo-
trophic lateral sclerosis (ALS) and frontotemporal 
dementia (FTD), but this has not been specifically studied 
in sporadic ALS (SALS) [1, 16, 26, 36, 39, 58]. Normally, 
humans express 2–20 copies of the C9orf72 intronic 
repeat of GGG​GCC​, but the repeat can be expanded to 
thousands of copies. Toxicity is produced from repeat 
expansion-containing RNA transcripts that sequester 
RNA binding proteins and are exported to the cytoplasm, 
producing repeat-associated non-ATG translated dipep-
tide repeat proteins (DPRs) [11, 42]. The repeat expan-
sion is bidirectionally transcribed to produce sense and 
antisense RNA transcripts. DPRs containing the arginine 

residue, sense-encoded poly(GR) and antisense-encoded 
poly(PR), have repeatedly been found to be most toxic 
when overexpressed in cells and animal models [3, 9, 14, 
22, 23, 27, 32, 35, 40, 46, 52–54, 58–64, 68]. In cellular 
models, poly(GR) and poly(PR) co-localize to nucleoli 
and cause nucleolar stress characterized by alterations of 
nucleolar size and impaired ribosomal biogenesis [23, 26, 
58]. However, poly(GR) and poly(PR) were not found to 
co-localize to nucleoli in patient tissue [46].

Overexpression of sense RNA transcripts causes 
sequestration of nucleolin and disruption of ribosomal 
biogenesis [16, 31]. Both sense and antisense RNA tran-
scripts form perinucleolar RNA foci in patient cells [1, 
10]. Compared to sense RNA foci, antisense RNA foci 
localize to the nucleolus with increased prevalence in 
brain and spinal cord regions that undergo neurodegen-
eration [1]. Nucleolar antisense RNA foci are increased 
in frontal cortical neurons of C9-ALS patients diagnosed 
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with FTD and correlate with elevated TDP-43 pathology, 
the hallmark proteinopathy of ALS [1]. In spinal motor 
neurons, antisense RNA foci and the presence of nucleo-
lar antisense RNA foci correlate with TDP-43 mislocali-
zation, suggesting that nucleolar antisense RNA foci are 
relevant to disease pathogenesis [1, 10].

Nucleolar stress has been reported in C9 frontotem-
poral lobar degeneration (FTLD) pathology. Overall, 
C9-FTLD frontal cortical neurons had smaller nucleoli 
when compared to controls. However, neurons with 
sense RNA foci, poly(GR) or poly(GA) had larger nucle-
oli than neurons without these pathological features. It 
remains unknown what accounts for the smaller nucle-
olar size and it is possible that TDP-43 mislocalization, 
antisense RNA foci or other pathological markers cor-
relate with decreased nucleolar size. Nucleolar size 
alterations have also been observed in C9-ALS patient 
lymphocytes, fibroblasts and patient derived iPS neurons 
[16]. In these cellular models, nucleoli were found to be 
larger when compared to controls and this phenotype 
was recapitulated by overexpressing 21 repeats of GGG​
GCC​ in HEK293T cells [16]. Nucleolin staining was dis-
persed from C9 lymphocytes and fibroblast nucleoli and 
scattered in the nucleus [16]. Interestingly, overexpres-
sion of poly(GR) in HeLa cells competitively sequesters 
ribosomal RNA and nucleophosmin and causes the dis-
persion of the nucleolus [59]. These cellular phenotypes 
were specific to C9-ALS compared to controls, non-
ALS or non-C9-ALS. RNA profiling of C9-ALS iPS cells 
revealed that ribosomal biogenesis is a main pathway 
dysregulated [19]. Similarly, decreases in ribosomal mat-
uration have been reported in C9-ALS lymphoblasts and 
motor cortex [16]. Alterations to nucleolar size in ALS 
indicate nucleolar stress is an important nexus in disease 
pathogenesis [16, 26, 36, 54, 58, 59].

The nucleolus is a membraneless organelle composed 
of RNA, DNA and proteins. The dynamic structure of 
the nucleolus is intrinsically linked to its multiple roles 
in cellular physiology. By convention the primary func-
tion of the nucleolus is ribosomal biogenesis but beyond 
this, the nucleolus facilitates multiple processes including 
cellular stress response, genome maintenance and repair, 
cell cycle progression, development and aging [4, 30, 37, 
41]. In this study, we sought to determine if alterations 
of nucleolar size occur in C9-ALS spinal motor neurons 
and to compare them to SALS. We aimed to elucidate 
whether nucleolar stress is specific for C9-ALS or also 
occurs in SALS and additionally to determine how altera-
tions of nucleolar size might correlate with key patho-
logical markers—TDP-43 mislocalization and antisense 
RNA foci. Surprisingly, we found that nucleolar size is as 
reduced in sporadic ALS as in C9-ALS and that shrink-
age occurs even in the absence of pathological markers, 

thus suggesting nucleolar dysfunction precedes TDP-43 
mislocalization.

Materials and methods
CNS tissues
Human tissues were obtained using a short-postmortem 
interval acquisition protocol. The ALS nervous systems 
were from patients who presented with ALS as the clini-
cal phenotype, with or without FTD, and all had pro-
gressed and died from their motor impairment. For this 
study, we evaluated 11 C9-ALS  cases (confirmation by 
repeat-primed PCR and southern blotting) and 11 SALS 
cases.

CNS region and cell types
In spinal cord, we examined the alpha and gamma motor 
neurons in Rexed lamina IX of anterior horn lumbosacral 
sections. Alpha motor neurons were classified by their 
large multipolar cytoplasm, presence of lipofuscin and 
a single prominent nucleolus. Estrogen related receptor 
gamma (ESRRG) immunostaining was used to classify 
gamma motor neurons.

Immunohistochemistry (IHC)
On day 1, sections were deparaffinized with Citrisolv 
(Fisher Scientific #04-355-121) and hydrated with differ-
ent dilutions of alcohol. Endogenous peroxidase activ-
ity was quenched with 0.06% H2O2 for 15 min. Antigen 
retrieval was performed in a high pH solution (Vector 
#H-3301) in a pressure cooker for 20 min at 120 °C. Fol-
lowing antigen retrieval, sections were permeabilized 
with 1% FBS (Atlanta Biologicals #511150) and 0.2% 
Triton X-100 (Sigma #65H2616) in PBS for 15  min and 
then blocked with 1% FBS in PBS for 25  min. The sec-
tions were incubated overnight with the primary anti-
body, rabbit polyclonal anti-ESRRG (1:500, ProteinTech, 
Cat# 14017–1-AP). On the second day, after 60  min 
incubation with the secondary antibody (Immpress rea-
gent kit, anti-rabbit, Vector) at room temperature, signals 
were detected using Immpact DAB (Vector #sk-4105) 
for 1–5  min. Counterstaining was performed with 0.1% 
Cresyl Ecth Violet. For IHC visualization, slides were 
scanned with Hamamatsu Nanozoomer 2.0HT Slide 
Scanner at 40 × magnification. We analyzed 2 8 µm sec-
tions per patient.

Immunofluorescence (IF)
On day one, sections were deparaffinized with Citrisolv 
(FISHER brand #04-355-121) and hydrated through a 
serial dilution of ethanol. Sections were permeabilized 
with 1% FBS (Atlanta Biologicals #511150) and 0.2% 
Triton X-100 (Sigma #65H2616). Following permeabi-
lization, antigen retrieval was performed in a high pH 
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solution (Vector # H- 3301) in a pressure cooker for 
20  min at 120  °C. Next, sections were blocked with 2% 
FBS in 1 × PBS for 60 min and were incubated with pri-
mary antibody overnight. Primary antibodies were 
diluted in 2% FBS in 1X PBS. For TDP-43, we used 
mouse monoclonal anti-TDP-43 (NovusBiologicals, # 
H00023435-M01, 1/500) and for ESRRG we used rabbit 
polyclonal anti-ESRRG (1:500, ProteinTech, Cat# 14017-
1-AP). On day two, slides were incubated with secondary 
antibodies (goat anti-mouse Abcam #1150116, Alexa594, 
1/500 and donkey anti-rabbit Jackson Immuno Research 
#715545, Alexa 488, 1/500) for 60 min at room tempera-
ture. Secondary antibodies were diluted in 2% FBS in 1X 
PBS. We quenched CNS auto-fluorescence with 0.1% 
Sudan Black in 70% ethanol for 15  s. Slides were cover 
slipped using ProLong Gold Antifade Mountant with 
DAPI. We analyzed 2 8 µm sections per patient.

Co‑fluorescence in situ hybridization (co‑FISH‑IF)
Sections were deparaffinized and permeabilized as stated 
above. We next performed prehybridization and hybridi-
zation with FISH probes (GGG​GCC​3-Cy3, 80 nM, ISIS, 
#693839) as described in [1] and incubated the slides 
overnight at 66 °C. On day two, slides were washed three 
times with 2 × SSC for 20 min at 55 °C and then washed 
twice in 0.2 × SSC for 20  min at 55  °C. Next, sections 
were blocked with 2% FBS in 1 × PBS for 60 min and were 
incubated with primary antibody overnight. Primary 
antibodies were diluted in 2% FBS in 1X PBS. For TDP-
43, we used rabbit polyclonal anti-TDP-43 (ProteinTech, 
#12892–1-AP, 1/1000). For fibrillarin, we used mouse 
monoclonal anti-fibrillarin (SC-166001, 1/100). On day 
three, slides were incubated with secondary antibodies 
(donkey anti-mouse Jackson Immuno Research #715545, 
Alexa 488, 1/500 and goat anti-rabbit Abcam #31634, 
Alexa 647, 1/500) for 60 min at room temperature. Sec-
ondary antibodies were diluted in 2% FBS in 1X PBS. We 
quenched CNS auto-fluorescence with 0.1% Sudan Black 
in 70% ethanol for 15 s. Slides were cover slipped using 
ProLong Gold Antifade Mountant with DAPI. We ana-
lyzed 2–4 8 µm sections per patient.

Confocal microscopy
For IF and co-FISH-IF, neurons were visualized using the 
fast mode for Zeiss 800 laser scanning microscope with 
airyscan, under 40X water magnification. Neurons were 
only quantified if the nucleus of a neuron was present in 
the imaged plane. Maximum projections of z-stacks were 
compiled using Zen Black. Nucleolar, nuclear and cyto-
plasmic area were calculated using Image J. The number 
and intracellular localization of antisense RNA foci and 
the presence of TDP-43 in the nucleus or mislocalized to 

the cytoplasm were observed. Quantifications were made 
by a single observer in a blinded manner.

Statistics
Variables were compared using two-tailed Mann–Whit-
ney tests and Kolmogorov–Smirnov tests. Error bars are 
presented as standard error of mean and are presented 
centered on the arithmetic mean. p values below 0.05 
were considered significant. All data analysis and graph-
ing were performed using custom Python scripts and 
GraphPad Prism version 8.2.1 for Windows (GraphPad 
Software, La Jolla, CA).

Results
Nucleolar size is reduced in C9‑ALS and SALS spinal motor 
neurons
We measured nucleolar, nuclear and cytoplasmic areas 
using fibrillarin immunofluorescence, DAPI immuno-
fluorescence and background fluorescence respectively 
in lumbosacral spinal motor neurons (SMNs) from 
11 SALS, C9-ALS and control nervous systems each 
(Table 1, Fig. 1a and Additional file 2: Fig. S2a). All three 
compartments were smaller in C9-ALS and SALS than 
controls either when combined within groups or aver-
aged within each nervous system (all p values < 0.02) 
(Fig. 1b–g). In order to determine whether the smallness 
was more specific to one compartment or another, we 
compared ratios of nucleolar to nuclear area, nucleolar to 
cytoplasmic area and nuclear to cytoplasmic area. Com-
pared to controls, the ratio of nucleolar to nuclear area 
was significantly decreased in both C9-ALS and SALS 
SMNs (C9-ALS p = 0.003; SALS p = 0.007) (Additional 
file 1: Fig. S1a, b), indicating greater shrinkage of nucleoli 
compared to nuclei. Since the ratio of nuclear to cyto-
plasmic area was increased in both C9-ALS and SALS 
SMNs compared to controls (C9-ALS p = 0.01; SALS 
p = 0.09) (Additional file 1: Fig. S1e, f ), indicating greater 
shrinkage of cytoplasm compared to nuclei, the ratio 
of nucleolar to cytoplasmic area was not an analogous 
comparison. Indeed, the ratios of nucleolar to cytoplas-
mic areas were slightly increased in C9-ALS or similar 
in SALS SMNs compared to controls (C9-ALS p = 0.1; 
SALS p > 0.9), consistent with greater shrinkage in cyto-
plasm (Additional file 1: Fig. S1c, d), a result that will be 
addressed later.

In these determinations, there are differences in the 
number of surviving SMNs from each ALS nervous 
system, ranging between 9 and 45 neurons. In order to 
verify that our results were not skewed by variation in 
numbers of surviving neurons, we re-analyzed our data 
by randomly sampling neurons from each case, re-sam-
pling and analyzing between 2 to 13 neurons for 1000 
permutations (Additional file 2: Fig. S2a). As the sample 
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size of randomly selected neurons increased from 2 to 13, 
the observed statistical significance stabilized at count-
ing 6 neurons (Additional file  2: Fig. S2b–g), verifying 
our results were not biased by patho-anatomic sampling. 
Thus, we observe and validate overall size reduction in 
C9-ALS and SALS especially affecting the nucleolar sub-
cellular compartment.

Nucleolar size reduction is greatest in similarly sized 
C9‑ALS alpha motor neurons
Since cytoplasmic area was decreased in both C9-ALS 
and SALS SMNs, we wondered if our analysis was specific 
for alpha motor neurons or skewed by a heterogeneous 

neuronal population including gamma motor neurons 
and whether or not there was a size bias because of over-
all shrinkage in ALS. Gamma motor neurons are small 
neurons that reside in Rexed lamina IX in the anterior 
part of anterior horns along with alpha motor neurons. 
In mice, expression of estrogen related receptor gamma 
(ESRRG), has been used to identify gamma motor neu-
rons—gamma motor neurons have nuclear expression of 
ESRRG and alpha motor neurons do not [15]. We used 
ESRRG expression to identify gamma and alpha motor 
neurons in a subset of SALS (n = 7), C9-ALS (n = 6) 
and control (n = 8) nervous systems. Nuclear ESRRG 
was found in putative gamma motor neurons and was 

Table 1  Patient demographics (DC disease course, DO disease onset, A axial, CI cognitive impairment, LL lower limb, S 
swallowing)

Group Case ID Age (years) Sex DC (years) DO (years) Site of onset

Control 4 75 M NA NA NA

Control 7 61 M NA NA NA

Control 10 78 M NA NA NA

Control 39 77 M NA NA NA

Control 42 61 M NA NA NA

Control 65 82 M NA NA NA

Control 67 77 M NA NA NA

Control 76 68 M NA NA NA

Control 78 58 F NA NA NA

Control 103 92 F N/A N/A N/A

Control 115 94 M N/A N/A N/A

C9-ALS 14 73 F 1.5 71.5 Bulbar

C9-ALS 81 58 M 1.5 56.5 Bulbar

C9-ALS 91 61 M 3.5 57.5 Bulbar

C9-ALS 120 64 M 7.5 56.5 Bulbar

C9-ALS 126 70 M 1.8 68.25 Arm

C9-ALS 119-JHU 61 F 2.6 58 LL

C9-ALS/FTD 86-JHU 74 M 7.3 67 Bulbar,S, LL, CI

C9-ALS/FTD 88-JHU 59 M 1.7 57 Bulbar, Speech, CI

C9-ALS MN2 55 F 2.3 52 Bulbar, Speech

C9-ALS PCJ 58 M 3.6 54 A, Respiratory, Trunk

C9-ALS PYF 59 M 0.4 58 LL

SALS 29 77 F 3 74 LL

SALS 32 71 M 1.5 69.5 Respiratory, Trunk

SALS 43 74 M 1.8 72.25 Respiratory, Trunk

SALS 46 51 F 2.5 48.5 Arm

SALS 60 58 F 3 55 Bulbar

SALS 94 62 M 7 55 Bulbar

SALS 109 49 M 1.5 47.5 Leg

SALS 110 53 M Unknown N/A Body twitches

SALS 111 59 F 3.5 55.5 Leg

SALS 123 57 M 4 53 Body twitches

SALS 125 67 M 1.5 65.5 Arm
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Fig. 1  Nucleolar shrinkage occurs in C9-ALS and SALS spinal motor neurons. a Nucleolar area is identified by fibrillarin staining (green), nuclear 
area is identified by DAPI and cytoplasmic area is identified by autofluorescence in control, C9-ALS and SALS spinal motor neurons. b–g Average 
nucleolar (b, c), nuclear (d, e) and cytoplasmic area (f, g) were decreased in C9-ALS and SALS cases compared to controls
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absent in all putative alpha motor neurons (Fig.  2a). As 
expected, gamma motor neurons were smaller than 
alpha motor neurons in control, C9-ALS and SALS cases 
(Fig.  2b). C9-ALS and SALS gamma motor neuron size 
was not significantly different compared to controls 
(p < 0.06, p < 0.09; KS-test) (Fig. 2g). On average, gamma 
motor neurons were 630 ± 370 µm2 in controls, 450 ± 250 
µm2 in C9-ALS and 590 ± 420 µm2 in SALS (Fig. 2b, g). 
On average, alpha motor neurons were 2490 ± 960 µm2 in 
controls, 1690 ± 870 µm2 in C9-ALS and 1820 ± 970 µm2 
in SALS (Fig. 2b). Based on our findings using immuno-
histochemistry, we determined a lower threshold of 2000 
µm2 cytoplasmic area was sufficient to exclude potential 
gamma motor neurons from our immunofluorescence 
data assessing nucleolar size differences (Fig. 2b).

We sought to further establish whether nucleolar size 
decrease correlated with the overall size change of alpha 
motor neurons. In the original immunofluorescence 
data, C9-ALS and SALS alpha motor neurons were sig-
nificantly smaller than controls (C9-ALS p < 0.0001, SALS 
p < 0.0001; KS-test). C9-ALS and SALS alpha motor neu-
ron size was not significantly different from each other 
(p = 0.2) (Fig. 2c). To assess a sample of neurons that were 
of uniform size in control, C9-ALS and SALS cases, we 
used a lower threshold of 2000 µm2 and an upper thresh-
old of 3000 µm2 (Fig. 2d). The lower threshold excluded 
(1) potential gamma motor neurons and (2) small puta-
tive alpha motor neurons in ALS, and the upper thresh-
old further ensured uniform size (Additional file  3: Fig. 
S3a). Indeed, it appeared that the decrease in the nucleo-
lar size occurred in the uniformly sized alpha motor neu-
rons—this was statistically significant in C9-ALS and had 
a strong trend in SALS (C9-ALS p = 0.009, SALS p = 0.1) 
(Fig.  2e, f ). Further, in these uniformly sized alpha 
motor neurons, the ratios of nucleolar to nuclear area 
and nucleolar to cytoplasmic area were also decreased 
in C9-ALS (p = 0.01, p = 0.02) and trended toward sig-
nificance in SALS SMNs (p = 0.06, p = 0.1) (Additional 
file 3: Fig. S3b, c). Conversely, nuclear area and the ratio 
of nuclear to cytoplasmic area were similar to controls in 
both C9-ALS (p = 0.7, p = 0.9) and SALS SMNs (p = 0.8, 

p > 0.9) (Additional file  3: Fig. S3d, e). We additionally 
found that the decrease in nucleolar size was significantly 
reduced in SMNs smaller than 2000 µm2 (p < 0.0001) 
(Fig. 2f ). This supports that the decreased nucleolar size 
that affects alpha motor neurons, the main targets of 
neurodegeneration, may be independent of overall size 
change not only in C9-ALS but likely also in SALS.

An important but not well-studied aspect of ALS 
pathology is the involvement of gamma motor neu-
rons in TDP-43 proteinopathy. TDP-43 proteinopa-
thy has been observed in non-alpha motor neuron cell 
types including oligodendrocytes and large neurons 
in Clarke’s column [5]. Since we were able to define 
gamma motor neurons with ESRRG immunostaining 
(Fig. 2a), we used this to examine if TDP-43 mislocali-
zation also occurred in gamma motor neurons. Simi-
lar to alpha motor neurons lacking ESRRG expression, 
C9-ALS gamma motor neurons expressing nuclear 
ESRRG also had mislocalized nuclear TDP-43 that 
formed cytoplasmic inclusions (Fig.  2h). Interestingly, 
we did not observe this in SALS.

Sex specific SMN size differences are disrupted in C9‑ALS 
and SALS
We also wondered if differences in patient’s sex, age 
of disease onset or duration of disease correlated with 
changes in SMN nucleolar size. In our study, the major-
ity of C9-ALS and SALS cases were male and were age 
and sex matched to controls (Table  1). We found that 
in controls, cytoplasmic and nuclear area were signifi-
cantly larger in males compared to females (p = 0.04, 
p = 0.04) but nucleolar area was not significantly dif-
ferent when stratified by sex (p = 0.1) (Additional 
file  4: Fig. S4a, b, c). Sex differences were not pre-
sent in C9-ALS SMNs when we compared cytoplas-
mic, nuclear or nucleolar area (p < 0.9; p = 0.5; p = 0.9, 
respectively) or in SALS SMNs (p = 0.2; p = 0.5; p = 0.4, 
respectively) (Additional file 4: Fig. S4a, b, c). There was 
no correlation between disease onset or disease course 
and SMN size indices (Additional file 4: Fig. S4d–i).

(See figure on next page.)
Fig. 2  Gamma motor neurons are identified by ESRRG immunohistochemistry and immunofluorescence. a Immunohistochemistry of ESRRG 
in control, C9-ALS and SALS lumbar spinal cord with cresyl violet counterstain. Alpha motor neurons (third column) lack nuclear ESRRG 
immunofluorescence. Gamma motor neurons (fourth column) have nuclear ESRRG immunofluorescence. Magnification scales are consistent for 
each column. b Distribution of cytoplasmic area for gamma and alpha motor neurons in control, C9-ALS and SALS lumbar spinal cord (dashed 
line: threshold for alpha motor neurons). c–f Stratification of immunofluorescence data. c Distribution of cytoplasmic area from un-stratified 
immunofluorescence data. d Comparison of similar distribution of cytoplasmic area in sub-sample of control, C9-ALS and SALS alpha motor 
neurons (cytoplasmic area thresholds at 2000 µm2 and 3000 µm2). e Nucleolar area is decreased in sub-sample of C9-ALS neurons compared to 
control neurons with similar cytoplasmic size. f Nucleolar area in subsamples based on cytoplasmic size. g Distribution of cytoplasmic area in 
control, C9-ALS and SALS gamma motor neurons. h TDP-43 mislocalization occurs in alpha motor neurons (white dashed outline) and in gamma 
motor neurons (yellow dashed outline) identified by nuclear ESRRG immunofluorescence (arrowheads)
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Nucleolar size reduction occurs in neurons 
with and without antisense RNA foci in C9‑ALS
We wanted to see how the presence of antisense RNA 
foci and TDP-43 mislocalization correlated with reduced 
nucleolar size in ALS SMNs. Cooper-Knock et  al. have 
previously shown that antisense RNA foci correlate with 
TDP-43 pathology in SMNs [10]. We further expanded 
on this finding by showing that the nucleolar localization 
of antisense RNA foci in cells accounted for 97% of the 
co-occurrence of antisense RNA foci and TDP-43 mislo-
calization [1]. In light of these previous observations, we 
first analyzed our current data, stratifying neurons by the 
presence of antisense RNA foci (Fig. 3a, Additional file 6: 
Table S1). While nucleolar, nuclear and cytoplasmic area 
reductions were seen both in neurons with and without 
antisense RNA foci (all p values < 0.001) (Additional file 5: 
Fig. S5a-f ), we found nucleolar shrinkage was greatest in 
neurons without nucleolar antisense RNA foci (nucleo-
lar   foci− p < 0.0001; nucleolar  foci+ p = 0.002) (Fig.  3b, 
c). Similarly, nuclear and cytoplasmic area were decreased 
in neurons with or without nucleolar antisense RNA foci 
(all p values < 0.003) (Fig.  3d–g). Nucleolar, nuclear and 
cytoplasmic area were largely proportional in both con-
trol and ALS cases. Thus, it appears that nucleolar shrink-
age may occur before pathological markers appear.

Nucleolar size reduction occurs in neurons 
with and without TDP‑43 mislocalization
Mizielinska et al., had previously reported that decreased 
nucleolar volume in C9-FTLD frontal cortical neurons 
was most prominent in neurons lacking sense RNA foci, 
poly(GA) or poly(GR) [36]. Since we now also found that 
nucleolar area was decreased not only in C9-ALS SMNs 
but also in SALS SMNs, we wondered if other pathologi-
cal markers such as TDP-43 mislocalization correlated 
to a greater reduction in nucleolar size. We analyzed our 
data by stratifying neurons with normal nuclear TDP-43 
localization or mislocalized nuclear TDP-43 that formed 
cytoplasmic aggregates. As expected, using an antibody 
specific to the C-terminus of TDP-43, we observed that 
all C9-ALS and SALS SMNs lacking nuclear TDP-43 had 
cytoplasmic TDP-43 inclusions (Fig. 3a, Additional file 6: 
Table  S2). We found that nucleolar area was reduced 
both in C9-ALS and SALS SMNs with either nuclear 
TDP-43 or mislocalized TDP-43 (Fig. 4a, b). However, as 

with antisense RNA foci, reductions in nucleolar, nuclear 
and cytoplasmic area were greatest in neurons without 
TDP-43 mislocalization in both C9-ALS and SALS SMNs 
(all p values < 0.03) (Fig. 4a–f). This further supports that 
nucleolar shrinkage may precede the appearance of path-
ological markers.

Lastly, we stratified neurons by the presence of either 
TDP-43 mislocalization or nucleolar antisense RNA foci 
or both and compared the correlation of nucleolar, nuclear 
and cytoplasmic area between these groups. SMNs from 
controls had the largest nucleoli, nuclei and cytoplasms 
(Fig. 4g–i). SMNs from SALS cases had smaller nucleoli, 
nuclei and cytoplasms than controls and this difference 
was greatest in neurons that had normal nuclear TDP-43 
(Fig. 4g–i). SMNs from C9-ALS cases had smaller nucle-
oli than both controls and SALS and this difference was 
greatest in neurons with normal nuclear TDP-43 and no 
nucleolar antisense RNA foci. C9-ALS SMNs with TDP-
43 mislocalization and no nucleolar antisense RNA foci 
had smaller nucleoli, nuclei and cytoplasms than neu-
rons with nucleolar antisense RNA foci with or without 
TDP-43 mislocalization (Fig. 4g–i). This also suggests that 
nucleolar stress as marked by nucleolar shrinkage may 
occur early in disease and precede pathology, either TDP-
43 mislocalization and/or antisense RNA foci.

Discussion
In this study, we expand upon previous findings iden-
tifying nucleolar stress in C9-ALS SMNs and extend 
them to SALS. Overall, SMNs in C9-ALS have smaller 
nucleoli compared to controls. Surprisingly, this 
shrinkage occurs in seemingly healthy neurons as 
defined by absence of pathological markers—TDP-43 
mislocalization or antisense RNA foci. This is further 
supported by the morphometric data, where we found 
nucleolar shrinkage to occur in the large uniformly 
sized alpha motor neurons in C9-ALS, which we sepa-
rated out for analysis from alpha motor neurons that 
might be shrinking in the process of degeneration and 
from gamma motor neurons, which we defined by way 
of molecular and morphometric study. Thus, nucleo-
lar stress as manifested by nucleolar shrinkage appears 
to be an upstream change, before many of the main 
molecular and structural changes. While this may 
seem counterintuitive—it being logical to assume that 

Fig. 3  Nucleolar size reduction occurs in neurons with and without antisense RNA foci in C9-ALS. a Nucleolar area is identified by fibrillarin staining 
(green), nuclear area is identified by DAPI and cytoplasmic area is identified by autofluorescence in control, C9-ALS and SALS spinal motor neurons. 
C-terminal TDP-43 immunofluorescence (cyan) was always nuclear in control neurons and was either nuclear or mislocalized to the cytoplasm 
in ALS neurons. Antisense RNA foci are identified by FISH staining (red) (nucleolar antisense RNA foci are show in the insert, arrowheads). b–g 
Nucleolar area (b, c), nuclear area (d, e) and cytoplasmic area (f, g) are decreased in C9-ALS and SALS neurons with or without nucleolar antisense 
RNA foci compared to controls

(See figure on next page.)
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nucleolar shrinkage progresses as a part of pathologi-
cal changes within degenerating neurons—in fact, Miz-
ielinska et  al. had similarly found nucleolar shrinkage 
in C9-FTLD frontal cortical neurons to be greatest in 
neurons without pathological markers, in their case 
sense RNA foci or sense-encoded DPRs [36]. Thus, at 
least two studies now have shown consistent findings 
of nucleolar shrinkage in the absence of pathological 
markers such as TDP-43 mislocalization/aggregation, 
RNA foci or DPRs in C9-ALS.

It seems possible that TDP-43 mislocalization, RNA 
foci or DPRs may drive nucleolar stress before they 
become grossly visible aggregates and that the methods 
to determine them are not sensitive enough to detect 
their presence in the early prodromal state. For exam-
ple, repeat-containing RNA transcripts could be toxic 
before forming detectable RNA foci. Similarly, DPRs 
could be toxic before forming large detectable aggregates. 
Notably, White et  al. have demonstrated that high con-
centrations of soluble arginine-rich DPRs competitively 
sequester nucleophosmin and ribosomal RNA in  vitro, 
resulting in disruption of the nucleolar structure [59]. 
Poly(GR)-induced dispersion of nucleoli is consistent 
with Mizielinska et  al. reporting that poly(GR) corre-
lates with enlarged nucleoli in C9-FTLD frontal cortical 
neurons [36, 59] even though nucleolar size was smaller 
overall in C9-ALS. These and our findings could be 
explained by soluble RNAs or proteins, either poly(GR) 
or TDP-43, inducing nucleolar shrinkage in the prodro-
mal state and then inducing size increases as they aggre-
gate and become insoluble. Such biophysical states would 
not likely be detectable by current neuropathological 
methods. But they could underlie the biphasic nature of 
nucleolar stress that has been observed in neuropathol-
ogy. Previously, we have shown that TDP-43 mislocali-
zation is intrinsically linked to nucleolar antisense RNA 
foci [1]. In rare cases of C9-ALS, it has been shown that 
TDP-43 pathology occurs later in disease while sense and 
antisense RNA foci can precede TDP-43 pathology [57]. 
In the spinal cord, DPRs are rare and increased presence 
of nucleolar antisense but not sense RNA foci correlate 
with TDP-43 mislocalization [1, 45]. Thus, it remains 
possible that repeat expanded RNA transcripts, arginine-
rich DPRs and TDP-43 first induce toxicity by way of the 
nucleolus when they are soluble.

Surprisingly, we also found nucleolar shrinkage in 
motor neurons in SALS and thus our observations about 
nucleolar stress in C9-ALS also may apply to SALS. 
Nucleolar shrinkage was clearly shown to be independ-
ent of the main pathological marker, TDP-43 mislo-
calization, and less clearly but still suggestively by the 
morphometric data analyzing large uniformly sized alpha 
motor neurons. The morphometric results do not stand 
up to multiple testing as well as the C9-ALS data, but 
since neuropathology is fundamentally an observational 
science, it along with the TDP-43 mislocalization data 
and the C9-ALS data is strongly suggestive [43]. Thus, it 
also seems that nucleolar stress as manifested by nucleo-
lar shrinkage appears to be an upstream change, before 
many of the main molecular and structural changes, in 
SALS. Disease pathways including nuclear cytoplasmic 
transport defects, dysfunctional stress granule assem-
bly, impaired protein clearance and aberrant immune 
responses have all been shown to contribute to neuro-
degeneration and it remains to be seen how nucleolar 
shrinkage and nucleolar stress correlate with these and 
participate in pathogenesis [2, 6–8, 13, 14, 17, 20–22, 25, 
27–29, 31, 47–50, 55, 56, 64, 65, 67]. In this regard, re-
analysis of laser capture microdissection data from SALS 
spinal motor neurons, previously published in Krach 
et al., revealed nearly uniform upregulation of ribosomal 
protein mRNA and enrichment of multiple gene ontol-
ogy terms relating to ribosomal biogenesis and protein 
translation (Fig. 5a–c) [24]. Similarly, RNA profiling from 
patient lymphoblasts and motor cortex suggest dysregu-
lation of ribosomal biogenesis also occurs in C9-ALS, 
which is in line with nucleolar stress marked by a reduc-
tion in nucleolar volume [16, 24]. Ribosomal biogenesis 
is an energy-demanding task and can be inhibited as a 
cellular response to stress [4, 36]. Alternatively, gain of 
function mechanisms underlying C9-ALS and SALS can 
directly impair ribosomal biogenesis. Reduced riboso-
mal biogenesis and protein translation as well as altered 
nucleolar size have been shown to occur in cellular mod-
els of C9-ALS supporting that C9-ALS gain of toxicity 
mechanisms disrupt nucleolar function [16, 26, 36, 54, 
58, 59]. Thus, nucleolar stress is one of the earliest patho-
genic changes in ALS (Fig. 5d).

With the increasing knowledge on how various genetic 
and environmental factors affect the risk and progression 
of ALS, it is important to factor in categorization based 

(See figure on next page.)
Fig. 4  Nucleolar size reduction occurs in neurons with and without TDP-43 mislocalization. a–f Nucleolar area (a, b), nuclear area (c, d) and 
cytoplasmic area (e, f) are decreased in C9-ALS with or without TDP-43 mislocalization and in SALS neurons compared to controls. g–i Scatterplots 
of group average (top) and individual neurons (bottom) comparing nucleolar and nuclear area (g), nucleolar and cytoplasmic area (h) and nuclear 
and cytoplasmic area (i) (lines indicate linear regression)
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on sex. Sexual dimorphisms have been reported in human 
spinal cord; axons in the lateral corticospinal tract were 
found to be larger in males compared to females [66]. In 
animals, Mierzejewska-Krzyzowska et  al. reported that 
male rats had larger alpha motor neurons compared to 
females but Dukkipati et  al. found alpha motor neuron 
size to be similar in wild-type mice [12, 34]. Interestingly, 
Dukkipati et al. reported that male G93A mice had larger 
soma size compared to wild-type mice, but female G93A 
mice had smaller alpha motor neurons compared to 
wild-types. Sexually dimorphic vulnerability in ALS has 
been suggested to occur in humans and animal models 
of disease with males having earlier disease onset, higher 
incidence and higher prevalence [12, 33, 51]. Our study 
was inadvertently skewed to include more males than 
females yet in controls, alpha motor neurons were larger 
in males than in females. Interestingly, C9-ALS and SALS 
males and females had similar alpha motor neuron size, 
however, compared to controls, decrease in neuron size 
was greater in males than in females. A larger study is 
needed to investigate the extent to which sexual dimor-
phism might affect neurodegeneration in ALS, but thus 
far, several studies in humans and rodents have indicated 
that males have increased vulnerability in ALS [33, 51, 
66]. Integrating sex-specific guidelines and strategies in 
treatments may prove useful in improving the design and 
outcomes of clinical trials as well as patient responses to 
treatments.

It is unknown if reduced nucleolar size occurs in other 
cell types that display TDP-43 pathology. Of particular 
interest are glial cells and gamma motor neurons which 

reside in close proximity to alpha motor neurons. Simi-
larly, large sensory neurons in the posterior horn show 
TDP-43 pathology but like gamma motor neurons are 
resilient to neurodegeneration. It is also unknown if 
reduced nucleolar size occurs in additional cell-types 
selectively vulnerable to neurodegeneration such as von 
Economo neurons (VENs) which support social behavior 
and emotionality and reside in layer V of the anterior cin-
gulate cortex and frontoinsular—the primary regions to 
degenerate at the onset of FTD [38, 44]. Nuclear clearing 
and cytoplasmic inclusions of TDP-43 were found to cor-
relate with dystrophy of neurites in frontoinsular VENs 
but it remains to be seen if nucleolar stress is also a neu-
ropathological feature of VENs [38]. Also, of interest is 
understanding if nucleolar stress occurs in ALS lacking 
TDP-43 pathology such as SOD-1 and FUS cases. Nucle-
olar stress has previously been observed in a broad range 
of neurodegenerative disease including Alzheimer’s dis-
ease, Parkinson’s disease and Huntington’s disease, it is 
important to unravel if nucleolar stress is a general fea-
ture of neurodegeneration and where it lays in the disease 
process [reviewed in 18].

In summary, we have demonstrated that nucleolar 
stress occurs in both C9-ALS and SALS spinal motor 
neurons and is independent of many pathological 
changes including TDP-43 mislocalization or antisense 
RNA foci and overall cell shrinkage and is therefore 
upstream in pathogenesis. This supports and extends 
previous findings from neuropathology and cellular mod-
els and has important implications for pathobiology of 
ALS.

Fig. 5  Ribosomal protein mRNA are upregulated in SALS spinal motor neurons. a Volcano plot of differential gene expression from laser capture 
microdissection of SALS spinal motor neurons compared to controls. Significance level, p = 0.05 and p = 0.01 are marked with blue and black lines, 
respectively. Large (dark purple) and small (light purple) ribosomal protein subunit genes are denoted (pseudogenes are included). b Fold change 
are shown for the top 5 differentially expressed large or small ribosomal protein subunit mRNAs. c Fold enrichment for significantly enriched gene 
ontology terms relating to ribosomal biogenesis and protein translation. d Schematic representation of nucleolar stress preceding antisense RNA 
foci and TDP-43 mislocalization in C9-ALS and SALS spinal motor neurons

(See figure on next page.)
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Gene Ontology Term
Fold
Enrichment P-value

ribosome 4.85 5.23E-09
cytosolic small ribosomal subunit 9.15 5.04E-08
cytosolic large ribosomal subunit 5.92 1.46E-05
small ribosomal subunit 9.49 7.25E-05
translational initiation 5.99 3.26E-11
rRNA processing 4.00 3.60E-08
translation 3.24 2.74E-06
structural constituent of ribosome 3.52 1.26E-06
rRNA binding 4.44 0.02528

Cellular
Component

Biological
Process

Molecular
Function

Gene
Name

Fold
Change P-value

RPL12 2.54 0.0003
RPL38 1.73 0.0016
RPL41 1.84 0.0022
RPL36 1.92 0.0034
RPL37A 1.78 0.0039
RPS6 2.07 0.0003
RPS3A 1.90 0.0038
RPS27 2.18 0.0041
RPS4X 1.86 0.0049
RPS18 1.93 0.0061
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Additional file 1. Figure S1: Nucleolar to cytoplasmic and nuclear to 
cytoplasmic area ratios in control, C9-ALS and SALS SMNs. a, b Nucleo-
lar to nuclear area ratio were decreased in C9-ALS and SALS neurons 
compared to controls. c, d Nucleolar to cytoplasmic area ratio is not 
significantly different in C9-ALS or SALS SMNs compared to controls. e, f 
Nuclear to cytoplasmic area ratio is significantly increased in C9-ALS but 
not SALS SMNs compared to controls.

Additional file 2. Figure S2: Random sampling of spinal motor neurons 
for statistical analysis. a Number of spinal motor neurons quantified from 
each patient. b–g Random sampling of neurons for analyzing difference 
in nucleolar area (b, c), nuclear area (d, e) and cytoplasmic area (f, g) 
between control and C9-ALS or SALS neurons.

Additional file 3. Figure S3: Analysis of nuclear and nucleolar abnormali-
ties in a sub-sample of spinal motor neurons. a–e Stratification of immu-
nofluorescence data. a Distribution of cytoplasmic area in a sub-sample of 
control, C9-ALS and SALS alpha motor neurons (cytoplasmic area thresh-
old at 2000 µm2). Fibrillarin to cytoplasmic area ratio (b) and fibrillarin to 
nuclear area ratio (c) are significantly different in a sub-sample of similarly 
sized C9-ALS but not SALS neurons compared to controls. Nuclear area 
(d) and nuclear to cytoplasmic area ratio (e) are not significantly different 
in a sub-sample of similarly sized C9-ALS or SALS neurons compared to 
controls.

Additional file 4. Figure S4: Sexual dimorphism in spinal motor neuron 
nucleolar and nuclear area is abolished in C9-ALS and SALS. a, b Nucleolar 
(a) and nuclear area (b) are significantly larger in male control cases com-
pared to females but are similar in C9-ALS and SALS cases. c Cytoplasmic 
area is not significantly different between male and female in control, 
C9-ALS or SALS cases. d–i Correlation between nucleolar (d, g), nuclear 
(e, h) or cytoplasmic area (f, i) and age at disease onset or disease course, 
respectively.

Additional file 5. Figure S5: Nucleolar size reduction occurs in neurons 
with and without nucleolar antisense RNA foci in C9-ALS. a–f Nucleolar 
area (a, b), nuclear area (c, d) and cytoplasmic area (e, f) are decreased in 
C9-ALS and SALS neurons with or without antisense RNA foci compared 
to controls.

Additional file 6. Table S1: Nucleolar Antisense (AS) RNA Foci Stratifica-
tion. Table S2 TDP-43 Stratification

Acknowledgements
We thank Target ALS CNS biorepository for providing C9-ALS nervous systems. 
We thank the patients and their families for their generous contribution to this 
research.

Authors’ contributions
OAA designed the study. OAA, SN, RL, DW and MR performed experiments. 
OAA and JR supervised all work and wrote the manuscript. All authors read 
and approved the final version of the manuscript.

Funding
This research was supported by Grants from ALS Association (5356S3), Target 
ALS (20134792), National Institute of Neurological Disorders and Stroke (NIH 
R01NS088578 and NS047101), UCSD Microscopy Core (NINDS NS047101), 
Pam Golden and the Kraatz Family/Nicholas Martin Jr. Family Foundation. OAA 
is supported by National Science Foundation Graduate Research Fellowship 
(DGE-1650112).

Availability of data and materials
The datasets used and/or analyzed during the current study available from the 
corresponding author on reasonable request.

Ethics approval and consent to participate
Human tissue acquisition protocols followed HIPAA-compliant informed con-
sent procedures and were approved by Institutional Review Boards and came 
from two sources, the University of California, San Diego (UCSD) ALS biore-
pository (Benaroya Research Institute, Seattle, WA IRB #10058 and UCSDIRB 
#20056) and the Target ALS biorepository (by material transfer agreement).

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Received: 13 January 2021   Accepted: 30 January 2021

References
	1.	 Aladesuyi Arogundade O, Stauffer JE, Saberi S, Diaz Garcia S, Malik S, 

Basilim H et al (2019) Antisense RNA foci are associated with nucleoli and 
TDP-43 mislocalization in C9orf72-ALS/FTD: a quantitative study. Acta 
Neuropathol 137:527–530. https​://doi.org/10.1016/j.physb​eh.2017.03.040

	2.	 Boeynaems S, Bogaert E, Kovacs D, Konijnenberg A, Timmerman E, 
Volkov A et al (2017) Phase separation of C9orf72 dipeptide repeats 
perturbs stress granule dynamics. Mol Cell 65:1044-1055.e5. https​://doi.
org/10.1016/j.molce​l.2017.02.013

	3.	 Boeynaems S, Bogaert E, Michiels E, Gijselinck I, Sieben A, Jovičić A et al 
(2016) Drosophila screen connects nuclear transport genes to DPR 
pathology in c9ALS/FTD. Sci Rep 6:7–14. https​://doi.org/10.1038/srep2​
0877

	4.	 Boisvert FM, Van Koningsbruggen S, Navascués J, Lamond AI (2007) The 
multifunctional nucleolus. Nat Rev Mol Cell Biol 8:574–585. https​://doi.
org/10.1038/nrm21​84

	5.	 Brettschneider J, Arai K, Del Tredici K, Toledo JB, Robinson JL, Lee EB et al 
(2014) TDP-43 pathology and neuronal loss in amyotrophic lateral sclero-
sis spinal cord. Acta Neuropathol 128:423–437. https​://doi.org/10.1007/
s0040​1-014-1299-6

	6.	 Burberry A, Suzuki N, Wang J-Y, Moccia R, Mordes DA, Stewart M et al 
(2016) Loss-of-function mutations in the C9ORF72 mouse ortholog 
cause fatal autoimmune disease. Sci Transl Med 8:347ra93. https​://doi.
org/10.1016/j.physb​eh.2017.03.040

	7.	 Burberry A, Wells MF, Limone F, Couto A, Smith KS, Keaney J et al (2020) 
C9orf72 suppresses systemic and neural inflammation induced by gut 
bacteria. Nature 582:89–94. https​://doi.org/10.1038/s4158​6-020-2288-7

	8.	 Chew J, Cook C, Gendron TF, Jansen-West K, Del Rosso G, Daughrity LM 
et al (2019) Aberrant deposition of stress granule-resident proteins linked 
to C9orf72-associated TDP-43 proteinopathy. Mol Neurodegener 14:1–15. 
https​://doi.org/10.1186/s1302​4-019-0310-z

	9.	 Choi SY, Lopez-Gonzalez R, Krishnan G, Phillips HL, Li AN, Seeley WW et al 
(2019) C9ORF72-ALS/FTD-associated poly(GR) binds Atp5a1 and compro-
mises mitochondrial function in vivo. Nat Neurosci 22:851–862. https​://
doi.org/10.1038/s4159​3-019-0397-0

	10.	 Cooper-Knock J, Higginbottom A, Stopford MJ, Highley JR, Ince PG, Whar-
ton SB et al (2015) Antisense RNA foci in the motor neurons of C9ORF72-
ALS patients are associated with TDP-43 proteinopathy. Acta Neuropathol 
130:63–75. https​://doi.org/10.1007/s0040​1-015-1429-9

	11.	 Dejesus-hernandez M, Mackenzie IR, Boeve BF, Boxer AL, Baker M, 
Rutherford NJ et al (2011) Expanded GGG​GCC​ hexanucleotide repeat in 
noncoding region of C9ORF72 causes chromosome 9p-linked FTD and 
ALS. Neuron 72:245–256. https​://doi.org/10.1016/j.neuro​n.2011.09.011

	12.	 Dukkipati SS, Garrett TL, Elbasiouny SM (2018) The vulnerability of spinal 
motoneurons and soma size plasticity in a mouse model of amyotrophic 
lateral sclerosis. J Physiol 596:1723–1745. https​://doi.org/10.1113/JP275​
498

	13.	 Farg MA, Sundaramoorthy V, Sultana JM, Yang S, Atkinson RAK, Levina V 
et al (2014) C9ORF72, implicated in amytrophic lateral sclerosis and fron-
totemporal dementia, regulates endosomal trafficking. Hum Mol Genet 
23:3579–3595. https​://doi.org/10.1093/hmg/ddu06​8

	14.	 Freibaum BD, Lu Y, Lopez-Gonzalez R, Kim NC, Almeida S, Lee KH 
et al (2015) GGG​GCC​ repeat expansion in C9orf72 compromises 

https://doi.org/10.1186/s40478-021-01125-6
https://doi.org/10.1186/s40478-021-01125-6
https://doi.org/10.1016/j.physbeh.2017.03.040
https://doi.org/10.1016/j.molcel.2017.02.013
https://doi.org/10.1016/j.molcel.2017.02.013
https://doi.org/10.1038/srep20877
https://doi.org/10.1038/srep20877
https://doi.org/10.1038/nrm2184
https://doi.org/10.1038/nrm2184
https://doi.org/10.1007/s00401-014-1299-6
https://doi.org/10.1007/s00401-014-1299-6
https://doi.org/10.1016/j.physbeh.2017.03.040
https://doi.org/10.1016/j.physbeh.2017.03.040
https://doi.org/10.1038/s41586-020-2288-7
https://doi.org/10.1186/s13024-019-0310-z
https://doi.org/10.1038/s41593-019-0397-0
https://doi.org/10.1038/s41593-019-0397-0
https://doi.org/10.1007/s00401-015-1429-9
https://doi.org/10.1016/j.neuron.2011.09.011
https://doi.org/10.1113/JP275498
https://doi.org/10.1113/JP275498
https://doi.org/10.1093/hmg/ddu068


Page 15 of 16Aladesuyi Arogundade et al. acta neuropathol commun            (2021) 9:26 	

nucleocytoplasmic transport. Nature 525:129–133. https​://doi.
org/10.1038/natur​e1497​4

	15.	 Friese A, Kaltschmidt JA, Ladle DR, Sigrist M, Jessell TM, Arbera S (2009) 
Gamma and alpha motor neurons distinguished by expression of tran-
scription factor Err3. Proc Natl Acad Sci USA 106:13588–13593. https​://
doi.org/10.1073/pnas.09068​09106​

	16.	 Haeusler AR, Donnelly CJ, Periz G, Simko EAJ, Shaw PG, Kim MS et al 
(2014) C9orf72 nucleotide repeat structures initiate molecular cascades 
of disease. Nature 507:195–200. https​://doi.org/10.1038/natur​e1312​4

	17.	 Hartmann H, Hornburg D, Czuppa M, Bader J, Michaelsen M, Farny D, 
Arzberger T et al (2018) Proteomics and C9orf72 neuropathology identify 
ribosomes as poly-GR/PR interactors driving toxicity. Life Sci Alliance 
1:1–13. https​://doi.org/10.26508​/lsa.20180​0070

	18.	 Herrmann D, Parlato R (2018) C9orf72-associated neurodegeneration 
in ALS-FTD: breaking new ground in ribosomal RNA and nucleolar 
dysfunction. Cell Tissue Res 373:351–360. https​://doi.org/10.1007/s0044​
1-018-2806-1

	19.	 Ho R, Workman MJ, Mathkar P, Wu K, Kim KJ, O’Rourke JG et al (2020) 
Single-cell RNA-seq analysis of human iPSC-derived motor neurons 
resolves early and predictive ALS signatures. bioRxiv. https​://doi.
org/10.1101/2020.04.27.06458​4

	20.	 Hutten S, Dormann D (2019) Seminars in cell & developmental biology 
nucleocytoplasmic transport defects in neurodegeneration—cause 
or consequence? Semin Cell Dev Biol. https​://doi.org/10.1016/j.semcd​
b.2019.05.020

	21.	 Jain A, Vale RD (2017) RNA phase transitions in repeat expansion disor-
ders. Nature 546:243–247. https​://doi.org/10.1038/natur​e2238​6

	22.	 Jovičič A, Mertens J, Boeynaems S, Bogaert E, Chai N, Yamada SB et al 
(2015) Modifiers of C9orf72 dipeptide repeat toxicity connect nucleo-
cytoplasmic transport defects to FTD/ALS. Nat Neurosci 18:1226–1229. 
https​://doi.org/10.1038/nn.4085

	23.	 Kanekura K, Yagi T, Cammack AJ, Mahadevan J, Kuroda M, Harms MB 
et al (2016) Poly-dipeptides encoded by the C9ORF72 repeats block 
global protein translation. Hum Mol Genet 25:1803–1813. https​://doi.
org/10.1093/hmg/ddw05​2

	24.	 Krach F, Batra R, Wheeler EC, Vu AQ, Wang R, Hutt K et al (2018) Transcrip-
tome-pathology correlation identifies interplay between TDP-43 and the 
expression of its kinase CK1E in sporadic ALS. Acta Neuropathol. https​://
doi.org/10.1007/s0040​1-018-1870-7

	25.	 Kramer NJ, Haney MS, Morgens DW, Jovičić A, Li A, Ousey J et al (2018) 
CRISPR-Cas9 screens in human cells and primary neurons identify modi-
fiers of C9orf72 dipeptide repeat protein toxicity Nicholas. Nat Genet 
50:603–612. https​://doi.org/10.1038/s4158​8-018-0070-7.CRISP​R-Cas9

	26.	 Kwon I, Xiang S, Kato M, Wu L, Theodoropoulos P, Wang T et al (2014) 
Poly-dipeptides encoded by the C9orf72 repeats bind nucleoli, impede 
RNA biogenesis, and kill cells. Science (80-) 345:1139–1145. https​://doi.
org/10.1126/scien​ce.12549​17

	27.	 Lee KH, Zhang P, Kim HJ, Mitrea DM, Sarkar M, Freibaum BD et al (2016) 
C9orf72 dipeptide repeats impair the assembly, dynamics, and func-
tion of membrane-less organelles. Cell 167:774-788.e17. https​://doi.
org/10.1016/j.cell.2016.10.002

	28.	 Li YR, King OD, Shorter J, Gitler AD (2013) Stress granules as crucibles 
of ALS pathogenesis. J Cell Biol 201:361–372. https​://doi.org/10.1083/
jcb.20130​2044

	29.	 Liu-Yesucevitz L, Bilgutay A, Zhang YJ, Vanderwyde T, Citro A, Mehta T 
et al (2010) Tar DNA binding protein-43 (TDP-43) associates with stress 
granules: analysis of cultured cells and pathological brain tissue. PLoS 
ONE. https​://doi.org/10.1371/journ​al.pone.00132​50

	30.	 Lo SJ, Lee CC, Lai HJ (2006) The nucleolus: reviewing oldies to have new 
understandings. Cell Res 16:530–538. https​://doi.org/10.1038/sj.cr.73100​
70

	31.	 Fay MM, Anderson PJ, Ivanov P (2017) ALS/FTD-associated C9ORF72 
repeat RNA promotes phase transitions in vitro and in cells. Cell Rep 
21:3573–3584. https​://doi.org/10.1016/j.physb​eh.2017.03.040

	32.	 May S, Hornburg D, Schludi MH, Arzberger T, Rentzsch K, Schwenk BM 
et al (2014) C9orf72 FTLD/ALS-associated Gly-Ala dipeptide repeat 
proteins cause neuronal toxicity and Unc119 sequestration. Acta Neuro-
pathol 128:485–503. https​://doi.org/10.1007/s0040​1-014-1329-4

	33.	 McCombe PA, Henderson RD (2010) Effects of gender in amyotrophic 
lateral sclerosis. Gend Med 7:557–570. https​://doi.org/10.1016/j.
genm.2010.11.010

	34.	 Mierzejewska-Krzyzowska B, Bukowska D, Taborowska M, Celichowski 
J (2014) Sex differences in the number and size of motoneurons inner-
vating rat medial gastrocnemius muscle. J Vet Med Ser C Anat Histol 
Embryol 43:182–189. https​://doi.org/10.1111/ahe.12060​

	35.	 Mizielinska S, Grönke S, Niccoli T, Ridler CE, Clayton EL, Devoy A et al 
(2014) C9orf72 repeat expansions cause neurodegeneration in Dros-
ophila through arginine-rich proteins. Science (80-) 345:1192–1195. https​
://doi.org/10.1126/scien​ce.12568​00

	36.	 Mizielinska S, Ridler CE, Balendra R, Thoeng A, Woodling NS, Grässer FA 
et al (2017) Bidirectional nucleolar dysfunction in C9orf72 frontotem-
poral lobar degeneration. Acta Neuropathol Commun 5:29. https​://doi.
org/10.1186/s4047​8-017-0432-x

	37.	 Nalabothula N, Indig FE, Carrier F (2010) The nucleolus takes control of 
protein trafficking under cellular stress. Mol Cell Pharmacol 2:203–212. 
https​://doi.org/10.4255/mcpha​rmaco​l.10.26

	38.	 Nana AL, Sidhu M, Gaus SE, Hwang JHL, Li L, Park Y et al (2019) Neurons 
selectively targeted in frontotemporal dementia reveal early stage TDP-
43 pathobiology. Acta Neuropathol 137:27–46. https​://doi.org/10.1007/
s0040​1-018-1942-8

	39.	 O’Rourke JG, Bogdanik L, Muhammad AKMG, Gendron TF, Kim KJ, Austin 
A et al (2015) C9orf72 BAC transgenic mice display typical pathologic 
features of ALS/FTD. Neuron 88:892–901. https​://doi.org/10.1016/j.neuro​
n.2015.10.027

	40.	 Ohki Y, Wenninger-Weinzierl A, Hruscha A, Asakawa K, Kawakami K, Haass 
C et al (2017) Glycine-alanine dipeptide repeat protein contributes to tox-
icity in a zebrafish model of C9orf72 associated neurodegeneration. Mol 
Neurodegener 12:1–11. https​://doi.org/10.1186/s1302​4-016-0146-8

	41.	 Qin R, Zhang H, Li S, Jiang W, Liu D (2014) Three major nucleolar proteins 
migrate from nucleolus to nucleoplasm and cytoplasm in root tip cells 
of Vicia faba L. exposed to aluminum. Environ Sci Pollut Res 21:10736–
10743. https​://doi.org/10.1007/s1135​6-014-3057-7

	42.	 Renton AE, Majounie E, Waite A, Simón-Sánchez J, Rollinson S, Gibbs JR 
et al (2011) A hexanucleotide repeat expansion in C9ORF72 is the cause 
of chromosome 9p21-linked ALS-FTD. Neuron 72:257–268. https​://doi.
org/10.1016/j.neuro​n.2011.09.010

	43.	 Rothman KJ (1990) No adjustments are needed for multiple compari-
sons. Epidemiology 1:43–46. https​://doi.org/10.1097/00001​648-19900​
1000-00010​

	44.	 Santillo AF, Nilsson C, Englund E (2013) von Economo neurones are selec-
tively targeted in frontotemporal dementia. Neuropathol Appl Neurobiol 
39:572–579. https​://doi.org/10.1111/nan.12021​

	45.	 Schludi MH, Becker L, Garrett L, Gendron TF, Zhou Q, Schreiber F et al 
(2017) Spinal poly-GA inclusions in a C9orf72 mouse model trigger 
motor deficits and inflammation without neuron loss. Acta Neuropathol 
134:241–254. https​://doi.org/10.1007/s0040​1-017-1711-0

	46.	 Schludi MH, May S, Grässer FA, Rentzsch K, Kremmer E, Küpper C et al 
(2015) Distribution of dipeptide repeat proteins in cellular models and 
C9orf72 mutation cases suggests link to transcriptional silencing. Acta 
Neuropathol 130:537–555. https​://doi.org/10.1007/s0040​1-015-1450-z

	47.	 Sellier C, Campanari M, Julie Corbier C, Gaucherot A, Kolb-Cheynel I, 
Oulad-Abdelghani M et al (2016) Loss of C9 ORF 72 impairs autophagy 
and synergizes with polyQ Ataxin-2 to induce motor neuron dysfunc-
tion and cell death. EMBO J 35:1276–1297. https​://doi.org/10.15252​/
embj.20159​3350

	48.	 Shao Q, Liang C, Chang Q, Zhang W, Yang M, Chen JF (2019) C9orf72 
deficiency promotes motor deficits of a C9ALS/FTD mouse model in a 
dose-dependent manner. Acta Neuropathol Commun 7:32. https​://doi.
org/10.1186/s4047​8-019-0685-7

	49.	 Shi KY, Mori E, Nizami ZF, Lin Y, Kato M, Xiang S et al (2017) Toxic PRn 
poly-dipeptides encoded by the C9orf72 repeat expansion block nuclear 
import and export. Proc Natl Acad Sci USA 114:E1111–E1117. https​://doi.
org/10.1073/pnas.16202​93114​

	50.	 Shi Y, Lin S, Staats KA, Li Y, Chang WH, Hung ST et al (2018) Haploinsuffi-
ciency leads to neurodegeneration in C9ORF72 ALS/FTD human induced 
motor neurons. Nat Med 24:313–325. https​://doi.org/10.1038/nm.4490

	51.	 Suzuki M, Tork C, Shelley B, Mchugh J, Wallace K, Klein S et al (2007) 
Sexual dimorphism in disease onset and progression of a rat model of 
ALS. Amyotroph Lateral Scler 8:20–25. https​://doi.org/10.1080/17482​
96060​09824​47

	52.	 Swaminathan A, Bouffard M, Liao M, Ryan S, Callister JB, Pickering-Brown 
SM et al (2018) Expression of C9orf72-related dipeptides impairs motor 

https://doi.org/10.1038/nature14974
https://doi.org/10.1038/nature14974
https://doi.org/10.1073/pnas.0906809106
https://doi.org/10.1073/pnas.0906809106
https://doi.org/10.1038/nature13124
https://doi.org/10.26508/lsa.201800070
https://doi.org/10.1007/s00441-018-2806-1
https://doi.org/10.1007/s00441-018-2806-1
https://doi.org/10.1101/2020.04.27.064584
https://doi.org/10.1101/2020.04.27.064584
https://doi.org/10.1016/j.semcdb.2019.05.020
https://doi.org/10.1016/j.semcdb.2019.05.020
https://doi.org/10.1038/nature22386
https://doi.org/10.1038/nn.4085
https://doi.org/10.1093/hmg/ddw052
https://doi.org/10.1093/hmg/ddw052
https://doi.org/10.1007/s00401-018-1870-7
https://doi.org/10.1007/s00401-018-1870-7
https://doi.org/10.1038/s41588-018-0070-7.CRISPR-Cas9
https://doi.org/10.1126/science.1254917
https://doi.org/10.1126/science.1254917
https://doi.org/10.1016/j.cell.2016.10.002
https://doi.org/10.1016/j.cell.2016.10.002
https://doi.org/10.1083/jcb.201302044
https://doi.org/10.1083/jcb.201302044
https://doi.org/10.1371/journal.pone.0013250
https://doi.org/10.1038/sj.cr.7310070
https://doi.org/10.1038/sj.cr.7310070
https://doi.org/10.1016/j.physbeh.2017.03.040
https://doi.org/10.1007/s00401-014-1329-4
https://doi.org/10.1016/j.genm.2010.11.010
https://doi.org/10.1016/j.genm.2010.11.010
https://doi.org/10.1111/ahe.12060
https://doi.org/10.1126/science.1256800
https://doi.org/10.1126/science.1256800
https://doi.org/10.1186/s40478-017-0432-x
https://doi.org/10.1186/s40478-017-0432-x
https://doi.org/10.4255/mcpharmacol.10.26
https://doi.org/10.1007/s00401-018-1942-8
https://doi.org/10.1007/s00401-018-1942-8
https://doi.org/10.1016/j.neuron.2015.10.027
https://doi.org/10.1016/j.neuron.2015.10.027
https://doi.org/10.1186/s13024-016-0146-8
https://doi.org/10.1007/s11356-014-3057-7
https://doi.org/10.1016/j.neuron.2011.09.010
https://doi.org/10.1016/j.neuron.2011.09.010
https://doi.org/10.1097/00001648-199001000-00010
https://doi.org/10.1097/00001648-199001000-00010
https://doi.org/10.1111/nan.12021
https://doi.org/10.1007/s00401-017-1711-0
https://doi.org/10.1007/s00401-015-1450-z
https://doi.org/10.15252/embj.201593350
https://doi.org/10.15252/embj.201593350
https://doi.org/10.1186/s40478-019-0685-7
https://doi.org/10.1186/s40478-019-0685-7
https://doi.org/10.1073/pnas.1620293114
https://doi.org/10.1073/pnas.1620293114
https://doi.org/10.1038/nm.4490
https://doi.org/10.1080/17482960600982447
https://doi.org/10.1080/17482960600982447


Page 16 of 16Aladesuyi Arogundade et al. acta neuropathol commun            (2021) 9:26 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

function in a vertebrate model. Hum Mol Genet 27:1754–1762. https​://
doi.org/10.1093/hmg/ddy08​3

	53.	 Swinnen B, Bento-Abreu A, Gendron TF, Boeynaems S, Bogaert E, Nuyts 
R et al (2018) A zebrafish model for C9orf72 ALS reveals RNA toxicity as 
a pathogenic mechanism. Acta Neuropathol 135:427–443. https​://doi.
org/10.1007/s0040​1-017-1796-5

	54.	 Tao Z, Wang H, Xia Q, Li K, Li K, Jiang X et al (2015) Nucleolar stress and 
impaired stress granule formation contribute to C9orf72 RAN transla-
tion-induced cytotoxicity. Hum Mol Genet 24:2426–2441. https​://doi.
org/10.1093/hmg/ddv00​5

	55.	 Ugolino J, Ji YJ, Conchina K, Chu J, Nirujogi RS, Pandey A et al (2016) 
Loss of C9orf72 enhances autophagic activity via deregulated mTOR 
and TFEB signaling. PLoS Genet 12:1–26. https​://doi.org/10.1371/journ​
al.pgen.10064​43

	56.	 Vatsavayai SC, Nana AL, Yokoyama JS, Seeley WW (2018) C9orf72-FTD/
ALS pathogenesis: evidence from human neuropathological studies. Acta 
Neuropathol. https​://doi.org/10.1007/s0040​1-018-1921-0

	57.	 Vatsavayai SC, Yoon SJ, Gardner RC, Gendron TF, Vargas JNS, Trujillo A 
et al (2016) Timing and significance of pathological features in C9orf72 
expansion-associated frontotemporal dementia. Brain. https​://doi.
org/10.1093/brain​/aww25​0

	58.	 Wen X, Tan W, Westergard T, Krishnamurthy K, Markandaiah SS, Shi Y et al 
(2014) Antisense proline-arginine RAN dipeptides linked to C9ORF72-
ALS/FTD form toxic nuclear aggregates that initiate invitro and invivo 
neuronal death. Neuron 84:1213–1225. https​://doi.org/10.1016/j.neuro​
n.2014.12.010

	59.	 White MR, Mitrea DM, Zhang P, Tolbert M, Taylor JP, Kriwacki RW et al 
(2019) C9orf72 poly (PR) dipeptide repeats disturb biomolecular phase 
separation and disrupt nucleolar function. Mol Cell 74:713-728.e6. https​
://doi.org/10.1016/j.molce​l.2019.03.019

	60.	 Yamakawa M, Ito D, Honda T, Kubo KI, Noda M, Nakajima K, Suzuki N 
(2015) Characterization of the dipeptide repeat protein in the molecular 
pathogenesis of c9FTD/ALS. Hum Mol Genet 24:1630–1645. https​://doi.
org/10.1093/hmg/ddu57​6

	61.	 Yang D, Abdallah A, Li Z, Lu Y, Almeida S, Gao FB (2015) FTD/ALS-asso-
ciated poly(GR) protein impairs the Notch pathway and is recruited by 
poly(GA) into cytoplasmic inclusions. Acta Neuropathol 130:525–535. 
https​://doi.org/10.1007/s0040​1-015-1448-6

	62.	 Zhang Y-J, Gendron TF, Ebbert MTW, O’Raw AD, Yue M, Jansen-West 
K et al (2017) Poly(GR) impairs protein translation and stress granule 
dynamics in C9orf72-associated frontotemporal dementia and amyo-
trophic lateral sclerosis. Nat Med 24:1136–1142

	63.	 Zhang K, Daigle JG, Cunningham KM, Coyne AN, Ruan K, Grima JC et al 
(2018) Stress granule assembly disrupts nucleocytoplasmic transport. Cell 
173:958-959.e17. https​://doi.org/10.1016/j.cell.2018.03.025

	64.	 Zhang K, Donnelly CJ, Haeusler AR, Grima JC, Machamer JB, Steinwald P 
et al (2015) The C9orf72 repeat expansion disrupts nucleocytoplasmic 
transport. Nature 525:56–61. https​://doi.org/10.1038/natur​e1497​3

	65.	 Zhang Y, Gendron TF, Grima JC, Sasaguri H, Xu Y, Katzman RB et al (2016) 
C9ORF72 poly(GA) aggregates sequester and impair HR23 and nucleo-
cytoplasmic transport proteins. Nat Neurosci 19:668–677. https​://doi.
org/10.1038/nn.4272.C9ORF​72

	66.	 Zhou M, Goto N, Goto J, Moriyama H, He HJ (2000) Gender dimorphism 
of axons in the human lateral corticospinal tract. Okajimas Folia Anat Jpn 
77:21–27. https​://doi.org/10.2535/ofaj1​936.77.1_21

	67.	 Zhu Q, Jiang J, Gendron TF, McAlonis-Downes M, Jiang L, Taylor A et al 
(2020) Reduced C9ORF72 function exacerbates gain of toxicity from ALS/
FTD-causing repeat expansion in C9orf72. Nat Neurosci 23:615–624. 
https​://doi.org/10.1038/s4159​3-020-0619-5

	68.	 Zu T, Gibbens B, Doty NS, Gomes-Pereira M, Huguet A, Stone MD et al 
(2011) Non-ATG-initiated translation directed by microsatellite expan-
sions. Proc Natl Acad Sci USA 108:260–265. https​://doi.org/10.1073/
pnas.10133​43108​

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1093/hmg/ddy083
https://doi.org/10.1093/hmg/ddy083
https://doi.org/10.1007/s00401-017-1796-5
https://doi.org/10.1007/s00401-017-1796-5
https://doi.org/10.1093/hmg/ddv005
https://doi.org/10.1093/hmg/ddv005
https://doi.org/10.1371/journal.pgen.1006443
https://doi.org/10.1371/journal.pgen.1006443
https://doi.org/10.1007/s00401-018-1921-0
https://doi.org/10.1093/brain/aww250
https://doi.org/10.1093/brain/aww250
https://doi.org/10.1016/j.neuron.2014.12.010
https://doi.org/10.1016/j.neuron.2014.12.010
https://doi.org/10.1016/j.molcel.2019.03.019
https://doi.org/10.1016/j.molcel.2019.03.019
https://doi.org/10.1093/hmg/ddu576
https://doi.org/10.1093/hmg/ddu576
https://doi.org/10.1007/s00401-015-1448-6
https://doi.org/10.1016/j.cell.2018.03.025
https://doi.org/10.1038/nature14973
https://doi.org/10.1038/nn.4272.C9ORF72
https://doi.org/10.1038/nn.4272.C9ORF72
https://doi.org/10.2535/ofaj1936.77.1_21
https://doi.org/10.1038/s41593-020-0619-5
https://doi.org/10.1073/pnas.1013343108
https://doi.org/10.1073/pnas.1013343108

	Nucleolar stress in C9orf72 and sporadic ALS spinal motor neurons precedes TDP-43 mislocalization
	Abstract 
	Introduction
	Materials and methods
	CNS tissues
	CNS region and cell types
	Immunohistochemistry (IHC)
	Immunofluorescence (IF)
	Co-fluorescence in situ hybridization (co-FISH-IF)
	Confocal microscopy
	Statistics

	Results
	Nucleolar size is reduced in C9-ALS and SALS spinal motor neurons
	Nucleolar size reduction is greatest in similarly sized C9-ALS alpha motor neurons
	Sex specific SMN size differences are disrupted in C9-ALS and SALS
	Nucleolar size reduction occurs in neurons with and without antisense RNA foci in C9-ALS
	Nucleolar size reduction occurs in neurons with and without TDP-43 mislocalization

	Discussion
	Acknowledgements
	References




