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Abstract: Long-term depression at parallel fibers-Purkinje cells (PF-PC LTD) is essential for cerebellar
motor learning and motor control. Recent progress in ataxiology has identified dysregulation of
PF-PC LTD in the pathophysiology of certain types of immune-mediated cerebellar ataxias (IMCAs).
Auto-antibodies towards voltage-gated Ca channel (VGCC), metabotropic glutamate receptor type
1 (mGluR1), and glutamate receptor delta (GluR delta) induce dysfunction of PF-PC LTD, resulting in
the development of cerebellar ataxias (CAs). These disorders show a good response to immunothera-
pies in non-paraneoplastic conditions but are sometimes followed by cell death in paraneoplastic
conditions. On the other hand, in some types of spinocerebellar ataxia (SCA), dysfunction in PF-PC
LTD, and impairments of PF-PC LTD-related adaptive behaviors (including vestibulo-ocular reflex
(VOR) and prism adaptation) appear during the prodromal stage, well before the manifestations of
obvious CAs and cerebellar atrophy. Based on these findings and taking into account the findings
of animal studies, we re-assessed the clinical concept of LTDpathy. LTDpathy can be defined as a
clinical spectrum comprising etiologies associated with a functional disturbance of PF-PC LTD with
concomitant impairment of related adaptative behaviors, including VOR, blink reflex, and prism
adaptation. In IMCAs or degenerative CAs characterized by persistent impairment of a wide range
of molecular mechanisms, these disorders are initially functional and are followed subsequently by
degenerative cell processes. In such cases, adaptive disorders associated with PF-PC LTD manifest
clinically with subtle symptoms and can be prodromal. Our hypothesis underlines for the first time
a potential role of LTD dysfunction in the pathogenesis of the prodromal symptoms of CAs. This
hypothesis opens perspectives to block the course of CAs at a very early stage.

Keywords: cerebellar ataxias; immune-mediated cerebellar ataxias; spinocerebellar ataxia; long-term
depression; anti-mGluR antibody; anti-VGCC antibody; anti-GluR delta antibody; prodromal phase

1. Introduction

The last six decades have witnessed extensive discussion on the organization of
synaptic plasticity in the cerebellum associated with the optimal output for learning and
adaptation. Parallel fiber (PF)-Purkinje cell (PC) long-term depression (LTD) was identified
in 1982 [1–3]. PF-PC LTD is induced by conjunctive stimulation of parallel and climbing
fibers (CFs) and requires a rise in postsynaptic Ca2+ concentration [4]. It was assumed that
CF carries error signals related to motor performance and that PF-PC LTD is a fundamental
neurobiological mechanism of motor learning [4]. However, this classic concept is currently
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being challenged. Indeed, various types of synaptic plasticity were described in the
cerebellar cortex [5–7]. The opponents of the above concept argue that the numerous and
divergent forms of plasticity in the cerebellar cortex cooperate synergistically to ultimately
create optimal output for any behavior [5–7]. Several other hypotheses were also proposed
on the role of CF inputs [8].

Apart from these arguments, recent advances in clinical studies on immune-mediated
cerebellar ataxias (IMCAs) have suggested that PF-PC LTD might be involved in various
pathophysiological mechanisms. Critical molecules involved in the induction of PF-PC
LTD were identified: voltage-gated Ca channel (VGCC), metabotropic glutamate receptor
type 1 (mGluR1), and glutamate receptor delta (GluR delta) are antigens recognized in
certain types of IMCAs [9–11]. Interestingly, cerebellar ataxia (CA) associated with anti-
bodies (Abs) toward VGCC, mGLuR1, and GluR delta shows the common feature of good
responses to immunotherapy, suggesting a common underlying functional disorder [9–11].
Based on these observations, we recently proposed the entity of LTDpathy to represent a
pathophysiological spectrum of LTD-related functional disturbances [10,11].

Spinocerebellar ataxia (SCA) is a hereditary form of cerebellar disorder, characterized
by autosomal-dominant transmission patterns and variable involvement of extra-cerebellar
structures [12]. The SCA models mice show distortion of divergent synaptic plastic mecha-
nisms, including PF-PC AMPA receptors [13] and Ca2+ signaling [14,15]. Furthermore, SCA
mice exhibit dysregulated PF-PC LTD before the development of ataxic movements [16,17].
On the other hand, prodromal symptoms, which occur before the apparent manifestation of
CAs, were identified in SCA2 (gait instability) [18] and SCA3 (eye movement deficits) [19].
Since PF-PC LTD is physiologically assumed to be involved in adaptive controls of gait and
ocular movements [20], dysregulated PF-PC LTD could underlie the prodromal symptoms
in these degenerative diseases. However, the relation between dysregulated PF-PC LTD in
SCA mice and the prodromal symptoms in SCA patients is still unclear.

The aim of this review is to integrate current physiological knowledge about LTD
dysfunctions in IMCAs and SCA and to re-assess the concept of LTDpathy and its clinical
significance.

2. Dysregulated LTD and Immune-Mediated Cerebellar Ataxia

Table 1 shows the clinical profiles of CA associated with anti-VGCC, anti-mGluR1,
and anti-GluR delta Abs [9–11]. The common features of these three subtypes are the
transient nature of CAs and their response to immunotherapies in non-paraneoplastic
conditions. On the other hand, other studies reported that these autoantibodies impair the
induction of PF-PC LTD [21,22]. Such PF-PC LTD dysregulation is assumed to be involved
in online predictive control deficits and exaggeration of the symptoms due to the lack of
plasticity-mediated compensations [23]. Thus, the autoantibodies toward VGCC, mGLuR1,
and GluR delta seem to distort PF-PC LTD functionally to develop CAs, as discussed in
our previous reviews [9–11]. Thus, the response of CAs to immunotherapy is likely to be
due to the elimination of these pathogenic autoantibodies.

However, it should also be acknowledged that some patients develop cerebellar
atrophy and do not benefit from immunotherapy [10,24] (Table 1). Interestingly, the majority
of such patients had paraneoplastic conditions. Although the underlying mechanisms are
uncertain, it is possible that the concomitant involvement of cell-mediated mechanisms,
induced by persistent antigen stimulation in paraneoplastic conditions, leads to cell death
and plays a role in the non-responsiveness to immunotherapy in such patients [23].

In summary, auto-antibodies toward VGCC, mGluR1, and GluR delta seem to be
associated with a functional disturbance of PF-PC LTD, leading to the development of CAs.
While the ataxic symptoms are transient in nature, they can be followed in certain patients
by degenerative cell processes in the presence of other immunological mechanisms, such
as cell-mediated autoimmunity.
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Table 1. Clinical profiles of anti-VGCC, anti-mGluR, and GluR delta antibodies-associated cerebel-
lar ataxias.

Anti-VGCC Anti-mGluR1 Anti-GluR Delta

Prevalence in IMCAs Sometimes Rare Rare

Trigger of
autoimmunity

Mainly with paraneoplasia (SCLC,
prostate adenocarcinoma,

non-Hodgkin’s lymphoma). A
few without associated cancer

Some with paraneoplasia (Hodgkin’s
lymphoma, prostate

adenocarcinoma). Others infrction or
without paraneoplasia

Infection, vaccination

Median age,
predominant sex

60s,
Male (>95%)

50s,
Male (57%) Children

Features of CAs Pan-cerebellar ataxias Gait and limb ataxias
Gait ataxia, sometimes
associated with limb
ataxia and dysarthria

MRI Variable: From none to
mild atrophy Variable: From none to mild atrophy No atrophy

Therapeutic outcomes

Paraneoplasia: Variable. From
good to poor response to IVIg,

prednisone, and mycophenolate
mofetil (Full or partial recovery

8%, stabilization 50%, and
persistent worsening 42%).

Without paraneoplasia:
Improvement reported.

Paraneoplasia: Variable. From good
to poor response to IVIg, PE.

Without paraneoplasia: Generally
good response to IVIg, steroid,

mycophenolate, and rituximab. (Full
recovery 40%, mild recovery and
stabilization 52%, and persistent

worsening 8%).

Generally good response
to IVIg or IVMP (Full or

partial recovery 67%,
stabilization 33%, and

persistent worsening 0%).

IMCAs: immune-mediated cerebellar ataxias, CA: cerebellar ataxia, SCLS: small cell lung carcinoma, IIVIg:
intravenous immunoglobulins, IVMP: intravenous methylprednisolone, PE: plasma exchange. Cited from Mitoma
et al., 2020 [10].

3. Dysregulated LTD and Degenerative Cerebellar Ataxia
3.1. Prodromal Stage in SCA

Velázquez-Pérez et al. proposed the notion of prodromal stage based on longitudinal
surveys of patients with SCA2 [25]. The authors subdivided the natural history of SCA2
into three stages: asymptomatic, prodromal, and ataxic stages (slight, moderate, and severe
ataxic stages) [25]. The prodromal stage is characterized by the appearance of the initial
motor and non-motor abnormalities without actual manifestations of CAs, with a Scale for
the Assessment and Rating of Ataxia (SARA) score of 0–2 points [25]. Prodromal-SCA2
patients exhibit impaired gait patterns in the absence of SARA scale-based gait impair-
ment [25]. A careful ocular motor examination can reveal subtle ocular motor cerebellar
deficits that are not possible to identify on imaging studies [25]. Namely, subtle dysmetria
of saccades or change in the saccade trajectory (curved saccades) is not uncommon in the
early forms of cerebellar degenerative disorders.

In this section, we consider various PF-PC LTD disorders and adaptative behaviors
that were documented in the prodromal stages of SCA1, SCA3, and SCA6.

3.2. SCA1

In SCA1, expansion of CAG (Q) repeats within the ATXN1 gene encoded in the
cytosol/nuclear protein ataxin-1 causes dysregulation in several genes, including members
of the PC mGluR1 receptor signaling pathway [12,26,27]. Overexpression of mutant ataxin-1
with 82 Q repeats in transgenic mice was associated with the appearance of ataxic symptoms
and downregulation of mGluR1 [26]. In these transgenic mice, silencing the SCA1 transgene
restored the mGluR1 expression and the ataxic symptoms [28]. Furthermore, the reductions
in mGluR1 mRNA and protein levels correlated with the severity of ataxic symptoms in
the SCA1 Q154/Q2 mice [29]. The SCA1 mouse model showed prolonged impairment
of the mGluR1-mediated slow synaptic currents [30] with reduced amplitude [16]. In
parallel with the mGluR1 changes, several specific genes involved in Ca2+ homeostasis
are sequentially downregulated in the SCA1 82 Q mouse line, including the inositol 1,4,5-
trisphosphate receptor type 1 (IP3R1) and the sarco/endoplasmic reticulum Ca2+-ATPases2
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(SERCA2) [31], since activation of mGluR causes Ca2+ release from sarco/endoplasmic
reticulum stores through the activation of IP3R1, thus allowing a transient increase in
cytoplasmic Ca2+ levels [14]. Thus, it is likely that various complex mechanisms underlie
the ataxic symptoms in SCA1 transgenic mice since mGluR1 is known to be a critical
hub molecule involved in the regulation of synaptic wiring, synaptic excitability [32], and
synaptic plasticity.

Despite the complexity, dysregulation of mGluR- and Ca2+-mediated signaling sug-
gests possible functional roles of dysregulated LTD in these ataxic symptoms in the mice.
Consistently, PF-PC LTD could be induced in 3-week-old SCA1 82Q mice but not induced
in 5- and 12-week-old mice [16]. Notably, progressive impairment in PF-PC LTD preceded
PC death [16], suggesting that LTD dysfunctions might play a critical role in the functional
stage of ataxic symptoms in the SCA1 model mice.

3.3. SCA3

SCA3, also known as Machado-Joseph disease, is caused by the expansion of CAG
within ATXN3 that encodes ataxin-3 [12]. A study using SCA3 transgenic mice showed that
polyglutamine-expanded ataxin-3-Q79 downregulated mRNA of IP3-R1, phospholipase
C (PLC) β4, calcineurin B, and myosin Va involved in LTD induction and impaired the
induction of PF-PC LTD in the cerebellum of 6- to 7-month-old SCA3 mice [33]. This
interference was due to hypoacetylation of cerebellar histone H3 or H4 by inhibiting
the activity of histone acetyltransferase [34]. Notably, these transgenic mice developed
ataxic symptoms with age at onset of 5–6 months, when no prominent neural loss was
observed [33]. These results suggest that polyglutamine-expanded ataxin-3-Q7 functionally
impaired cerebellar synaptic plasticity, resulting in the manifestations of CAs in 6- to
7-month-old SCA3 mice.

One large-scale clinical study of 18 preclinical carriers (Scale for the Assessment and
Rating of Ataxia of <3 with no gait ataxia) and 16 noncarriers showed significantly less
conditioned eyeblink responses in the preclinical carriers relative to the control, which was
associated with significantly reduced learning rate [35]. A recent large-scale prospective
study of 35 ataxic SCA3 patients, 38 pre-ataxic SCA3 carriers, and 22 noncarriers was
designed to detect the premanifest to symptomatic stages conversion [19]. The study
identified candidate markers for preclinical changes in SCA3, including Neurological
Examination Score for Spinocerebellar Ataxia (NESSCA), International Cooperative Ataxia
Rating Scale (ICARS), Inventory of Non-Ataxic Signs (INAS), the regression slope of (VOR)
gain, and the slow-phase velocity of central and gaze-evoked (SPV-GE) nystagmus [19].
Considering the well-established theory that PF-PC LTD plays critical roles in the regulation
of eyeblink classical conditioning and VOR [20], PF-PC LTD impairments might contribute
to the symptoms of the time when cell death does not occur in patients with SCA3.

3.4. SCA6

SCA6 is caused by a CAG repeat expansion in the CACNA1A gene, which encodes
the α1A subunit (a pore-forming subunit) of the P/Q-type voltage-gated calcium channel
(Cav2.1) [12,36]. Exogenous expression of the human C terminus (CT)-long Q27 in mouse
cerebellar PCs resulted in clustering of the CTs in nuclear inclusions and cytoplasmic
aggregates in infected PCs [17]. Postnatal expression of CT-long Q27 was associated with
the appearance of late-onset ataxic symptoms, beginning at eight months, associated with
distorted PCs firing properties and PCs degeneration in 4- to 18-months-old mice [17].
Notably, impairment of cerebellar plasticity (PF-PC LTD/LTP) appeared at 21 to 32 days
of age, and total loss of eyeblink conditioning was evident in 6- to 8-month-old mice [17].
The authors argued that changes in eyeblink conditioning could be a good index for the
diagnosis of Ca2+ channel-mediated CA [17]. Since PF-PC LTD is assumed to play essential
roles in eyeblink reflexes [20], pre-symptomatic changes might be attributed to dysregulated
PF-PC LTD.
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Clinically, a study on four pre-symptomatic, five ataxic patients, and ten healthy
subjects also described eye movement abnormalities, including impaired saccadic velocity,
saccade metrics, and pursuit gain in pre-symptomatic individuals [37]. Based on their
findings, the authors proposed the clinical and diagnostic importance of pre-symptomatic
eye movements [37]. Furthermore, a study on nine children with SCA6 also concluded
that eye movement disorders, such as paroxysmal tonic upgaze and dysmetric saccades,
could be considered the early manifestations of CACNA1A mutations in children [38]. On
the other hand, another study of 6 pre-symptomatic, 18 symptomatic SCA6 patients, and
24 healthy subjects showed the presence of gait disturbances in SCA6 before the appearance
of any clinical signs [39]. These ocular and gait impairments might reflect dysregulated
synaptic plasticity. More directly, these pre-ataxic clinical signs were shown to correlate with
dysregulated PF-PC LTD in studies using prism adaptation of a hand-reaching movement
task [40,41]. All the five patients with SARA score 2.5–11 showed deficits in the prism
adaptation test, which is known to involve PF-PC LTD [40–42]. These studies suggest
that malfunction of prism adaptation precedes the frank appearance of clinical features of
CAs in patients with SCA6 and that dysregulated PF-PC LTD plays a critical role in the
impairment of the prism adaptation task.

3.5. Dysregulated LTD Preceding Cell Death

Recent studies (reviewed in Sections 3.2–3.4) suggest that impairments of PF-PC LTD
and adaptative behaviors precede the overt manifestations of CAs. Two possible patho-
physiological mechanisms underlie the impairment of PF-PC LTD and adaptive behaviors
during the prodromal stage. First, when dysregulated synaptic plasticity is associated with
cell degeneration, the extent of prodromal symptoms will parallel the severity of cell loss. In
contrast, if the dysregulated synaptic plasticity precedes the cell degeneration, the prodro-
mal symptoms will reflect the dysfunctional PF-PC LTD. As discussed in Sections 3.2–3.4,
recent studies using transgenic mice support the latter scenario. Namely, dysregulated
PF-PC LTD precedes the manifestations of ataxic movements and cell degeneration in
SCA1 [16] and SCA6 mice models [17], respectively. Consistently, impairment of PF-PC
LTD-related adaptation (VOR and prism adaptation of hand-reaching movement task)
was noted in SCA patients who did not show apparent CAs [40,41]. In addition, the
pathogenesis of characteristic SCA is not considered to begin until after the disruption of
calcium signaling pathways in cerebellar Purkinje cells [15]. These studies suggest that
the single most critical pathological mechanism underlying the SCA prodromal symptoms
is the dysfunction of synaptic plasticities, such as PF-PC LTD. In other words, functional
disorders of the PF-PC LTD and related disorganized adaptative behaviors precede cell
death in SCA. Notably, dysregulated PF-PC LTD will not directly cause the degenerative
cell mechanisms.

4. Conclusions: Definition of LTDpathy and its Clinical Significance

The overview of recent studies listed in Sections 2 and 3 suggests the existence of
dysregulation in PF-PC LTD in both IMCAs and degenerative CA. Therefore, LTDpathy
can be comprehensively hypothesized as follows:
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LTDpathy includes CA of immune origin associated with anti-VGCC, anti-mGluR1,
and anti-GluR delta Abs as well as of genetic origins such as SCA1, 3, and 6.
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In such conditions, impairment of PF-PC LTD and related adaptative behaviors can be
promising biomarkers for early intervention. Early intervention is necessary during
the period when cerebellar reserve, defined as the capacity for compensation and
restoration pathologies, is preserved [43].

The concept of LTDpathy highlights unique mechanisms involved in the pathophysi-
ology of CAs. More importantly, LTDpathy can provide a diagnostic clue to the prodromal
symptoms and call attention to early intervention during the period when the cerebellar
reserve is preserved. In this regard, the concept of LTDpathy would be an important clini-
cal notion in the field of CAs. In order to prove this hypothesis, the following systematic
studies are needed: (1) to gather further data showing what kinds of adaptation tasks
(e.g., VOR and blink reflex) PF-PC LTD is causing and examining roles of PF-PC LTD in
cooperation with divergent synaptic plasticity (accumulation of physiological evidence);
(2) to obtain data showing that in SCA model mice, impairments in PF-PC LTD and related
adaptation tasks are simultaneously impaired before the manifestation of ataxic behaviors
(mouse model evidence showing correlation); and (3) to show that these PF-PC LTD-related
adaptation tasks are substantially impaired in the prodromal stage in patients with SCA
and some types of IMCAs (direct clinical evidence). These studies will also show that
PF-PC LTD-related adaptation tasks could be physiological, biological markers for the
prodromal stage in ataxic diseases before they manifest clinical ataxia (Figure 1). Indeed,
identification of early predictors is a key step in identifying disease onset, monitoring the
progression at an early stage, improving our understanding of the natural history, and
establishing novel therapies [44]. Our hypothesis is oriented towards motor control but
could extend to cognitive or social symptoms, given the key role of the cerebellum in these
domains [45].

Brain Sci. 2022, 12, x FOR PEER REVIEW 7 of 9 
 

 

Figure 1. Dysregulated LTD responsible for prodromal cerebellar symptoms. MF: mossy 

fiber, CF: climbing fiber, GC: granule cell, PF: parallel fiber, PC: Purkinje cell, Golgi: Golgi cell, IN: 

inhibitory interneuron, CN: cerebellar nucleus neuron. White cells: excitatory neurons, Gray cells: 

inhibitory neurons. 

Author Contributions: Project administration, M.M. and H.M.; Writing, H.M.; Editing K.Y., J.H. 

and M.M. All authors have read and agreed to the published version of the manuscript. 

Funding: This research is partially supported by a grant-in-aid from the Ministry of Education, Sci-

ence, Sports, and Culture of Japan (to HM: 21K11200). 

Institutional Review Board Statement: Not applicable. 

Informed Consent Statement: Not applicable. 

Data Availability Statement: The concept reported in this manuscript is not associated with raw 

data. 

Conflicts of Interest: The authors declare no conflict of interest. 

Ethical Committee Request: Not applicable. 

References 

1. Ito, M.; Sakurai, M.; Tongroach, P. Climbing fibre induced depression of both mossy fibre responsiveness and glutamate sensi-

tivity of cerebellar Purkinje cells. J. Physiol. 1982, 324, 113–134. 

2. Hirano, T.; Ohmori, H. Voltage-gated and synaptic currents in rat Purkinje cells in dissociated cell cultures. Proc. Natl. Acad. Sci. 

USA 1986, 83, 1945–1949. 

3. Sakurai, M. Synaptic modification of parallel fibre-Purkinje cell transmission in in vitro guinea-pig cerebellar slices. J. Physiol. 

1987, 394, 463–480. 

4. Ito, M. Cerebellar long-term depression: Characterization, signal transduction, and functional roles. Physiol. Rev. 2001, 81, 1143–

1195. 

5. Gao, Z.; van Beugen, B.J.; de Zeeuw, C.I. Distributed synergistic plasticity and cerebellar learning. Nat. Rev. Neurosci. 2012, 13, 

619–635. 

6. Galliano, E.; de Zeeuw, C.I. Questioning the cerebellar doctrine. Prog. Brain Res. 2014, 210, 59–77. 

7. De Zeeuw, C.I.; Lisberger, S.G.; Raymond, J.L. Diversity and dynamics in the cerebellum. Nat. Neurosci. 2021, 24, 160–167. 

8. Streng, M.L.; Popa, L.S.; Ebner, T.J. Complex spike wars: A new hope. Cerebellum 2018, 17, 735–746. 

9. Mitoma, H.; Honnorat, J.; Yanmaguchi, K.; Manto, M. Fundamental mechanisms of autoantibody-induced impairments on ion 

channels and synapses in immune-mediated cerebellar ataxias. Int. J. Mol Sci. 2020, 21, E4936. 

10. Mitoma, H.; Honnorat, J.; Yanmaguchi, K.; Manto, M. Cerebellar long-term depression and auto-immune target of auto-anti-

bodies: The concept of LTDpathies. Mol. Biomed. 2021, 2, 2. 

11. Mitoma, H.; Honnorat, J.; Yanmaguchi, K.; Manto, M. LTDpathies: A novel clinical concept. Cerebellum 2021, 20, 948–951. 

Figure 1. Dysregulated LTD responsible for prodromal cerebellar symptoms. MF: mossy fiber,
CF: climbing fiber, GC: granule cell, PF: parallel fiber, PC: Purkinje cell, Golgi: Golgi cell, IN: in-
hibitory interneuron, CN: cerebellar nucleus neuron. White cells: excitatory neurons, Gray cells:
inhibitory neurons.

Author Contributions: Project administration, M.M. and H.M.; Writing, H.M.; Editing K.Y., J.H. and
M.M. All authors have read and agreed to the published version of the manuscript.

Funding: This research is partially supported by a grant-in-aid from the Ministry of Education,
Science, Sports, and Culture of Japan (to HM: 21K11200).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.



Brain Sci. 2022, 12, 303 7 of 8

Data Availability Statement: The concept reported in this manuscript is not associated with raw data.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Ito, M.; Sakurai, M.; Tongroach, P. Climbing fibre induced depression of both mossy fibre responsiveness and glutamate sensitivity

of cerebellar Purkinje cells. J. Physiol. 1982, 324, 113–134. [CrossRef]
2. Hirano, T.; Ohmori, H. Voltage-gated and synaptic currents in rat Purkinje cells in dissociated cell cultures. Proc. Natl. Acad. Sci.

USA 1986, 83, 1945–1949. [CrossRef] [PubMed]
3. Sakurai, M. Synaptic modification of parallel fibre-Purkinje cell transmission in in vitro guinea-pig cerebellar slices. J. Physiol.

1987, 394, 463–480. [CrossRef] [PubMed]
4. Ito, M. Cerebellar long-term depression: Characterization, signal transduction, and functional roles. Physiol. Rev. 2001, 81,

1143–1195. [CrossRef] [PubMed]
5. Gao, Z.; van Beugen, B.J.; de Zeeuw, C.I. Distributed synergistic plasticity and cerebellar learning. Nat. Rev. Neurosci. 2012, 13,

619–635. [CrossRef]
6. Galliano, E.; de Zeeuw, C.I. Questioning the cerebellar doctrine. Prog. Brain Res. 2014, 210, 59–77.
7. De Zeeuw, C.I.; Lisberger, S.G.; Raymond, J.L. Diversity and dynamics in the cerebellum. Nat. Neurosci. 2021, 24, 160–167.

[CrossRef]
8. Streng, M.L.; Popa, L.S.; Ebner, T.J. Complex spike wars: A new hope. Cerebellum 2018, 17, 735–746. [CrossRef]
9. Mitoma, H.; Honnorat, J.; Yanmaguchi, K.; Manto, M. Fundamental mechanisms of autoantibody-induced impairments on ion

channels and synapses in immune-mediated cerebellar ataxias. Int. J. Mol Sci. 2020, 21, 4936. [CrossRef]
10. Mitoma, H.; Honnorat, J.; Yanmaguchi, K.; Manto, M. Cerebellar long-term depression and auto-immune target of auto-antibodies:

The concept of LTDpathies. Mol. Biomed. 2021, 2, 2. [CrossRef]
11. Mitoma, H.; Honnorat, J.; Yanmaguchi, K.; Manto, M. LTDpathies: A novel clinical concept. Cerebellum 2021, 20, 948–951.

[CrossRef] [PubMed]
12. Matilla-Dueñas, A.; Ashizawa, T.; Brice, A.; Magri, S.; McFarland, K.N.; Pandolfo, M.; Pulst, S.M.; Riess, O.; Rubinsztein, D.C.;

Schmidt, J.; et al. Consensus paper: Pathological mechanisms underlying neurodegeneration in spinocerebellar ataxia. Cerebellum
2014, 13, 269–302. [CrossRef] [PubMed]

13. Hoxha, E.; Tempia, F.; Lippiello, P.; Miniaci, M.C. Modulation, plasticity and pathophysiology of the parallel fiber-Purkinje cell
synapse. Front. Synaptic. Neurosci. 2016, 8, 35. [CrossRef] [PubMed]

14. Kasumu, A.; Bezprozvanny, I. Deranged calcium signaling in Purkinje cells and pathogenesis in spinocerebellar ataxia 2 (SCA2)
and other ataxias. Cerebellum 2012, 11, 630–639. [CrossRef]

15. Prestori, F.; Moccia, F.; D’Angelo, E. Disrupted calcium signaling in animal models of human spinocerebellar ataxia (SCA). Int. J.
Mol. Sci. 2019, 21, 216. [CrossRef]

16. Shuvaev, A.N.; Hosoi, N.; Sato, Y.; Yanagihara, D.; Hirai, H. Progressive impairment of cerebellar mGluR signaling and its
therapeutic potential for cerebellar ataxia in spinocerebellar type 1 model mice. J. Physiol. 2017, 595, 141–164. [CrossRef]

17. Mark, M.D.; Krause, M.; Boele, H.J.; Kruse, W.; Pollok, S.; Kuner, T.; Dalkara, D.; Koekkoek, S.; De Zeeuw, C.I.; Herlitze, S.
Spinocerebellar ataxia type 6 protein aggregates cause deficits in motor learning and cerebellar plasticity. J. Neurosci. 2015, 35,
8882–8895. [CrossRef]

18. Velázquez-Pérez, L.; Rodriguez-Labrada, R.; González-Garcés, Y.; Arrufat-Pie, E.; Torres-Vega, R.; Medrano-Montero, J.; Ramirez-
Bautista, B.; Vazquez-Mojena, Y.; Auburger, G.; Horak, F.; et al. Prodromal spinocerebellar ataxia type 2 subjects have quantifiable
gait and postural sway deficits. Mov. Disord. 2021, 36, 471–480. [CrossRef]

19. De Oliveira, C.M.; Leotti, V.B.; Bolzan, G.; Cappelli, A.H.; Rocha, A.G.; Ecco, G.; Kersting, N.; Rieck, M.; Martins, A.C.;
Sena, L.S.; et al. Pre-ataxic changes of clinical scales and eye movement in Machado-Joseph disease: BIGPRO study. Mov. Disord.
2021, 36, 985–994. [CrossRef]

20. Ito, M. The Cerebellum: Brain for an Implicit Self ; FT Press: Upper Saddle River, NJ, USA, 2011.
21. Coesmans, M.; Smitt, P.A.; Linden, D.J.; Shigemoto, R.; Hirano, T.; Yamakawa, Y.; van Alphen, A.M.; Luo, C.; van der Geest, J.N.;

Kros, J.M.; et al. Mechanisms underlying cerebellar motor deficits due to mGluR1-autoantibodies. Ann. Neurol. 2003, 53, 325–336.
[CrossRef]

22. Hirai, H.; Launey, T.; Mikawa, S.; Torashima, T.; Yanagihara, D.; Kasaura, T.; Miyamoto, A.; Yuzaki, M. New role of delta2-
glutamate receptors in AMPA receptor trafficking and cerebellar function. Nat. Neurosci. 2003, 6, 869–876. [CrossRef] [PubMed]

23. Mitoma, H.; Manto, M. Advances in the pathogenesis of auto-antibody-induced cerebellar synaptopathies. Cerebellum 2022.
[CrossRef] [PubMed]

24. Muñiz-Castrillo, S.; Vogrig, A.; Ciano-Petersen, N.L.; Villagrán-García, M.; Joubert, B.; Honnorat, J. Novelities in autoimmue and
paraneoplastic cerebellar ataxias: Twenty years of progress. Cerebellum 2022. [CrossRef]

25. Velázquez-Pérez, L.C.; Rodríguez-Labrada, R.; Fernandez-Ruiz, J. Spinocerebellar ataxia type 2: Clinicogenetic aspects, mechanis-
tic insights, and management approaches. Front. Neurol. 2017, 8, 472. [CrossRef] [PubMed]

26. Serra, H.G.; Byam, C.E.; Lande, J.D.; Tousey, S.K.; Zoghbi, H.Y.; Orr, H.T. Gene profiling links SCA1 pathophysiology to glutamate
signaling in Purkinje cells of transgenic mice. Hum. Mol. Genet. 2004, 13, 2535–2543. [CrossRef] [PubMed]

http://doi.org/10.1113/jphysiol.1982.sp014103
http://doi.org/10.1073/pnas.83.6.1945
http://www.ncbi.nlm.nih.gov/pubmed/2419913
http://doi.org/10.1113/jphysiol.1987.sp016881
http://www.ncbi.nlm.nih.gov/pubmed/2832595
http://doi.org/10.1152/physrev.2001.81.3.1143
http://www.ncbi.nlm.nih.gov/pubmed/11427694
http://doi.org/10.1038/nrn3312
http://doi.org/10.1038/s41593-020-00754-9
http://doi.org/10.1007/s12311-018-0960-3
http://doi.org/10.3390/ijms21144936
http://doi.org/10.1186/s43556-020-00024-x
http://doi.org/10.1007/s12311-021-01259-2
http://www.ncbi.nlm.nih.gov/pubmed/33754326
http://doi.org/10.1007/s12311-013-0539-y
http://www.ncbi.nlm.nih.gov/pubmed/24307138
http://doi.org/10.3389/fnsyn.2016.00035
http://www.ncbi.nlm.nih.gov/pubmed/27857688
http://doi.org/10.1007/s12311-010-0182-9
http://doi.org/10.3390/ijms21010216
http://doi.org/10.1113/JP272950
http://doi.org/10.1523/JNEUROSCI.0891-15.2015
http://doi.org/10.1002/mds.28343
http://doi.org/10.1002/mds.28466
http://doi.org/10.1002/ana.10451
http://doi.org/10.1038/nn1086
http://www.ncbi.nlm.nih.gov/pubmed/12833050
http://doi.org/10.1007/s12311-021-01359-z
http://www.ncbi.nlm.nih.gov/pubmed/35064896
http://doi.org/10.1007/s12311-021-01363-3
http://doi.org/10.3389/fneur.2017.00472
http://www.ncbi.nlm.nih.gov/pubmed/28955296
http://doi.org/10.1093/hmg/ddh268
http://www.ncbi.nlm.nih.gov/pubmed/15317756


Brain Sci. 2022, 12, 303 8 of 8

27. Serra, H.G.; Duvick, L.; Zu, T.; Carlson, K.; Stevens, S.; Jorgensen, N.; Lysholm, A.; Burright, E.; Zoghbi, H.Y.; Clark, H.B.; et al.
RORα-mediated Purkinje cell development determines disease severity in adult SCA1 mice. Cell 2006, 127, 697–708. [CrossRef]
[PubMed]

28. Zu, T.; Duvick, L.A.; Kaytor, M.D.; Berlinger, M.S.; Zoghbi, H.Y.; Clark, H.B.; Orr, H.T. Recovery from polyglutamine-induced
neurodegeneration in conditional SCA1transgenic mice. J. Neurosci. 2004, 24, 8853–8861. [CrossRef]

29. Notartomaso, S.; Zappulla, C.; Biagioni, F.; Cannella, M.; Bucci, D.; Mascio, G.; Scarselli, P.; Fazio, F.; Weisz, F.; Lionetto, L.; et al.
Pharmacological enhancement of mGlu1 metabotropic glutamate receptors causes a prolonged symptomatic benefit in a mouse
model of spinocerebellar ataxia type1. Mol. Brain 2013, 6, 48. [CrossRef]

30. Power, E.M.; Morales, A.; Empson, R.M. Prolonged type 1 metabotropic glutamate receptor dependent synaptic signaling
contributes to spino-cerebellar ataxia type1. J. Neurosci. 2016, 36, 4910–4916. [CrossRef]

31. Lin, X.; Antal, B.; Kang, D.; Orr, H.T.; Zoghbi, H.Y. Polyglutamine expansion down-regulates specific neuronal genes before
pathologic changes in SCA1. Nat. Neurosci. 2000, 3, 157–163. [CrossRef]

32. Kano, M.; Watanabe, T. Type-1 metabotropic glutamate receptor signaling in cerebellar Purkinje cells in health and diseases.
F1000Research 2017, 6, 416. [CrossRef] [PubMed]

33. Chou, A.H.; Yeh, T.H.; Ouyang, P.; Chen, Y.L.; Chen, S.Y.; Wang, H.L. Polyglutamine-expanded ataxin-3 causes cerebellar
dysfunction of SCA3 transgenic mice by inducing transcriptional dysregulation. Neurobiol. Dis. 2008, 31, 89–101. [CrossRef]
[PubMed]

34. Chou, A.H.; Chen, Y.L.; Hu, S.H.; Chang, Y.M.; Wang, H.L. Polyglutamine-expanded ataxin-3 impairs long-term depression in
Purkinje neurons of SCA3 transgenic mouse by inhibiting HAT and impairing histone acetylation. Brain Res. 2014, 1583, 220–229.
[CrossRef] [PubMed]

35. van Gaalen, J.; Maas, R.P.P.W.M.; Ippel, E.F.; Elting, M.W.; van Spaendonck-Zwarts, K.Y.; Vermeer, S.; Verschuuren-Bemelmans, C.;
Timmann, D.; van de Warrenburg, B.P. Abnormal eyeblink conditioning is an early marker of cerebellar dysfunction in preclinical
SCA3 mutation carriers. Exp. Brain Res. 2019, 237, 427–433. [CrossRef]

36. Solodkin, A.; Gomez, C.M. Spinocerebelalr ataxia type 6. Handb. Clin. Neurol. 2012, 103, 461–473.
37. Christova, P.; Anderson, J.H.; Gomez, C.M. Impaired eye movements in presymptomatic spinocerebellar ataxia type 6. Arch.

Neurol. 2008, 65, 530–536. [CrossRef]
38. Tantsis, E.M.; Gill, D.; Griffiths, L.; Gupta, S.; Lawson, J.; Maksemous, N.; Ouvrier, R.; Riant, F.; Smith, R.; Troedson, C.; et al. Eye

movement disorders are an early manifestation of CACNA1A mutations in children. Dev. Med. Child. Neurol. 2016, 58, 639–644.
[CrossRef]

39. Rochester, L.; Galna, B.; Lord, S.; Mhiripiri, D.; Eglon, G.; Chinnery, P.F. Gait impairment precedes clinical symptoms in
spinocerebellar ataxia type 6. Mov. Disord. 2014, 29, 252–255. [CrossRef]

40. Hashimoto, Y.; Honda, T.; Matsumura, K.; Nakao, M.; Soga, K.; Katano, K.; Yokota, T.; Mizusawa, H.; Nagao, S.; Ishikawa, K.
Quantitative evaluation of human cerebellum-dependent motor learning through prism adaptation of hand-reaching movement.
PLoS ONE 2015, 10, e0119376. [CrossRef]

41. Bando, K.; Honda, T.; Ishikawa, K.; Takahashi, Y.; Mizusawa, H.; Hanakawa, T. Impaired adaptive motor learning is correlated
with cerebellar hemispheric gray matter atrophy in spinocerebellar ataxia patients: A voxel-based morphometry study. Front.
Neurol. 2019, 10, 1183. [CrossRef]

42. Honda, T.; Nagao, S.; Hashimoto, Y.; Ishikawa, K.; Yokota, T.; Mizusawa, H.; Ito, M. Tandem internal models execute motor
learning in the cerebellum. Proc. Natl. Acad. Sci. USA 2018, 115, 7428–7433. [CrossRef] [PubMed]

43. Mitoma, H.; Buffo, A.; Gelfo, F.; Guell, X.; Fucà, E.; Kakei, S.; Lee, J.; Manto, M.; Petrosini, L.; Shaikh, A.G.; et al. Consensus paper.
Cerebellar reserve: From cerebellar physiology to cerebellar disorders. Cerebellum 2019, 19, 131–153. [CrossRef]

44. Manto, M.; Shaikh, A.G.; Mitoma, H. Identification of the prodromal symptoms and pre-ataxic stage in cerebellar disorders: The
next challenge. Int. J. Environ. Res. Public Health 2021, 18, 10057. [CrossRef] [PubMed]

45. Van Overwalle, F.; Manto, M.; Cattaneo, Z.; Clausi, S.; Ferrari, C.; Gabrieli, J.D.E.; Guell, X.; Heleven, E.; Lupo, M.; Ma, Q.; et al.
Consensus paper: Cerebellum and social cognition. Cerebellum 2020, 19, 833–868. [CrossRef] [PubMed]

http://doi.org/10.1016/j.cell.2006.09.036
http://www.ncbi.nlm.nih.gov/pubmed/17110330
http://doi.org/10.1523/JNEUROSCI.2978-04.2004
http://doi.org/10.1186/1756-6606-6-48
http://doi.org/10.1523/JNEUROSCI.3953-15.2016
http://doi.org/10.1038/72101
http://doi.org/10.12688/f1000research.10485.1
http://www.ncbi.nlm.nih.gov/pubmed/28435670
http://doi.org/10.1016/j.nbd.2008.03.011
http://www.ncbi.nlm.nih.gov/pubmed/18502140
http://doi.org/10.1016/j.brainres.2014.08.019
http://www.ncbi.nlm.nih.gov/pubmed/25139423
http://doi.org/10.1007/s00221-018-5424-y
http://doi.org/10.1001/archneur.65.4.530
http://doi.org/10.1111/dmcn.13033
http://doi.org/10.1002/mds.25706
http://doi.org/10.1371/journal.pone.0119376
http://doi.org/10.3389/fneur.2019.01183
http://doi.org/10.1073/pnas.1716489115
http://www.ncbi.nlm.nih.gov/pubmed/29941578
http://doi.org/10.1007/s12311-019-01091-9
http://doi.org/10.3390/ijerph181910057
http://www.ncbi.nlm.nih.gov/pubmed/34639359
http://doi.org/10.1007/s12311-020-01155-1
http://www.ncbi.nlm.nih.gov/pubmed/32632709

	Introduction 
	Dysregulated LTD and Immune-Mediated Cerebellar Ataxia 
	Dysregulated LTD and Degenerative Cerebellar Ataxia 
	Prodromal Stage in SCA 
	SCA1 
	SCA3 
	SCA6 
	Dysregulated LTD Preceding Cell Death 

	Conclusions: Definition of LTDpathy and its Clinical Significance 
	References

