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Abstract

Spinocerebellar ataxia type 3 (SCA3) is a polyglutamine neurodegenerative disease resulting from the misfolding and accumu-
lation of a pathogenic protein, causing cerebellar dysfunction, and this disease currently has no effective treatments. Far-infrared
radiation (FIR) has been found to protect the viability of SCA3 cells by preventing mutant ataxin-3 protein aggregation and
promoting autophagy. However, this possible treatment still lacks in vivo evidence. This study assessed the effect of FIR therapy
on SCA3 in vivo by using a mouse model over 28 weeks. Control mice carried a healthy wild-type ATXN3 allele that had a
polyglutamine tract with 15 CAG repeats (15Q), whereas SCA3 transgenic mice possessed an allele with a pathological
polyglutamine tract with expanded 84 CAG (84Q) repeats. The results showed that the 84Q SCA3 mice displayed impaired
motor coordination, balance abilities, and gait performance, along with the associated loss of Purkinje cells in the cerebellum,
compared with the normal 15Q controls; nevertheless, FIR treatment was sufficient to prevent those defects. FIR significantly
improved performance in terms of maximal contact area, stride length, and base support in the forepaws, hindpaws, or both.
Moreover, FIR treatment supported the survival of Purkinje cells in the cerebellum and promoted the autophagy, as reflected by
the induction of autophagic markers, LC31I and Beclin-1, concomitant with the reduction of p62 and ataxin-3 accumulation in
cerebellar Purkinje cells, which might partially contribute to the rescue mechanism. In summary, our results reveal that FIR
confers therapeutic effects in an SCA3 transgenic animal model and therefore has considerable potential for future clinical use.
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Introduction

Spinocerebellar ataxia (SCA) is a type of neurodegenerative
disease caused by genetic mutations resulting in impairment
of the nervous system, particularly the spinal cord and cere-
bellum [1, 2]. Currently, 40 SCA subtypes have been charac-
terized, which have been termed SCA1-40 [1]. SCA3, also
called Machado—Joseph disease (MJD), displays a high prev-
alence in Asia [1, 3]. The onset of these neurodegenerative
syndromes begins between the ages of 20 and 50 years and
includes progressive gait imbalance and loss of muscle control
and coordination [4]. Pathological features of SCA3 include
the progressive degeneration of the spinal cord, brainstem, and
cerebellum and severe loss of Purkinje cells [2, 5]. The spe-
cific cause of SCA3 is an abnormal expansion of CAG repeats
in the ataxin-3 gene (ATXN3), which causes an extended
polyglutamine (polyQ) sequence in the translated ataxin-3
protein [6]. The ataxin-3 protein controls deubiquitinase ac-
tivity and is reported to have roles in the chaperone system,
ubiquitin—proteosome system, and autophagy pathway.
Consequently, ATXN3 mutation impairs the clearance of
misfolded proteins [7, 8]. The polyQ mutation also manifests
in other neurodegenerative diseases such as Huntington’s dis-
ease (HD), dentatorubral pallidoluysian atrophy (DRPLA),
and X-linked spinal and bulbar muscular atrophy (SMAX1/
SBMA) [6, 8, 9].

Infrared therapy has been used for the treatment of vari-
ous types of diseases in recent years [10—12]. Infrared radi-
ation (IR) is an energy type that covers the wavelength range
from 750 to 100 um [10]. The near infrared (NIR) wave-
length spans the range 600—1000 nM, whereas far infrared
(FIR) covers the range 3—100 uM. The biophysical mecha-
nism of FIR involves the transfer of its energy to biological
tissues and resonation with the tissue molecules, which in
turn produces heat and exerts beneficial stimulation of the
microenvironment [10, 13]. Studies have shown beneficial
effects of FIR treatment in patients and several animal dis-
ease models, which include increasing blood flow [14-16],
improving peripheral circulation [13], improving endothe-
lial health and functions [17, 18], reducing blood sugar and
insulin levels [14], and promoting skin wound healing [19,
20]. FIR has shown therapeutic effects on multiple animal
and cell models and has been applied to multiple types of
diseases including cardiovascular disease, diabetes, and
chronic kidney diseases [11, 15, 21].

In neuromuscular disorders, it has been reported to aid in
repairing injured sciatic nerves in a rat model [22] and to
reduce lower back pain and improve physical mobility in hu-
man patients [23]. NIR has been revealed to confer neuropro-
tective effects in neuronal diseases [24] and to provide thera-
peutic benefits in cell and animal models and in human pa-
tients with neurodegenerative diseases, mainly Alzheimer’s
disease and Parkinson’s disease [12]. However, the effects of

FIR on neurodegenerative disease remain unclear. Our group
further evaluated the effect of FIR on SCA3 using an SCA3
cellular model and revealed that FIR prevented its accumula-
tion by promoting autophagy [25], a bulk cellular machinery
for degradation and recycling of cellular components in re-
sponse to environmental stress [26]. However, therapeutic ef-
fects of FIR still need to be further confirmed in SCA3 animal
models. Autophagy was previously reported to be essential for
maintaining protein homeostasis and quality control in neuro-
nal tissues. Autophagy deficiency [27, 28] in mice has been
revealed to cause neuronal cell death (e.g., Purkinje cells) and
accumulation of aggregated proteins that lead to neurodegen-
eration. Thus, the purpose of this study was to investigate the
potential beneficial effects of FIR on motor ability in an SCA3
transgenic mouse model, the pathology of Purkinje cells in the
cerebellum, and the role of autophagy in Purkinje cells.

Materials and Methods

Animal Model MJD15.4 and MJD84.2 transgenic mice were
purchased from Jackson Laboratory (Bar Harbor, ME, USA).
The genome of the transgenic mouse strains harbors a yeast
artificial chromosome (YAC) transgene expressing ATXN3
with either a wild-type polyglutamine tract with 15 CAG re-
peats (15Q) or a pathological polyglutamine tract with ex-
panded 84 CAG (84Q) repeats [29]. All mice were of
C57BL/6] background, and the generation of transgenic mice
was achieved as previously described [30]. The identities of
the SCA3 transgenic mice were confirmed by PCR from the
mouse tail DNA [30]. Mice were maintained under a 12-h
light/dark cycle. All animal treatment protocols were ap-
proved by the Institutional Animal Care and Use Committee
(IACUC) of Changhua Christian Hospital. Mice were ran-
domly divided into three groups (n=5): a normal control
group of 15Q mice, SCA3 control group of 84Q mice, and
FIR treatment group of 84Q mice.

FIR Exposure The mice were exposed to radiation from a WS
TY301 FIR emitter (Far IR Medical Technology, Taipei,
Taiwan). The electromagnetic wavelength of the energy emit-
ted from the apparatus is at the range of 3-25 um with a peak
value at 5-7 um. The radiator was set at a height of 30 cm
above the animal cage and was operated with a power density
of 50 mW/cm? and exposure time of 30 min three times per
day (morning, noon, evening). Mice underwent the FIR treat-
ment starting at 4 weeks of age for 7 months.

Motor Behavior Assessment

Rotarod Test Mice were placed on a rotarod at a constant
speed of 5 rpm at the beginning. The speed of the rod then
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accelerated linearly from 5 to 40 rpm within 300 s according
to the procedures described in a previous study [31]. Latency
to fall was defined as the time (seconds) the mouse persisted
on the rod. The maximal time for each mouse was 5 min, after
which the mouse was removed from the rod and allowed to
rest for at least 15 min before the next trial to prevent exhaus-
tion. Each mouse underwent four rotarod trials, and the laten-
cy to fall was recorded and analyzed statistically. The test was
performed once per month for 7 months consecutively.

Balance Beam Test The balance beam test was used to evalu-
ate the motor coordination and balance of the mice [32]. A 60-
cm-long plexiglass beam with a diameter of 2 cm was
installed approximately 50 cm above the ground between
two poles. Mice were placed at the end of the beam and
allowed to travel through the beam to the other end (Luong).
The travel time from one end to the other for each mouse was
recorded. Each mouse was subjected to four trials of traveling,
and the recorded travel time was statistically analyzed.

Computer-assisted Method for Gait Analysis Mice were sub-
jected to gait assessment with the CatWalk automated gait
analysis system (Noldus Information Technology,
Wageningen, Netherlands). The apparatus contains a long
glass plate as a runway for animals. When animals traverse
from one side of the glass plate to the other, their footsteps are
illuminated by fluorescent light emitted from below. The illu-
minated footsteps are recorded by a high-speed camera
installed underneath the glass plate. Mice were subjected to
gait assessment with the CatWalk automated gait analysis sys-
tem (Noldus Information Technology, Wageningen,
The Netherlands). The apparatus comprises a glass plate as
the walkway floor for the animals to voluntarily traverse. Each
mouse performed 3—6 trials, and the statistics of multiple pa-
rameters, such as the maximal contact area of the paws (area
of the foot touching the plate during the time of maximum
contact), stand (duration of the contact of a paw with the glass
plate), stride length (distance between two steps of the same
paw), base of support (the distance between contralateral paws
during initial and terminal stance), swing speed (the stride
length divided by swing duration), and print intensities of
footsteps, were recorded and analyzed using the software
CatWalk XT 9.0. The CatWalk gait analysis was performed
when mice were 11.5 months of age (5 months after the last
rotarod test).

Preparation of Histological Tissue Sections Mouse cerebellar
tissues were harvested and sliced to thin pieces with a thick-
ness of 3 mm and fixed with 4% paraformaldehyde for 48 h,
followed by dehydration. Alcohol and fat were removed by
soaking the tissue in xylene. The tissue was infiltrated with
melted paraffin in a mold. The embedded tissue was removed
from the mold after the paraffin hardened. The tissue was
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sectioned to a thickness of 3 wm using a microtome and trans-
ferred to a slide.

Hematoxylin and Eosin Staining The Purkinje cells located
between the molecular layer and the granular layer were
stained with hematoxylin and eosin (H&E). The sections were
deparaffinized and rehydrated sequentially in xylene and 100,
95, 80, and 75% alcohol and water, followed by staining with
H&E. Afterward, the sections were sequentially soaked in 80,
95, and 100% alcohol and xylene for dehydration and then
sealed.

Immunohistochemical Staining The sections were
deparaffinized and rehydrated sequentially in xylene and 100,
95, 80, and 70% alcohol and water, followed by antigen re-
trieval in an antigen retriever apparatus with heat and pressure.
The sections were washed with 1X TBST (10 mM Tris-HCI,
150 mM NaCl, 0.05% [v/v] tween-20, pH 8.0) and blocked
with 3% hydrogen peroxide at room temperature for 10 min.
Sections were then incubated in Ultra V Block blocking solu-
tion (Thermo Fisher Scientific Inc., MA, USA) and washed
with TBST. For staining Purkinje cells, sections were then in-
cubated with anticalbindin D-28L antibody (1:100, Abcam,
Cambridge, UK) for 30 min and washed with TBST. After this
step, the sections were processed with the UltraVision™
Quanto Detection System HRP DAB kit (Thermo Fisher
Scientific Inc., MA, USA) according to the manufacturer’s in-
structions. After incubation with the substrate solution for vi-
sualization, sections were washed with tap water. The sections
were counterstained with hematoxylin for 1-5 min and washed
with tap water for 10 min and then dehydrated in 80, 95, and
100% alcohol and xylene and sealed.

Immunofluorescence Staining First, the sections were incu-
bated in a 60 °C oven for 15 min. The sections were then
deparaffinized and rehydrated sequentially in 100% xylene,
1:1 xylene:ethanol, and 100, 95, 70, and 50% alcohol and
water. After rehydration, an antigen-retrieval process was per-
formed by boiling the sections in Tris-EDTA buffer (10 mM
Tris, 1 mM EDTA, 0.05% Tween-20, pH 9.0) for 30 min,
cooled to room temperature, and washed. The sections were
then incubated with 0.1% Sudan Black in 70% ethanol for
3 min, followed by incubation with PBS with 1% BSA for
1 h. The sections were washed once with PBS, followed by
incubation with primary antibody diluted in PBS with 1%
BSA for 2 h. The sections were washed with PBS four times
and incubated with secondary antibody conjugated with
fluorophores (diluted in PBS with 1% BSA) for 1 h, washed
with PBS four times, and mounted with mounting solution
containing DAPI (DAPI Fluoromount-G® SouthernBiotech,
Birmingham, AL). The sections were then covered with cov-
erslips and sealed using nail polish and subjected to confocal
microscopy. The antibodies and dilution factors used are
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presented as follows: mouse anticalbindin antibody (1:50,
Abcam, Cambridge, UK), anti-ataxin-3 antibody (1:50,
Chemicon, Temecula, CA), rabbit anti-p62/SQSTM1 anti-
body (1:500, Sigma-Aldrich, St. Louis, MO), rabbit anti-
Beclin-1 (1:50, Novus Biological, Littleton, CO antibody),
rabbit anti-LC3B (1:200 Novus Biological, Littleton, CO),
goat anti-rabbit secondary antibody conjugated with
DyLight™ 488 (1:500, KPL, Gaitherburg, MD), and goat

<« Fig. 1 Far-infrared radiation (FIR) prevented impairments of motor

coordination, balance, and gait in an SCA3 mice model. a
Representative study plan for mouse motor performance tests. Rotarod
test demonstrated prevention of impaired motor coordination of 84Q
SCA3 mice. Mice were divided into three groups: 15Q normal, 84Q
SCA3, and FIR 84Q SCA3. FIR treatment was carried out daily in
groups of FIR 15Q normal and FIR 84Q SCA3 mice at the age of
4 weeks until 36 weeks. An accelerated rotarod test was performed
monthly in all three groups of mice, starting at the first FIR treatment.
Above panel—the latency to fall (seconds that mice persisted on the
rotarod) is plotted against the time frame. Below panel—the latency to
fall at the first FIR treatment (pretreat) is normalized to 100%. b Balance
beam walking test demonstrated prevention of imbalance in 84Q SCA3
mice. The test was conducted in all groups at the age of 12 months. The
time (seconds) required by each mouse to travel through the balance beam
was recorded and analyzed. Statistical significance was determined by
Student’s # test. # p <0.05 denotes statistical significance within SCA3
84Q groups with and without FIR. * p <0.05 is considered statistically
significant and is indicated by an asterisk

antimouse secondary antibody conjugated with Alexa
Fluor™ 647 (1:500, Jackson ImmunoResearch Laboratories,
West Grove, PA). After the staining process, the stained slices
were imaged by an Olympus FluoView FV 1200 Confocal
Microscope (Olympus, Tokyo, Japan), and the integration of
line scans in the same cell image through the z-axis yielded a
longitudinal view of the synaptic sites, which were analyzed
using CellSens Dimension Desktop version 1.3 (Olympus
Corporation) software.

Statistical Analysis The two-tailed Student’s # test and the
Mann—Whitney U test were used to determine the significance
of differences between groups as indicated in the figure leg-
ends. A difference with p <0.05 was considered to be statis-
tically significant and is indicated by an asterisk.

Results

FIR Maintained the Motor Ability and Balance of SCA3 Mice
The rotarod test, beam walking test, and CatWalk gait were
conducted to evaluate the motor ability and gait performance
of the control and SCA3 mice with or without FIR treatment
for 28 weeks. The mice were subjected to the rotarod test at
4 weeks of age for evaluation of their motor coordination
performance and endurance. As shown in Fig. la, the
nontreated 84Q SCA3 group displayed a shorter latency to
fall time compared with the 15Q normal and FIR 84Q SCA3
groups throughout the experimental process. After 28 weeks,
the average latency to fall time of the 84Q SCA3 mice was
48.9+7.5 s. The 15Q normal mice had an average time of
121.6 £24.2 s, which was similar to that of the FIR 84Q
SCA3 mice (128.1£38.1 s). After normalization to the pre-
treatment point, the percentage of relative latency to fall of the
FIR 84Q SCA3 mice was still higher than that of the 84Q
SCA3 mice (117.8+29.8% vs. 69.1 +15.3%), although not
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as high as that of the 15Q normal group (148.5% % 19.9%)
(below panel, Fig. la). This trend remained consistent
throughout the 7-month period.

For the balance beam test, as shown in Fig. 1b, the 84Q
SCA3 mice displayed 35% more traveling time compared
with the 15Q normal mice, indicating a loss of coordination
and balance ability (15Q normal vs. 84Q SCA3=5.0+1.4 vs.
7.6 £1.6). The FIR 84Q SCA3 group displayed reduced trav-
eling time that was comparable to that of the 15Q normal
group (FIR 84Q SCA3 vs. 84Q SCA3: 53+2.1 vs. 7.6+
1.6). These results reflected that 7 months of FIR treatment
successfully rescued the balance ability impaired by SCA3.

Figure 2 presents the statistics of the six parameters ana-
lyzed: maximal contact area of the paws (Fig. 2a), stand (Fig.
2b), stride length (Fig. 2¢), base of support (Fig. 2d), swing
speed (Fig. 2e), and print intensities of footsteps (Fig. 2f). For
these six parameters, the test values of the 84Q SCA3 mice
differed significantly from those of the 15Q normal mice for at

least one of the two leg sets, indicating a change in gait per-
formance due to SCA3. In the group with FIR treatment, the
gait performance significantly improved relative to that of the
SCA3 group without treatment in terms of contact area (Fig.
2a), stride length (Fig. 2¢), and base support (Fig. 2d) in fore-
paws, hindpaws, or both. These results consistently showed
FIR treatment to confer partial protective effects on the SCA3
mice.

FIR Restored the Loss of Purkinje Cells in the Cerebellum A fter
the motor ability tests, the 12-month-old mice were sacrificed.
Their cerebella were harvested and used for histocytological
analysis, which consisted of visualization of the individual
Purkinje cell layers (PCL), granular layers and molecular
layers, and other structures of the cells. After H&E staining
and immunohistochemical for calbindin, the sections were
photographed and the number of Purkinje cells (indicated with
arrows in Fig. 3a) along the PCL of the posterior lobules of the
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Fig. 2 Far-infrared radiation partially prevented gait changes in SCA3
mice. Gait analysis of the mice was conducted at the age of 11.5 months
using a CatWalk automatic gait analysis system. Mice were placed on a
glass plate on the apparatus and allowed to traverse from one end to the
other. Three to six trials were performed for each mouse. Their footsteps
were recorded and analyzed by software in the computer linked to the
apparatus. Six parameters were analyzed: a maximal contact area of the
paws (area of the foot touching the plate during the time of maximum
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contact), b stand (duration of the contact of a paw with the glass plate), ¢
stride length (distance between two steps of the same paw), d base of
support (distance between contralateral paws during initial and terminal
stance), e swing speed (stride length divided by swing duration), and f
print intensities of footsteps. Statistical significance was determined by
Student’s ¢ test. ¥ p<0.05 is considered a statistically significant
difference and is indicated by an asterisk
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Fig. 3 Far-infrared radiation
(FIR) prevented the death of
Purkinje cells in the cerebellum of
84Q SCA3 mice. Cerebellar
sections from three groups of
mice were deparaffinized and
subjected to hematoxylin and
eosin (H&E) staining and
immunohistochemical (IHC)
staining using anticalbindin
antibodies. These groups were
15Q normal, 84Q SCA3, and FIR
84Q SCA3. a H&E and IHC
staining of the cerebella of mice
from the groups of 15Q normal,
84Q SCA3, and FIR 84Q SCA3.
The arrows indicate Purkinje cells
located at the Purkinje cell layer
between the molecular layer and
granular layer. b Quantitation of
average Purkinje cell numbers in
the posterior lobules of the
cerebellum. The number of
Purkinje cells located along the
proximal—distal axis length of
approximately 25 mm on the
sections was calculated.
Cerebellar sections from two mice
from each group were chosen,
and 9 to 12 microscopic fields of
posterior lobules were examined
accordingly in each section. The
average cell number per 100 um
is presented in the bar graph.
Statistical significance was
determined by the Mann—
Whitney test. * p <0.05 was
considered a statistically
significant difference and is
indicated by an asterisk

FIR 84Q
SCA3

cerebellum (a proximal—distal axis length of approximate
25 mm) was counted. The average number of the Purkinje
cells per 100 um in the PCL was quantified (Fig. 3b). The
84Q SCA3 mice without FIR treatment had significantly a
lower number of Purkinje cells compared with the 15Q nor-
mal mice (15Q normal vs. 84Q SCA3=4.167 £1.364 vs.
3.118 £0.871), which was restored to a normal level after
FIR treatment (FIR 84Q SCA3 vs. 84Q SCA3=4.100+
0.865 vs. 3.118 +0.871).

FIR Promoted Autophagy and Alleviated the Accumulation of
Mutant Ataxin-3 The levels of ataxin-3 (both wild-type and
mutant forms) and autophagy were evaluated through

Number of Purkinje cells/100 uM

Calbindin

~

6- *
Il *
i T
N T
0
15Q normal 84Q SCA3 FIR 84Q SCA3

immunofluorescence staining. The autophagy marker proteins
used included p62, Beclin-1, and LC31I in the Purkinje cells of
mouse cerebellar. The Purkinje cells (as indicated by arrows in
Fig. 4a) in the 84Q SCA3 group expressed obvious ataxin-3
protein (red color) and p62 protein (green color) levels com-
pared with those in the 15Q normal and FIR 84Q SCA3
groups (Fig. 4a). The quantification of p62 and ataxin-3
showed a significant increase in the proteins in the Purkinje
cells of the 84Q SCA3 mice by approximately 80 and 40%,
respectively (Fig. 4b). With FIR treatment, the levels of p62
and ataxin-3 were reduced to a normal level (Fig. 4b). In the
84Q SCA3 mice, ataxin-3 had an extensive distribution and
formed clear foci throughout, colocalizing with p62, as
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Fig. 4 Far-infrared radiation a
(FIR) prevented the accumulation
of p62 and ataxin-3 in 84Q SCA3
mice. a Deparaffinized and
antigen-retrieved cerebellar
sections from three groups of
mice were subjected to
immunofluorescence staining for
the detection of p62 and ataxin-3
levels. These groups were 15Q
normal, 84Q SCA3, and FIR 84Q
SCA3. The expression of p62 and
ataxin-3 in Purkinje cells was
detected using antibodies
conjugated with fluorophores
with distinct colors followed by
examination with confocal
microscopy. p62, green; ataxin3,
red. The arrows indicate Purkinje
cells. b Fluorescence intensities of
p62 and ataxin-3 were determined
using ImageJ software. The
fluorescence intensities from 35 b
to 70 Purkinje cells in each slice

individually chosen from two

mice of each group were

quantitated. The quantitation is

presented in the bar graphs.

Statistical significance was

determined by the Mann—

Whitney test. * p <0.05 was

considered a statistically

significant difference and is

indicated by an asterisk. ¢

Colocalization status of p62 and

15Q
control

84Q
SCA3

FIR 84Q
SCA3

DAPI

Relative fluorescence readings

ataxin-3 presented by a projection

of Z-series through FlowView

software. The colocalization is

indicated with arrows as a yellow

color of merged green (p62) and C
red (ataxin-3) fluorescence

p62/
ataxin-3

indicated by the arrows (Fig. 4c, yellow color,
combination of both colors representing colocalization).
This reflected an obstacle to the autophagic degradation
of aggregative ataxin-3 that causes ataxin-3/p62 com-
plex accumulation in SCA3 mice. By contrast, only a
small amount of aggregative ataxin-3 protein colocalized
with the p62 protein in the 15Q control and FIR treat-
ment groups. Furthermore, the number of axaxin-3/p62
complexes was lower than that in the 84Q SCA3 group
(Fig. 4c). The autophagy status was further confirmed
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by the other autophagy markers of Beclin-1 (Fig. 5a)
and LC3II (Fig. 5b). Additionally, punctate pattern of
LC3II was identified by the pixels of cellular LC3II
expression levels above the local of remaining pixels.
Punctate pattern expression in LC3II immunofluores-
cence staining was calculated by normalizing the total
intensity of LC3BII in cells, as shown by dashed circles
in the merged panel of Fig. 5b. There was no dramatic
change in either protein in the 84Q SCA3 mice com-
pared with the 15Q normal group, but FIR treatment
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Fig. 5 Far-infrared radiation a
promoted autophagy. a
Expression of Beclin-1 and b
LC3II in mouse cerebella was
examined by
immunofluorescence staining and
quantified by ImagelJ software
(right panel). Arrows indicate
Purkinje cells, of which 30-35 in
each slice individually chosen
from two mice from each group
were quantitated for fluorescence
intensities. For quantification of
autophagy activation, punctate
pattern of LC3II was identified by
the pixels of cellular LC31I
expression level above the local
of the remaining pixels. Punctate
pattern expression in LC31I
immunofluorescence staining was b
calculated by normalizing the
total intensity of LC3BII in cells,
which is represented as the dashed
circle in the merged panel.
Statistical significance was
determined by the Mann—
Whitney test. * p<0.05
represents statistically significant
differences in values

DAPI

15Q
control

84Q
SCA3

FIR 84Q
SCA3

DAPI

15Q
control

84Q
SCA3

FIR 84Q
SCA3

significantly increased Beclin-1 expression (Fig. 5a) and
the punctate pattern levels in LC3II staining (Fig. 5b).

Discussion

This study showed that 84Q SCA3 mice displayed greater
motor deficits and neuronal cell death compared with the con-
trol mice and that FIR treatment effectively prevented the
aforementioned pathological outcomes. FIR treatment also
promoted autophagy, as reflected by the induction of LC3II
and Beclin-1 concomitant with the decrease of p62 and ataxin-
3 accumulation, which might partially contribute to the rescue
mechanism. This study validated again that FIR therapy is a
convenient and noninvasive therapeutic modality for SCA3.
These results are consistent with the autophagy mechanism
seen in our previous research in which an SK-N-SH neuro-
blastoma cell SCA3 in vivo rat model system expressed toxic
ataxin-3 protein with a 78 polyglutamine segment [25].

NIR has been found to effectively improve motor and
physical functions in animal models and patients with
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b ) >
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neurodegenerative diseases. For example, NIR improved the
locomotive behaviors of Parkinson’s mouse models and re-
duced the clinical signs and symptoms in a monkey model
and Parkinson’s patients [12]. In this study, we found a con-
sistent result by using the diversifiable assessment of motor
behavior to characterize the motor impairments in a mouse
population. We showed that all measures of locomotor activ-
ity, balance/coordination, and gait performance were affected
by cerebellar lesions. Moreover, FIR treatment had a general-
ized effect that included improvement of coordination on the
rotating rod, improvement of stationary stability during beam
walking, and modification of the maximal contact area of
paws, base of support, and stride length to normal control
levels. Compared with another treatment for SCA3 mice,
namely, neuronal nicotinic receptor agonists, there was a more
generalized and consistent effect in the improvement of motor
behavior [33]. FIR has been reported to improve physical
function in neuromuscular disorders such as sciatic nerve in-
jury, lower back pain, and stroke [22, 23, 34], but there is little
literature focusing on the aspect of motor behavior. Our results
reveal its therapeutic effect in a mouse model of a
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neurodegenerative disease different from the aforementioned
neuromuscular disorders.

Reports have revealed that autophagy is involved in
maintaining normal neuronal functions. Impaired autopha-
gy due to genetic mutation in autophagic proteins or dam-
aged autophagosomes has been described in human SCA3
patients [35, 36] and other neurodegenerative diseases
such as Huntington’s disease, SBMA, and SCA7 [37]. In
animal models of SCA3 and Parkinson’s disease, induction
of autophagy has been shown to reduce the toxic mutant
proteins ataxin-3 and huntingtin with polyglutamine ex-
pansions [38, 39]. A recent biochemical study found that
ataxin-3 interacts with an autophagy inducer, Beclin-1, by
protecting it from degradation. The mutant form ataxin-3
with an expansion of polyglutamine failed to confer these
protective effects, which causes impairment of autophagy.
Upregulated autophagy improved motor function of mice,
reduced protein aggregates, and reversed cellular patholo-
gy [39, 40]. FIR has been implicated in changing the au-
tophagy status of cells. In our previous SCA3 cellular mod-
el, the SCA3 cells expressing the gene with a
polyglutamine expansion displayed autophagy defects that
were corrected by FIR treatment [25]. In the present study
conducted on SCA3 mice, the levels of the autophagy in-
ducer Beclin-1 and autophagosome marker LC3II were
significantly lower compared with those observed in the
control mice, and the level of the autophagy cargo receptor
p62 was significantly higher, suggesting aberrant clearance
of the accumulated mutant ataxin-3 protein. The p62 pro-
tein is a carrier that transfers target proteins to the
autophagosome for degradation in autophagy. It has been
reported to accumulate in an autophagy-deficient mouse
model [41] and to colocalize with the accumulated
ataxin-3 in SCA3 patients [40] and SCA3 mouse models
[40, 42]. The accumulation of p62 in Purkinje cells was
also reported in another SCA3 mouse model [40]. The loss
of Purkinje cells is a common feature of many types of
SCA in patients [2, 43], as well as the SCA3 mouse model
[29]. Upon treatment with FIR, the survival of Purkinje
cells was increased, as well as the levels of Beclin-1 and
LC3II. Conversely, the levels of p62 and ataxin-3 were
reduced in FIR-treated SCA3 mice compared with untreat-
ed SCA3 mice. Our data imply that FIR promoted autoph-
agy, which might have in turn prevented the neuronal pa-
thology of SCA3.

Recently, FIR treatment was shown to activate autophagy
through induction of PI3K-mediated nuclear translocation of a
transcription factor, promyelocytic leukemia zinc finger
(PLZF) protein, which promoted the degradation of toxic ad-
vanced glycation end products (AGEs) in endothelial cells
[18]. The reduction of AGEs was also confirmed in the vas-
cular endothelium of the large intestine of an FIR-treated dia-
betic mouse model [18]. Moreover, FIR exposure induced

GRO @ Springer

autophagy in THP-1 macrophages, which in turn suppressed
the NLRP3 inflammasome and induced the ubiquitination of
ASC, an adaptor protein of the inflammasome complex, both
in cells and in a rat model with second-degree burns. FIR
exposure also induced autophagy and inhibited NLRP3
inflammasome activities both in vitro and in a rat model of
deep second-degree burns [20].

This pioneering animal study investigated FIR treatment as
a potential therapeutic strategy for SCA3 patients. Our results
provide evidence that FIR treatment prevents motor deficits in
an SCA3 mouse model. FIR was also observed to promote
autophagy, which might partially contribute to the rescue
mechanism of FIR. The detailed mechanism remains to be
investigated further. Previously, Xuan et al. reported that a
laser treatment strategy in the NIR range exerted neuroprotec-
tive effects by stimulating proliferation of neuronal cells in a
mouse traumatic brain injury model [44]. To investigate
whether neurogenesis is involved in the neuroprotective ef-
fects of FIR on SCA3 mice, future experiments would be
needed to test the relevant neuronal proliferation by staining
the cerebellar sections with BrdU or proliferation markers.
Indeed, in an ongoing study, we have found preliminary evi-
dence that FIR increased the survival rate of SCA3
Drosophila by 50%. These results imply that FIR exerted cell
protective effects in a Drosophila SCA3 disease model (Fig.
S1). In addition, the deubiquitinase activity of axin-3 protects
Beclin-1 from degradation [45]. Therefore, the functional role
of ubiquitin-related enzymes in autophagy regulation should
be explored in the future.
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