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ARTICLE INFO ABSTRACT

Keywords: The disruption of transactive response DNA binding protein 43 kDa (TDP-43) shuttling leads to the depletion of
TDP-43 nuclear localization and the cytoplasmic accumulation of TDP-43. We aimed to evaluate the mechanism un-
ALS o . derlying the behavior of TDP-43 in ischemic stroke. Adult male C57BL/6 J mice were subjected to 30 or 60 min
;Tﬁ:z:lﬂzdgoimtem of transient middle cerebral artery occlusion (tMCAO), and examined at 1, 6, and 24 h post reperfusion. Im-
G3BP1 munostaining was used to evaluate the expression of TDP-43, G3BP1, HDAC6, and RAD23B. The total and
HDAG6 cytoplasmic number of TDP-43-positive cells increased compared with sham operation group and peaked at 6 h
RAD23B post reperfusion after tMCAO. The elevated expression of G3BP1 protein peaked at 6 h after reperfusion and
tMCAO decreased at 24 h after reperfusion in ischemic mice brains. We also observed an increase of expression level of

HDACS6 and the number of RAD23B-positive cells increased after tMCAO. RAD23B was colocalized with TDP-43
24 h after tMCAO. We proposed that the formation of stress granules might be involved in the mislocalization of
TDP-43, based on an evaluation of G3BP1 and HDAC6. Subsequently, RAD23B, may also contribute to the
downstream degradation of mislocalized TDP-43 in mice tMCAO model.

1. Introduction

Transactive response DNA binding protein 43 kDa (TDP-43) is
widely known as an RNA-binding protein that is closely associated with
multiple chronic neurodegenerative diseases, including amyotrophic
lateral sclerosis (ALS) and frontotemporal lobar degeneration (FTLD)
(Arai et al., 2006; Barmada et al., 2010; Chhangani et al., 2021; Neu-
mann et al., 2006; Prasad et al., 2019; Scotter et al., 2015; Suk et al.,
2020). It performs several mRNA-related processes in the nucleus, such
as transcription, splicing, and maintaining RNA stability (Prasad et al.,

2019). TDP-43 is predominantly located in the nucleus in normal con-
ditions, and can shuttle between the nucleus and cytoplasm (Watanabe
et al., 2020). However, disruption of this shuttling under pathological
conditions leads to the loss of functional TDP-43 in the nucleus and
increased deposition in cytoplasmic inclusions in the brain and spinal
cord neurons, which are characteristic pathological findings in ALS and
FTLD-TDP (Ederle et al., 2017; Prasad et al., 2019). TDP-43 mis-
localization may be the initial step in the neurodegenerative process of
ALS (Suk et al., 2020). Consequently, there has been considerable focus
on whether pathological changes in TDP-43 can be observed in other
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neuropathological conditions. Elevated TDP-43 has been reported after
ischemic stroke in the transient middle cerebral artery occlusion
(tMCAO) rodent model (Kahl et al., 2018; Kanazawa et al., 2011; Liu
et al., 2020). However, the existing mechanisms underlying this phe-
nomenon are not fully understood.

Under stress conditions, such as ischemia/reperfusion injury, protein
synthesis, folding, and degradation are interrupted, leading to the
deposition of aggregated proteins and ultimately, cell death (Chhangani
et al., 2021; Kahl et al., 2018; Lei et al., 2021). During stalled protein
translation under stress conditions, stress granules (SGs) may form, and
GTPase activating protein binding protein 1 (G3BP1) triggers phase
separation to assemble SGs (Yang et al., 2020), which protect cells under
acute stress stimuli (Wolozin et al., 2019), while histone deacetylase 6
(HDAC6) promotes the formation of SGs and transports proteins that
have lost degradation homeostasis (Kawaguchi et al., 2003; Kwon et al.,
2007), with the aim of restoring homeostasis. Molecular chaperones,
such as co-chaperone carboxyl terminus of Hsp70-interacting protein
(CHIP), heat-shock cognate 70 (Hsc70), and heat-shock protein 70
(Hsp70), can recognize ubiquitinated, mislocalized, or misfolded pro-
teins, based on different characteristics such as misfolding, size, and
solubility (Ciechanover et al., 2015; Lei et al., 2021). These chaperones
direct the substrates to the protein degradation system, which includes
the ubiquitin (Ub)-proteasome system (UPS). RAD23 homolog B
(RAD23B) can act as a substrate shuttling factor, triggering a
liquid-liquid phase separation (LLPS) (Ciechanover et al., 2015; Lei
et al., 2021; Yasuda et al., 2020).

The aim of this study was to investigate the potential mechanism of
mislocalized TDP-43 under stress conditions by evaluating changes in
the expression levels of G3BP1, HDAC6, and RAD23B in the tMCAO
mice model.

2. Materials and methods
2.1. Animals and experimental groups

Adult male C57BL/ 6 J mice (23-29 g, 8-11 weeks old) were used in
this study (Japan SLC Inc., Shizuoka, Japan). The mice were acclima-
tized to standard mice cages under conventional laboratory conditions
with a 12/12 hours (h) light/dark cycle and constant humidity with
regular room temperature (RT) (23-25°C), and allowed free access to
food and water. Mice were randomly assigned to three experimental
groups, including the sham operation group, the 30 minute (min)
transient middle cerebral artery occlusion (tMCAO) group, and the
60 min tMCAO group, each of which contained three sacrifice time
points at 1, 6, and 24 h post sham operation/reperfusion.

All experimental procedures were certified by the Animal Committee
of the Okayama University Graduate School of Medicine (OKU-
2021406) and conducted according to ARRIVE guidelines (htt
ps://www.nc3rs.org.uk/arriveguidelines) and the Okayama University
guidelines for the Care and Use of Laboratory Animals.

2.2. Focal cerebral ischemia

Transient focal ischemia was induced by right middle cerebral artery
(MCA) occlusion. During surgery, mice were anesthetized by inhalation
of a mixture of nitrous oxide, oxygen, and isoflurane (69/30/1 %), using
a face mask. tMCAO was induced by the intraluminal filament technique
(Abe et al., 1992; Yamashita et al., 2006). Briefly, the right carotid
bifurcation was exposed, a silicone-coated 7-0 filament was inserted
into the right internal cerebral artery and gently advanced (8.0-9.0 mm)
to occlude the MCA. After 30 or 60 min of occlusion, the filament was
gently withdrawn to restore blood flow. For sham-operated mice, all
steps of cervical surgery were conducted except for insertion of the
nylon thread. The body temperature of mice during surgery was main-
tained at 36.5°C + 0.5°C using a heating pad (model BMT-100; Bio
Research Center, Tokyo, Japan) (Shang et al., 2018).
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2.3. Tissue preparation

The number of mice in each experimental group is shown in Fig. la.
Each mouse was anesthetized by intraperitoneal injection of pentobar-
bital (20 mg/kg) and then perfused with chilled phosphate-buffered
saline (PBS), followed by 4 % paraformaldehyde (PFA) in 0.1 mol/L
phosphate buffer. After post-fixation overnight, the mice brain samples
were subsequently washed with PBS, then the tissues were sequentially
transferred into 10, 20, and 30 % (wt/vol) sucrose solutions. Tissues
were embedded in O.C.T.™ compound (Tissue-Tek® O.C.T.™ Com-
pound) and stored at —80°C. Tissues were then cut into 20 pm-thick
sections with a cryostat (HM525 NX, Thermo Fisher Scientific, USA)
(Nakano et al., 2017).

2.4. Immunohistochemistry and infarct volume

Frozen sections were incubated in 4 % PFA for 15 min at RT. After
washing in PBS, the sections were pretreated with 10 mM citrate acid
buffer (pH 6.0) for antigen retrieval. After washing in PBS, sections were
then incubated in 1 % hydrogen peroxide/methanol for 20 min. After
washing in PBS again, brain sections were blocked in a mixture of 5 %
bovine serum albumin (BSA, Sigma-Aldrich, A3059) and 0.1 % (final
concentration) Triton™ X-100 for 1 h at RT, then incubated at 4°C
overnight with a mixture of primary antibodies: rabbit anti-MAP2
antibody (1:500, Abcam, ab32454), rabbit anti-HDAC6 antibody
(1:100, Abcam, ab1440), and rabbit anti-RAD23B antibody (1:300,
Proteintech, 12121-1-AP). Sections were then washed in PBS and
incubated with biotin-labeled secondary antibody (1:500, within the
VECTASTAIN® ABC-HRP Kit, PK 4001; Vector Laboratories, Inc.,
Newark, CA, USA) for 2 h, then incubated with prepared VECTASTAIN
ABC Reagent (within the VECTASTAIN® ABC-HRP Kit, PK-4001). For
the mouse anti-TDP-43 antibody (1:200; Santa Cruz, Dallas, TX, USA; sc-
376532), the Mouse on Mouse (M.0O.M.) basic kit (Vector Laboratories,
BMK-2202) was used for masking endogenous mouse antigen. The signal
was then visualized with diaminobenzidine tetrahydrochloride (DAB
tablets; Wako Chemicals, Richmond, VA, USA; 045-22833). Sections
were observed under a light microscope (SZX-12; Olympus Optical,
Tokyo, Japan). For quantitative analysis of cerebral infarct volume, five
serial brain slices from each mouse were selected at a 0.5 mm interval,
between + 0.98 mm anterior and —0.94 mm posterior to the bregma.
We detected the ischemic area based on the loss of MAP2-positive
neuropils, and the ischemic core was defined as the absence of MAP2
immunoreactivity while perilesional sites were defined as areas that
attenuated the MAP2 signal (Popp et al., 2009; Tachibana et al., 2017;
Shibahara et al., 2020). Infarct area was measured using Image J soft-
ware (National Institutes of Health, Bethesda, MD, USA). Infarct volume
of each brain was calculated by adding infarct areas of the five serial
brain slices (Nakano et al., 2017). To evaluate sections immunostained
for TDP-43, HDAC6, and RAD23B, three areas of the peri-infarct cortex
from each of three coronal levels between + 0.98 mm anterior and
+ 0.02 mm posterior to the bregma, were chosen randomly and
captured at x 200 magnification with a light microscope (BX51;
Olympus, Tokyo, Japan). ImageJ was used to assess the average number
of positively expressed cells of either the nuclei or cytoplasmic patterns
of TDP-43 or HDAC6, the number of RAD23B—positive cells, as well as
pixel intensity, which was evaluated within the region of interest (ROI).
ROI was selected by a threshold in each capture (0.12 mm>).

2.5. Immunofluorescence analysis

For immunofluorescent staining, sections were blocked in 0.5 % Tris-
NaCl-blocking (TNB) buffer (Perkin Elmer, FP1012) for 1 h at RT. These
were then incubated at 4°C overnight with the following primary anti-
bodies: mouse anti-TDP-43 antibody (1:100, Santa Cruz, sc-376532),
rabbit anti-G3BP1 antibody (1:500, Proteintech, 13057-2-AP), and
rabbit anti-RAD23B antibody (1:300, Proteintech, 12121-1-AP). The
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Fig. 1. Experimental time course and cerebral ischemia after tMCAO surgery. (a) Mice were divided into three groups, sham operation, 30 min, and 60 min tMCAO,
and sacrificed at 1, 6, and 24 h after reperfusion. (b) Representative anti-MAP2 staining sections, showing the ischemic area at different reperfusion time points after

tMCAO. (c) There were significant increases in infarct volume depending on occlusion time at 24 h after tMCAO (***, P < 0.001 30 min group versus sham group;
&&&&, P < 0.0001 60 min group versus sham group; #, P < 0.05 60 min group versus 30 min group; one-way ANOVA with the Tukey-Kramer multiple comparisons

test). Scale bar = 1 mm.

sections were washed in PBS and incubated with appropriate secondary
antibodies. Three levels of sections were selected from three coronal
levels: + 0.98 mm, + 0.50 mm, and + 0.02 mm rostral to the bregma.
Three areas in the ipsilateral peri-infarcted lesion in each section were
chosen randomly and images were captured with a confocal laser mi-
croscope (LSM780; Carl Zeiss AG, Oberkochen, Germany). The average
integrated density (IntDen) of TDP-43 or G3BP1 was evaluated as TDP-
43/G3BP1 double immunofluorescence by ImageJ.

2.6. Quantitative and statistical analyses

Data was analyzed using GraphPad Prism version 10.0.0 for Win-
dows (GraphPad Software, Boston, MA, USA). Data is displayed as the
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mean =+ standard deviation (S.D.). We performed a one-way analysis of
variance (ANOVA) followed by the Tukey-Kramer multiple comparisons
test to compare infarct volume. We also performed a two-way ANOVA
followed by the Tukey-Kramer multiple comparisons test to compare
immunopositive cell numbers, IntDen, and pixel intensity among the
nine independent experimental groups categorized by reperfusion and
sacrificing time. To assess the correlation of IntDen between TDP-43 and
G3BP1, Spearman’s correlation coefficient test was performed. P-values
< 0.05 were considered to be significantly different.
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Fig. 2. Total and cytoplasmic TDP-43-positive cells increased after tMCAO. (a) Immunohistochemistry for TDP-43 at the peri-ischemic lesion and schema of the
chosen sections. Schematic diagram of mice brain coronal section was created with BioRender.com. (b) Quantitative analyses of total number of TDP-43-positive
cells. (c). Quantitative analyses of cytoplasmic TDP-43—positive cell number. Scale bar = 200 pm (*, **, and ****, P < 0.05, P < 0.01, and P < 0.0001, respectively,
in 30 min tMCAO group versus sham group; &, && and &&&, P < 0.05, P < 0.01 and P < 0.001, respectively, in 60 min tMCAO group versus sham group; #,
P < 0.05 in 60 min versus 30 min tMCAO group; $$, P < 0.01 in 30 min tMCAO group; two-way ANOVA with the Tukey-Kramer multiple comparisons test).
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3. Results

3.1. Experimental time course and cerebral ischemia after tMCAO surgery

MAP2 proved to be an excellent marker at all post-ischemic times
examined, and its early sensitivity is an obvious advantage, as has been

(a)

Sham
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tMCAO

» T & 9 : ) :

60 min

-43

G3BP1
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confirmed by several studies (Popp et al., 2009; Shibahara et al., 2020;
Tachibana et al., 2017). Among the three groups in Fig. 1a, no clear
infarct lesions could be identified during anti-MAP2 staining at 1 h and
6 h after tMCAO (Fig. 1b). Conversely, there were significant increases
in infarct volume, depending on occlusion time, at 24 h after tMCAO
(sham: 0 mrn3; 30 min: 8.8 +4.2 rnm3; 60 min: 13.6 + 4.7 mrn3;
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Fig. 3. TDP-43 expression changed in parallel with G3BP1 expression. (a) Double immunofluorescence analysis for TDP-43 and G3BP1. Representative results are
shown. (b) Quantitative analysis of TDP-43 immunofluorescence analysis by integrated density (IntDen). TDP-43 expression increased significantly in the cortical
penumbra area and peaked at 6 h post reperfusion in both 30 min and 60 min tMCAO groups, followed by a decreasing trend in both tMCAO groups. (c) Quantitative
analysis of G3BP1 immunofluorescence analysis by IntDen. (d) A scatter diagram of the TDP-43 IntDen and G3BP1 IntDen. G3BP1 expression increased as did TDP-43
expression (p= 0.5456, P < 0.0001; Spearman’s correlation coefficient test). () Quantitative analysis of TDP-43/G3BP1 double-positive cells. Significant differences
were observed between 6 h and 24 h after 60 min tMCAO groups compared with the sham operation group in each visual field. Significant differences were also
observed between 6 h and 24 h after 60 min tMCAO groups compared with 30 min tMCAO groups (**, P < 0.01 in 30 min tMCAO group versus sham group; &, &&,
&&&&, P < 0.05, P < 0.01, and P < 0.0001 in 60 min tMCAO group versus sham group; $, P < 0.05 in 30 min tMCAO group; §, §§§§, P < 0.05 and P < 0.0001 in
60 min tMCAO group; two-way ANOVA with the Tukey-Kramer multiple comparisons test).
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Fig. 1c).

3.2. Increase in the number of total and cytoplasmic TDP-43—positive
cells after tMCAO

The TDP-43 protein is predominantly localized in the nucleus and
can shuttle between the nucleus and cytoplasm (Barmada et al., 2010;
Lee et al., 2020). Studies have shown that the cytoplasmic accumulation
of TDP-43 aggregates is one of the major characteristics of TDP-43
proteinopathy, including ALS and FTLD-TDP (Kim et al., 2014; Scotter
et al., 2015; Shenouda et al., 2018). First, we investigated the total and
cytoplasmic number of TDP-43-positive cells during post cerebral
ischemia/reperfusion (I/R) injury in mice brain tissue (Fig. 1a). The
average total number of TDP-43-positive cells per visual field in 30 min
or 60 min tMCAO groups increased significantly compared to cells in the
same sacrificial time points of the sham operation group (sham group:
1h, 186.0 +5.3; 6 h, 201.0 + 19.0; 24 h, 197.3 + 5.5; 30 min tMCAO
group: 1 h, 246.3 +17.4; 6 h, 289.0 & 11.8; 24 h: 290.8 + 11.9; 60 min
tMCAO group: 1 h, 274.5 &+ 21.7; 6 h, 303.8 + 20.4; 24 h: 277.8 + 33.8.
P < 0.05 in 30 min tMCAO group versus sham group; P < 0.05 in
60 min tMCAO group versus sham group; Fig. 2b). Interestingly, there
were significant differences in 6 h and 24 h after 30 min tMCAO groups
compared with the 1h group. A similar trend was observed in the
number of cytoplasmic TDP-43-positive cells per visual field (sham
group: 1h, 75.3+6.4; 6h, 87.0+15.9; 24 h, 86.0 + 7.9; 30 min
tMCAO group: 1h, 94.4 +17.0; 6 h, 135.2 + 5.5; 24 h: 130.2 + 17.4;
60 min tMCAO group: 1 h, 116.8 + 8.1; 6 h, 130.7 + 19.2; 24 h: 102.9
+ 13.6; Fig. 2c¢).

3.3. TDP-43 expression changed in parallel with G3BP1 expression

GTPase activating protein binding protein 1 (G3BP1) localizes to SGs
(Si et al., 2020; Wolozin et al., 2019). To study the re-localization of
endogenous or ectopically expressed TDP-43 to SGs in response to I/R
attack post-tMCAO in mice brains, we conducted double immunofluo-
rescence staining of TDP-43 and G3BP1. The IntDen of either TDP-43 or
G3BP1 was significantly higher in the cortical penumbra area and
peaked at 6 h post reperfusion, in both 30 min and 60 min tMCAO
groups, also followed by a decreasing trend in both tMCAO groups
(Fig. 3a—c).

We also analyzed the overall correlation between IntDens of TDP-43
and G3BP1 in all groups (Spearman’s p=0.5456, *P < 0.0001. Fig. 3d).
The Spearman’s correlation results of the 60 min occlusion group be-
tween IntDens of TDP-43 and G3BP1 showed a stronger relationship
using a monotonic function than that of the 30 min occlusion group
(Spearman’s p=0.5233, P = 0.0179 in the 30 min tMCAO group and
Spearman’s p=0.6391, P = 0.0024 in the 60 min tMCAO group). We
then analyzed the double-positive cell number of TDP-43 and G3BP1.
Significant differences were observed between 6 h and 24 h after 60 min
tMCAO groups compared with the sham operation group in each visual
field. Significant differences were also observed between 6 h and 24 h
after 60 min tMCAO groups compared with the 30 min tMCAO groups,
indicating that double-positive cell numbers of TDP-43/G3BP1 might be
related with the severity of tMCAO (sham group: 1 h, 55.0 + 2.6; 6 h,
57.7 + 3.2; 24 h, 43.9 + 1.8; 30 min tMCAO group: 1 h, 50.0 + 4.0; 6 h,
46.8 + 5.0; 24 h: 49.2 + 5.8; 60 min tMCAO group: 1 h, 47.3 + 5.0;6 h,
68.3 + 7.2; 24 h: 62.9 + 2.0; Fig. 3e).

3.4. HDACE6 total positive cell number and its cytoplasmic pattern were
both upregulated after tMCAO

HDACS6 has been shown to be involved in the sequestration of TDP-
43 into microtubule-related protein (MRP)-induced aggregates in the
cytoplasm (Watanabe et al., 2020). Single immunohistochemical stain-
ing of HDAC6 revealed that the average number of total HDAC6-positive
cells per visual field increased after tMCAO in the 30 min tMCAO group
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(1h,97.4 +22.6;6h,111.5 & 21.0; 24 h, 116.2 £ 23.0), but increased
significantly in the 60 min tMCAO group (1 h: 118.0 + 9.7, 6 h: 93.0
+ 18.5, 24 h: 137.1 + 17.1) compared with the sham operation group
(1 h: 45.5 + 4.6, 6 h: 46.0 + 3.4, 24 h: 50.0 + 5.3, P < 0.05 in 30 min
tMCAO group versus sham group; P < 0.05 in 60 min tMCAO group
versus sham group; Fig. 4b). The increase in the average number of
cytoplasmic HDAC6-positive cells per visual field was also observed in
the 30 min tMCAO group (1 h: 62.9 +18.2, 6 h: 70.5 +£19.4, 24 h:
73.7 +£13.4), and in the 60 min tMCAO group (1 h:77.7 £7.9, 6 h:
61.8 + 12.8, 24 h: 92.6 + 13.3), when compared with the sham opera-
tion group (1 h: 28.5 + 3.2, 6 h: 30.9 + 2.9, 24 h: 35.0 £ 5.6, P < 0.05
in 30 min tMCAO group versus sham group; P < 0.05 in 60 min tMCAO
group versus sham group; Fig. 4c).

3.5. Total positive cell number and pixel intensity of proteasomal
degradation marker RAD23B were upregulated after tMCAO

Changes in the expression of RAD23B, a novel substrate-shuttling
factor for the proteasome, might indicate the degradation of mis-
localized/misfolded protein (Yasuda et al., 2020). RAD23B plays a
central role in both proteasomal degradation of misfolded proteins and
DNA repair (Scharer et al., 2013; Yasuda et al., 2020), so it might display
a shift between the nucleus and cytoplasm. To explore whether this
protein takes part in TDP-43 degradation in mice brain tissue,
anti-RAD23B immunohistochemistry staining was conducted (Fig. 5a).
Average RAD23B-positive cell number per visual field increased in the
30 min tMCAO group (1 h: 99.9 + 24.8, 6 h: 101.0 + 15.6, 24 h: 125.3
=+ 20.8. P < 0.05 in 30 min tMCAO group versus sham group) and in the
60 min tMCAO group (1 h: 148.0 +15.6, 6 h: 130.7 + 19.5, 24 h:
157.0 £ 14.5. P < 0.05 in 60 min tMCAO group versus sham group;
Fig. 5b), compared with the sham operation group (1 h: 51.7 + 8.1, 6 h:
60.3 + 7.0, 24 h: 69.7 + 11.6). The total number of RAD23B-positive
cells per visual field increased significantly with ischemic severity
(P < 0.05 in the 30 min tMCAO group versus the 60 min tMCAO group;
Fig. 5b). The pixel intensity of RAD23B also indicated that upregulation
had occurred in both the 30 min and 60 min tMCAO groups (Fig. 5c).

To examine the colocalization of TDP-43 and RAD23B, double
immunofluorescence staining was performed at 24 h after tMCAO. The
analysis revealed that TDP-43—positive cells strongly co-expressed the
proteasomal degradation marker, RAD23B, at 24 h after both 30 min
tMCAO and 60 min tMCAO (Fig. 5d). We also performed TDP-43 and
RAD23B double-positive cell quantification using a visual field analysis.
There were significant differences between 24 h after 30 min tMCAO
compared with the sham operation group, and between 1 h, 6 h, 24 h
after 60 min tMCAO compared with the sham operation group (sham
group: 1h, 39.3+11.8; 6h, 34.3 +4.2; 24h, 30.0 + 2.6; 30 min
tMCAO group: 1 h,46.9 + 7.4; 6 h, 43.0 + 6.4; 24 h: 49.5 + 6.9; 60 min
tMCAO group: 1h, 51.0+7.0; 6h, 47.8+5.3; 24h: 56.8 +£1.8;
Fig. Se).

4. Discussion

In the present study, we showed that the total and cytoplasmic
number of TDP-43-positive cells increased after tMCAO (Fig. 2a-c).
Furthermore, the ratio of cytoplasmic TDP-43—positive cells increased in
the 60 min tMCAO group at 6 h post reperfusion compared with 1 h,
then decreased at 24 h post-reperfusion (60 min tMCAO group: 1 h,
42 %; 6 h, 50 %; 24 h, 43 %). This indicates that the phenomenon of
TDP-43 mislocalization also occurs in ischemic mice brains. The
expression of either TDP-43 or G3BP1 protein peaked at 6 h after
reperfusion then decreased at 24 h after reperfusion (Fig. 3a—e). More-
over, Spearman’s correlation within the 60 min occlusion group be-
tween IntDens of TDP-43 and G3BP1 showed a better relationship using
a monotonic function than that within the 30 min occlusion group.
Moreover, an increase in HDAC6 was observed (Fig. 4a—c). HDAC6
promoted TDP-43 aggregation, an increase in the number of RAD23B-
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positive cells, a marker of proteasomal degradation, and its co- pathological aggregation of RNA-binding proteins such as TDP-43
localization with TDP-43 (Fig. 5a—e). (Chhangani et al., 2021; Kahl et al., 2018). The mislocalization of

Previous studies have shown that ischemia/reperfusion induce TDP-43 may be an initial step in the pathological process leading to the
endoplasmic reticulum (ER) stress, oxidative stress, nuclear transport formation of TDP-43-positive aggregates observed in neurodegenera-

dysfunction, axonal transport defects, and apoptosis, evoking the tive diseases (Keating et al., 2022; Suk and Rousseaux, 2020). Our
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sons test).
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results revealed that this type of mislocalization of TDP-43 can occur in
the acute ischemic mice brain (Fig. 1, Fig. 2a—c). SGs form rapidly in
cells in response to specific stress stimuli, such as hypoxia, malnutrition,
and protein denaturation (Aramburu-Ntinez et al., 2022; Wolozin et al.,
2019). SGs are composed of a complex of mRNA and various protein
molecules that are assembled through liquid-liquid phase separation
(LLPS) (Boeynaems et al., 2018; Suk and Rousseaux, 2020; Wolozin
et al., 2019). SG formation promoted cell survival under stress condi-
tions by suppressing translation but also by sequestering some apoptosis
regulatory factors (Arimoto-Matsuzaki et al., 2016). G3BP1 could be one
of the core nucleating RNA-binding proteins (RBPs) for SGs, interacting
with SGs by directly binding to mRNAs, and facilitating the assembly of
SGs (Guillén-Boixet et al., 2020; Sanders et al., 2020; Sidibé et al., 2021;
Yang et al., 2020). Endogenous TDP-43 localizes to SGs and regulates
their formation and maintenance by controlling the levels of G3BP1
(McDonald et al., 2011). In this study, G3BP1, along with TDP-43,
peaked at 6 h after the onset of stroke and then decreased at 24 h.
These results indicate that G3BP1 may take part in SG formation with
TDP-43 in the acute stroke mice brain (Watanabe et al., 2020). HDAC6
was also reported to be a component of SGs and promotes their forma-
tion. HDAC6 removes proteins such as TDP-43 that lose their homeo-
stasis probably by binding to microtubes, promotes aggresome
formation, and protects cells from apoptosis following stress (Kawaguchi
etal., 2003; Kwon et al., 2007). TDP-43 cooperatively regulated HDAC6
mRNA by enhancing the stability of neurofilament light chain mRNA
(Fiesel et al., 2010; Kim et al., 2010; Strong et al., 2007). Our present
results indicate that both total and cytoplasmic number of HDACG6 cells
were also upregulated after tMCAO, with an increasing but distinct trend
from that of TDP-43 (Fig. 4a—c). In other words, HDAC6 and TDP-43 are
thought to regulate each other’s expression levels, although there is a
time lag in their expression levels in the acute ischemic mice model.

The ubiquitin-proteasome system (UPS), a proteolytic pathway that
is part of the cellular quality control network, maintains the integrity of
the cellular proteome (Ciechanover et al., 2015; Lei et al., 2021).
RAD23B acts as a substrate-shuttling factor for the proteasome. Multi-
valent interactions between RAD23B and ubiquitin chains trigger an
LLPS, which then modulates proteasome function (Lei et al., 2021; Sun
et al., 2018; Yasuda et al., 2020). Previous studies have shown that
ubiquitination of misfolded or mislocalized TDP-43 occurs, not only in
ALS and FTLD, but also in stroke disease models (Arai et al., 2006;
Kanazawa et al., 2011; Mackenzie et al., 2010; Neumann et al., 2006;
Thammisetty et al., 2018). In this study, we observed an increase in the
expression of RAD23B and its colocalization with TDP-43 in ischemic
mice brains, indicating that RAD23B may promote the proteolytic
pathways of mislocalized TDP-43 in a proteasomal-dependent manner in
the acute stroke mouse brain (Fig. 5a—e).

G3BP1 is a core nucleating factor for SGs, and HDAC6 acts as a
component of SGs. Stress from ischemia mislocalizes TDP-43 in the
nucleus and is considered toxic for neurons (Li et al., 2022; Chhangani
et al., 2021; Kahl et al., 2018). Therefore, SGs induced by increased
expression levels of G3BP1, HDAC6, or both may be responsible for the
clearance of mislocalized TDP-43. The co-localization of TDP-43 and
G3BP1 after cerebral infarction (Fig. 3) and the increase in HDAC6
(Fig. 4) may be related to the process of TDP-43 clearance. In contrast,
the level of expression of G3BP1 and HDACS6 differ after ischemic stroke.
G3BP1 only responds to prolonged ischemia (60 min), whereas HDAC6
is up-regulated in response to mild ischemia (30 min), similar to
TDP-43. This may be due to the recognition of ubiquitinated TDP-43 by
HDACS6 and the incorporation of the former into SGs, whereas G3BP1
maintains a constant level of expression and constantly forms and de-
grades stress granules (Aramburu-Ntnez et al., 2022; Fazal et al., 2021;
Liu et al., 2021; Protter et al., 2016). In other words, TDP-43 mis-
localized by ischemia may be incorporated into SGs that form around
G3BP1 by binding to HDAC6, and ultimately becoming degraded.

Collectively, we observed the mislocalization of TDP-43 in the
tMCAO mouse model, as in previous studies (Kahl et al., 2018; Liu et al.,
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2020). Moreover, we suggest that mislocalized TDP-43 can interact with
G3BP1 and/or HDACS, that it is subsequently stored in SGs, and finally
degraded by the UPS. We demonstrated a possible link between ischemic
stroke and neurodegenerative disease from the perspective of TDP-43
proteinopathy.
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