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Author/year

Zhang etal. (2014)

Gotdlich etal. (2015)

Zhang etal. (2018)

Lietal. (2017)

Imaging method ~ Study design

rs-fMRI

rs-fMRI

rs-fMRI

rs-fMRI

Case-control

Quasi-experimental

Case-control

Case-control

Analysis methods

Seed voxel correlation

approach

~Voxel degree centrality
maps
~Seed-based functional

connectivity

-ALFF analysis,
region of interest (ROI)
-based functional

connectivity analysis

~Degree centrality
~Seed-based connectivity

analyses

Result

Within-group analysis:

~The bilateral hippocampus showed strong connectivity to other regions in the bilateral limbic system (hippocampus,
parahippocampal gyrus, amygdala, and insula), bilateral temporal lobe (inferior/middle/superior temporal gyrus and temporal
pole), thalamus, bilateral basal ganglia (globus pallidus, caudate, and putamen), bilateral frontal lobe (medial/inferior frontal
‘gyrus, orbital frontal cortex, ACC), brainstem, and bilateral cerebellum.

Between-group analysis:

~The bilateral ACC and PCC showed significantly weaker connectivity to the left hippocampus in the hyperthyroid group.
~The hyperthyroid group showed a reduced connection betsween the bilateral ACC, bilateral PCC, and right medial
orbitofrontal cortex (mOFC) with the right hippocampus.

Correlation between functional connectivity and clinical variables:

~When the seed was located in the left hippocampus, there was a significant negative correlation between disease duration and
the strength of FC to both the bilateral ACC and bilateral PCC.

~Similarly when the seed was placed in the right hippocampus, significant negative correlations were found between disease
duration and FC strength to both the bilateral ACC and PCC.

“Increase in degree centrality in the right inferior temporal gyrus, left middle temporal gyrus, right middle temporal gyrus, and
left middle temporal pole.

Significantly increase functional connectivity in the bilateral temporal poles and left middle temporal gyrus.

~The left temporal pole was significantly stronger and connected to the dorsal anterior cingulate cortex (dACC), inferior
temporal gyrus (ITG), inferior frontal gyrus (IFG), middle frontal gyrus (MFG), and supramarginal gyrus (SMG).

~The right temporal pole showed significantly stronger connectivity to the MG, IFG, and SMG.

~Decreased ALFE values in the patient group included the posterior cingulate gyrus and bilateral inferior parietal gyrus.
“Increased ALFF values in the right thalamus and bilateral cuneus

~Significant negative correlation between ALFF values of the left inferior parietal gyrus and the left posterior cingulate gyrus
~ROI-based FC analysis revealed increased FCs between the left inferior parietal gyrus and left rostral ACC and bilateral frontal
lobe; left posterior cingulate gyrus and bilateral left temporal lobe.

~Hyperthyroid patients had decreased degree centrality values in the left posterior lobe of the cerebellum and bilateral medial
frontal gyrus.

-Decreased functional connectivity between seed-1 located in the left posterior lobe of the cerebellum (PLC) and right middle
temporal gyrus (MTG) in the attention network.

~Lowered functional connectivity from both the left PLC and right cerebellum to the medial frontal gyrus (MeFG).
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Author/year

Country

China

German

China

China

Sample size (n)
~Cases: 46 -Controls: 46
n=29

~Cases: 13 hyperthyroid
pts.

~Controls: 13 healthy
~Case: 33 hyperthyroid
~Controls: 33 HC

Patient’s characteristics

Age in years Duration of disease/ Rx

(Mean + SD)

~Case: 29.72£7.93 8742 5.64months

~Controls: 29.26:+6.50

30 (21—49) Levothyroxine 250 g per day for
weeks

~Case:32.7+10.2 -

~Controls: 3324113

-case: 3736+ 12.43 9.94+17.31 months
~control: 39.03+ 13.28

Etiology of disease

Graves' disease

Drug induced

Graves' disease

Graves disease
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Disease

Gene and

protein (repeat
location)

Repeats, principal repeat unit

Normal

SCAs caused by polyglutamine-coding CAG repeat expansions

SCAI

scaz
SCA3

SCA6
SCA7
scal7

ATXNI

ATXN2
ATXN3

CACNAIA
ATXN7
TBP

SCAs caused by noncoding repeat expansions

SCAS
SCA10
SCAI2
SCA27B*
SCA31
SCA36
SCA37

SCA, spinocerebellar ataxia.

OSATXNS (¥UTR)
ATXNI0 (intron)
PPP2R2B (SUTR)
FGF14 intron)
BEAN (intron)
NOPS6 (intron)

DABI (5UTR; intron)

6-39

<18
4-19

25-40

15-34, CTG or CAG
8-32 ATTCT

7-28, CAG
Unknown

<400, ATTTT

3-14, GGCCTG

<400, ATTTT

Intermediate

40

31-33

45-55

28-33

34-89, CTG or CAG
33-799 ATTCT
29-66, CAG
Unknown
Unknown
Unknown

Unknown

Disease

41-83

34-200

56-86

20-33
34->460

41-66

89-250, CTG or CAG
800-4,500, ATTCT
67-78, CAG

250-300 0r>300, GAA
500-760, TGGAA
650-2,500

31-75, ATTTC

SCA27B*: Repeats between 250 and 300 were pathogenic but showed incomplete penetrance, while repeats >300 showed complete penetrance.
Data were extracted from OMIM and GeneReviews of corresponding SCAs.
Reproduced from Ashizawa et al. (2018) with permission from Springer Nature.

Notable
characteristic clinical
signs

Hypermetric saccades,

pyramidal signs
Slow saccades, areflexia

Bulged eyes, motor neuron

signs
Downbeat nystagmus
Visual loss

Huntington disease-like

Reduced penetrance
Some families with epilepsy
“Tremor

Late-onset episodic ataxia
Pure cerebellar ataxia
Motor neuron disease

Pure cerebellar ataxia
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Disease

Gene and

Mutation

Notable characteristic clinical signs

scAs
SCAIL
SCAI3
SCAl4
SCAIS and SCAL6
SCAI8
SCA19and SCA22
sCA20
scazl
scA23
SCA25
SCA26
SCA27A
scA28
SCA29
SCA3
SCA3S
SCA38
SCA40
sCA4l
scA2
SCA43
SCAd4
SCA4s
SCA46
SCA47
scAd8
SCA49
SCAS0

protein
SPTBN2
TTBK2
KCNC3
PRKCG
ITPRI
IFRDI
KCND3
Multiple
TMEM240
PDYN
PNPTI
EEF2
FGFI4
AFG3L2
ITPRI
ELOVL4
TGM6
ELOVLS
cenesse
TRPC3
CACNAIG
MME
GRMI
FAT2
PLD3
PUMI
STUBI
SAMDSL
NPTXI

Missense, in-frame deletion
Frameshift

Missense

Missense or exon deletions
Exon deletions

Missense

Missense or in-frame deletions
260kb duplication
Missense

Missense

Splice site

Missense

Missense or frameshift
Missense or frameshift
Missense

Missense

Missense or in-frame deletions
Missense

Missense

Missense

Missense

Missense

Missense or frameshift
Missense

Missense

Missense

Missense or frameshift
Missense

Missense

MSA-C, Multiple system atrophy-cerebellar type; SCA, spinocerebellar ataxia.
Data were extracted from OMIM and GeneReviews of corresponding SCAs.
Reproduced from Ashizawa et al. (2018) with permission from Springer Nature.

Downbeat nystagmus and some patients with spasticity, anticipation
Some patients with pyramidal signs

Variable between families

“Tremor or myoclonus, facial myokymia

Pure cerebellar ataxia with tremor

Sensorimotor neuropathy

Extracerebellar features variable between families

Pure cerebellar ataxia with spasmodic dysphonia, palatal tremor
Cognitive impairment, extrapyramidal signs

Extracerebellar features variable between families

Sensory neuropathy

Pure cerebellar ataxia

Mental retardation, tremor

Spastic ataxia

Pure cerebellar ataxia, congenital nonprogressive
Hyperkeratosis, MSA-C like

Hyperreflexia and variable other extracerebellar features

Pure cerebellar ataxia, some patients have sensory neuropathy

Pure cerebellar ataia
Dementia

Peripheral neuropathy

Spasticity

Pure cerebellar ataxia (single family)

Sensory neuropathy

Pure cerebellar ataxia in adults. Juvenile forms have developmental complex phenotype
Cerebellar ataxia or cognitive/affective disorder

Cerebellar ataxia, cytopenia and myeloid malignancies

Downbeat nystagmus, myoclonus, cognitive impairment
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SCAs Models

Therapy

Route of
administration

Key conclusion

SCAI patients-derived
fibroblasts

SCA3-iPSCs

DRPLA, SCA3, SCA7,
and HD patients-derived
fbroblasts

SCAI mouse models

SCA3 mouse models

SCA7 mouse models

SCAI3 mouse models

SCAI mouse models

SCA3 mouse models

SCA3 mouse models

SCA3 transgenic

zebrafish models

SCA3 mouse models

Fibroblast cell lines from
patients with SCA2 or
ALS-FTD Mouse models

of these diseases

SCA3 patient iPSC-
derived neuron cells

models

13 patients with SCA3

38 patients with SCAs
and 17 patients with
Friedreich’s ataxia

45 patients with SCA2

SCAI mouse models

36 patients with SCA3

29 patients with SCA2

9 patients with SCA38

SERNA, small guide RNA; iPSCs, induced pluripotent stem cells; DRPLA, dentatorubral-pallidoluysian atrophy; SCA, spinocerebellar ataxia; HD, Hu

ATXNI-sgRNAS/Cas9

ATXN3-sgRNAS/Cas9

ShRNA targeting CAG

Human ATXNIL, artificial
miRNA targeting ATXN1

SIRNA targeting ATXN3

ASO targeting ATXN7 ASO
targeting CAG

ASO targeting Kenc3

Human umbilical MSCs

Human bone marrow
MSCs, human bone marrow
MSCs secretome (CM)

Calpain inhibitor BDA-410

BLD-2736, inhibitor of
calpain-1, 2,and 9 and

cathepsin K

Citalopram

SIRNA-STAUL, siRNA-
mTOR, and rapamycin
Staul loss-of-function allele
mice

TFEB nuclear translocation
‘mediated by umbilical cord
blood-derived MSCs

“Trehalose (100 mg daily)

Riluzole (50 mg, twice daily)

or placebo

Riluzole (50 mg, twice daily)

or placebo

Chlorzoxazone-baclofen

Low-dose VPA (400mg,
twice daily), high-dose VPA
(600 meg, twice daily) or
placebo

NeuroEPO (1.0mg daily,
3days per week) or placebo
DHA (600 mg daily)

Nucleofection

Nucleofection

Lentiviral vectors transduction

Direct delivery of recombinant
AAV vectors to the deep cerebellar
nuclei

Intravenous administration of
stable nucleic acid lipid particles

Intravitreal injection

Intracerebroventricular injection

“Transplantation into the cercbella

ingle transplantation of MSCs or
injection of CM in different brain
regions (cerebellum, striatum/

substa

nigra, and spinal cord)

Oral administration

Submersion in drug dissolved in

water

Oral administration

Multiple routes

Co-culture approach

Oral for 6months

Oral for 12months

Oral for 12months

Oral administration

Oral for 12weeks

Nasal administration for 6months

Oral for 2years

ATXNI expression was significantly down-regulated with no major effects on cell viability and few off-target
effects

‘The corrected SCA3-iPSCs differentiated normally into neural stem cells and neurons, which could maintain
electrophysiological properties, and the abnormal phenotype of SCA3 neurons was reversed

CAG-targeted shRNA reduces mutant protein levels without significant off-target effects and preferentially

inhibits mutant Huntington protein expression

Mice treated with vectors expressing ATXNIL alone showed changes in gene expression and improved
locomotion. Restoration of dysregulated gene expression was greater when vectors expressing both components
were used

‘These nanoparticles successfully crossed the blood-brain barrier and reduced mutant ATXN3 levels in the
mouse cerebellum, ameliorated motor deficits, and reduced cerebellar-related neuropathology

Ataxin-7 ASO reduced ret

1 ATXN7 expression and protein aggregation, improved cone and rod

photoreceptor function and gene expression, and rescued retinal degeneration, achi ificant beneficial

ingasi

therapeutic response in symptomatic mice. CAG ASO transiently improves retinal disease phenotype
Kv3.3 ASO reduced Kv3.3 channel expression in mutant mice, decreased TBKI activation, reversed the reduction
in the level of Hax-1, and restored the ability to maintain balance on the rotating rod to the level of wild-type

mice

MSCs did not differentiate into neurons or astrocytes in the cerebellum and had the effect of attenuating
Purkinje cell loss and cercbellar atrophy, improving deterioration of motor coordination and limb muscle

contraction, and promoting the expression of some growth-promoting factors

Single CM administration to the cerebellum or basal ganglia resulted in mild but short-lasting improvements in
motor deficits in mice, and no benefit was observed with CM administration to other brain regions o single

MSCs transplantation

BDA-410 reduced ATXN3 levels, fragment formation, and aggregation, which served to reduce toxicity to cells,
prevent cerebelar cell loss and striatal degeneration, mediate neuroprotection, and alleviate motor deficits
BLD-2736 treatment improved the swimming behavior of SCA3 zebrafish larvae and reduced the presence of
insoluble protein aggregates, increased the synthesis of LC311, a key protein in autophagy, and autophagic
activity

After treatment, mice showed improved motor balance and coordination, reduced brainstem ATXN3,

intranuclear inclusions and reactive astrogliosis, and decreased facial neuron loss

In disease models, STAUI and mTOR were overabundant, interacted with each other, and inh
flux. In cell models, STAUI was found to bind mTOR mRNA to promots
activity was inh

reduced cell death

ed autophagic

translation, and when mTOR

d, STAU! levels were reduced. Reducing Staufent levels in mice improved autophagy and

MSCs with exosomal vesicles induced TFEB nuclear translocation in neuronal cells after co-culture, which may
activate autophagy by regulating the AKT/mTOR and AMPK/mTOR signaling pathways, reduce the level and

toxic effects of mutant proteins, and the interaction of mutant proteins with Beclin1

At6months, 61% of patients had improved SARA scores, 8-min walk test scores, and quality of lie scores.
Patients with younger age of onset, shorter disease duration, and lower SARA scores had better responses to

trehalose. Oral trehalose was well tolerated, with the main side effects being bloating and diarrhea

“The proportion of patients with reduced SARA scores at 12 months was significantly higher in the riluzole group

(50%) than in the placebo group (11%), and only sporadic mild adverse events were reported

SARA scores were not significantly different between the two groups, and brain MRI did not show significant
differences in volume changes in cerebellar or brainstem regions

“The agent improves Purkinje neuron firing in  dose-responsive manner and ameliorates motor dysfunction
originating in the cerebellum without affecting muscle strength

Motor function was significantly improved in the VPA group compared to the placebo group, with a greater
decrease in SARA scores in the high-dose group. Common adverse reactions included dizziness and loss of

appetite, which occurred primarily in the high-dose group

SCAFI and SARA scores improved in the NeuroEPO group, but a high placebo effect was observed, and only one
secondary outcome measure, saccade latency, was significantly lower

Clinical symptoms of the patients were stable, SARA or ICARS scores improved, and a significant increase in

FDG-PET cerebellar metabolism identified oral DHA as an effective treatment with no observed side effects

o

disease; ShRNA, short hairpin

RNA; miRNA, microRNA; AAY; adeno-associated virus; SRNA, small interfering RNA; ASO, antisense oligonucleotides; MSCs, mesenchymal stem cells; ALS-FTD, amyotrophic lateral
slerosis-frontotemporal dementia; mTOR, mechanistic target of rapamycin TFEB, transcription factor EB; SARA, Scale for the Assessment and Rating of Ataxia; VPA, valproic acids SCAFI,

spinocerebellar ataxia functional index; DHA, docosahexaenoic aci

EDG-PET, 18-fluorodeoxyglucose-positron emission tomography; ICARS, International Cooperative Ataxia Rating Scale.
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Injection route  MPTP Age Gender Locomotor Cognitive Dopamine Tyrosine Synuclein

concentration activity function Hydroxylase
(TH)

Transgenic Cerebroventricular 10, 25,35, 100mM 0months | - - 47%decreasein | marked motorand 6% of - 47%lossin - Kalyn and Ekker
zebrafish ‘microinjection avg. velocity olfactory function  dopaminergic occipital lobe (021)
Tg(dat:eGFP); (cvmn and distance decline neuron - 25%lossin
Tg(dat:tom20 - S1%increase in ‘mitochondria periventricular
MLS:mCherry) freezing fragmented pretectal nucleus

- 41%lowin

telencephalon

AB zebrafish Intraperitoneal (IP) Single dose or double ‘6months 50:50 M:F decreased distance E = TH reduced, but not Decreased SCNA | Sarath Babu et al.
dose of 50ug by 25% in single significantly and increased (2016)
dose and 68% in asynuclein after
double dose 2doses
Outbredand AB | Intramuscular (AM) | 20,40, 60 0r 80mg/kg ~ Adult MF 20% decrease in Decreased tank Sustained decrease  TH decrease shown - Anichtchik et al.
Zebrafish distance and 80% exploration of 30% via western blot (2003)
decrease in velocity
9daysafier
injection
Wild Type (WT) P 0,50, 100, 200 and ~ Lyear old 50:50 M:F No locomotor Y-maze showed that  Linked social - - Bashirzade et al.
outbred long-fin 400 g in 1 %6DMSO/ deficits observed  spontaneous behavior to (2022)
strain PBS alternation behavior ~ dopamine D3
decreased receptor agonism
in zebrafish
AB Zebrafish i 200 g/g body weight 3to4months | - Statistically Increase in freezing | - Fewer expressed TH+ | - Razali etal.
decreased velocity  bouts that remained neurons in substantia (2022)
and distance at 2¢h  high for 96h nigra
post injection
Zebrafish froma | 1P 100uglg Smonths - Significant decrease  Significant increase  Fold change in - - Selvaraj et al.
local aquarium inlength and in freezing + dopamine (2019)
distance traveled  significant decrease  expression of 0.5
24h postinjection  in rapid movement
WT zebrafish P 225mg/kg <8months. - 3x decrease in 50% decrease in 3-fold decrease in - - Nellore et al.
distance traveled number of line dopamine content (2013)
and meanspeed  crossings from 900 to

300ng/g
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