-

brought to you by .. CORE

View metadata, citation and similar papers at core.ac.uk
provided by UCL Discovery

OPEN ACCESS

» Additional material is
published online only. To view
please visit the journal online
(http://dx.doi.org/10.1136/
jnnp-2017-316250).

"Department of Neurology,
Tokushima University School of
Medicine, Tokushima, Japan
%Sobell Department of
Movement Neuroscience, UCL
Institute of Neurology, London,
UK

3Department of Brain

and Cognitive Sciences,
Massachusetts Institute of
Technology McGovern Institute
for Brain Research, Cambridge,
Massachusetts, USA

Correspondence to

Dr Ryuiji Kaji, Departmentof
Neurology, Tokushima
University, Tokushima770-8503,
Japan; rkaji@clin.med.
tokushima-u.ac.jp

Received 21 April 2017

Revised 27 September 2017
Accepted 8 October 2017

CrossMark

To cite: Kaji R, Bhatia K,
Graybiel AM. J Neurol
Neurosurg Psychiatry
Published Online First: [please
include Day Month Year].
doi:10.1136/jnnp-2017-
316250

REVIEW

iviovement aisoraers

Pathogenesis of dystonia: is it of cerebellar or basal

ganglia origin?

Ryuji Kaji,' Kailash Bhatia,” Ann M Graybiel®

ABSTRACT

Dystonia is a disorder of motor programmes controlling
semiautomatic movements or postures, with clinical
features such as sensory trick, which suggests
sensorimotor mismatch as the basis. Dystonia was
originally classified as a basal ganglia disease. It is

now regarded as a ‘network” disorder including the
cerebellum, but the exact pathogenesis being unknown.
Rare autopsy studies have found pathology both

in the striatum and the cerebellum, and functional
disorganisation was reported in the somatosensory
cortex in patients. Recent animal studies showed
physiologically tight disynaptic connections between the
cerebellum and the striatum. We review clinical evidence
in light of this new functional interaction between

the cerebellum and basal ganglia, and put forward a
hypothesis that dystonia is a basal ganglia disorder that
can be induced by aberrant afferent inputs from the
cerebellum.

INTRODUCTION
Dystonia is a syndrome of sustained muscle contrac-
tions frequently producing twisting, repetitive or
patterned movements or abnormal postures.' It
often starts in a task-specific context.” For instance,
a patient with writer’s cramp, a focal dystonia, has
difficulty in writing, but the performance of other
elaborate tasks, such as using chopsticks, remains
intact (online supplementary video: segments 1 and
2). These tasks are normally performed semiauto-
matically with little intentional effort of the subject.
This characteristic implies a subconscious mech-
anism of activating a set of muscles specific for a
particular automatic task (a motor subroutine).’
Historically, this disease had been treated as a
psychogenic or functional disorder,* partly because
of the clinical feature of sensory trick, in which the
patient can benefit from particular cutaneous or
proprioceptive sensory inputs usually unrelated to
performing the task or maintaining the posture’
(figure 1). This trait, however, gave a clue to the
understanding of its pathophysiology as a mismatch
of sensory input versus motor output for the task or
the posture.

Is dystonia a sensory disorder?

Muscle afferents are the major inputs for kinesthetic
sensation, and spindle afferent pathways project
densely to the cerebellum via spinocerebellar tracts.
Almost a century ago, Walshe® reported that a
diluted local anaesthetic can improve akinesia in a
man with Parkinson’s disease, reasoning that this

treatment altered muscle afferents. Diluted local
anaesthetics block first nerve fibres with the smallest
diameters. If injected diffusely into a muscle, they
predominantly affect the gamma efferent fibres
that innervate the spindles. Thus, this manoeuvre
desensitises the spindles and secondarily blocks the
muscle afferents (muscle afferent block or MAB).”

This effect of diluted lidocaine injected into
dystonic muscles has also been explored, and
MAB abated the abnormal contractions, although
temporarily.® The tonic vibration reflex (TVR) is a
manoeuvre to activate muscle spindle afferents by
applying high-frequency, large-amplitude vibra-
tory stimulation to the belly of the muscle or to the
associated tendon. If the TVR is tested for the limb
affected by dystonia, it indeed reproduces dystonic
contractions without the subject’s intention to
perform the task with the affected limb (online
supplementary video: segment 3). The exact neural
pathways affected in the TVR are unknown, but
the reflex is considered as subcortical, as cortical
lesions do not abolish it.” These findings suggest
that dystonic movements or postures are already
preprogrammed in a subcortical circuit even at rest,
forming an abnormal sensory versus motor link
(figure 2)

Subsequent functional studies focused attention
to the disorganisation of the primary somatosen-
sory cortex,'? raising much interest in the sensory
aspects of dystonia.'' Further studies demon-
strated abnormal temporal discrimination in the
affected limb,'? impaired cortical inhibition of the
surrounding muscles (surround inhibition'®) and
maladaptive cortical plasticity as shown by priming
sensory stimuli and the associated motor excitability
(paired associated stimulation)," which are func-
tional hallmarks of focal dystonias. It is not fully
understood whether these cortical findings reflect
primary or compensatory events in the genesis of
dystonia.

Lessons learnt from X-linked recessive dystonia-
parkinsonism and dopa-responsive dystonia
(DRD)

X-linked dystonia-parkinsonism (XDP or DYT3)
is a neurodegenerative disease affecting the basal
ganglia and is endemic in the Panay Island in the
Philippines. Its clinical features typically appear
in the mid-30s as a focal dystonia followed within
several years by parkinsonism.'® Autopsy studies in
the early dystonic stage showed patchy lesions in
the striatum, and those in the later parkinsonian
phase exhibited total atrophy of the entire dorsal
striatum similar to multiple systems atrophy.'®
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Figure 1 A classical picture of sensory trick (geste antagoniste) in
spasmodic torticollis.” Left: without trick. Right: abnormal posture is
corrected by placing the right hand on the hip bone and touching the chin
with the left hand.

Detailed immunohistochemical studies have suggested that the
striatal projection neurons (medium spiny neurons (MSNs))
affected in the early dystonic phase of the disease likely are
located in striosomes, a neurochemically defined compartment
in the striatum, as opposed to the striatal matrix, for which a
marker (calbindin) remained (figure 2). No recognisable abnor-
malities were observed in the cerebellum in these cases.

These findings drew attention to the three-compartment
model of the basal ganglia circuit.'” The striosomes and the
matrix are the major neurochemically defined compartments
of the striatum. It is mainly the large matrix compartment that
houses the neurons giving rise to the excitatory direct and the
inhibitory indirect pathways that are standard components of the
push—pull model of the basal ganglia.’® Given that dystonia is
characterised by the activation of muscles unnecessary for the
task (activation of antagonists or distant muscles; cocontraction
or overflow), the direct pathway is proposed to be hyperactive.

The function of striosomes is not fully understood, but they
receive inputs from regions in and connected with the limbic
system.” Their activity is influenced by local cholinergic
interneurons, and they project directly to subsets of the dopa-
mine-containing neurons of the substantia nigra pars compacta,
thus placing them as important links in nigro-striato-nigral loops
implicated in both neurological and neuropsychiatric disor-
ders.?” The relationships among direct, indirect and striosomal
pathways are currently a subject of great interest, particularly
in light of recent evidence for the reciprocal interactions of the
striatum with its dopaminergic afferents (figure 3).*' There may
be collateral influences across striosome and matrix compart-
ments involving the dopaminergic afferents,” suggesting that,
along with cholinergic crosstalk between the compartments,
there may be dopaminergic crosstalk as well. One possibility is
that the nigro-striosomal circuit is suited for feedback inhibitory
control of dopamine release in the striatum and even within the
substantia nigra itself. If so, the preferential loss of striosomes
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reported to occur in XDP could lead to disinhibition of dopa-
mine release with relative direct pathway predominance, which
could account for dystonia (figure 2).

DRD* or Segawa disease (DYTS) seems contradictory to a
theory of dystonia based on an overabundance of dopamine,
because DRD readily responds to I-dopa treatment. Sato and
colleagues® resolved this issue by examining the striosome
and matrix compartments immunohistochemically in a mouse
model of DRD. Using tyrosine hydroxylase (TH) staining, they
found early selective loss of TH immunostaining in striosomes,
suggesting that a lack of nigrostriatal dopamine D1 input to the
striosomal MSNs could produce deficient GABAergic inhibition
of neurons in the substantia nigra pars compacta with relative
direct pathway predominance in the matrix, where TH activity
remains intact. A single autopsy report of patient with DYTS also
showed striosomal decrease of TH staining, lending support to
this hypothesis.*

Is dystonia a cerebellar disorder?

It has been reported that dystonia could be the presenting
symptom in the spinocerebellar ataxias (SCA2, 3, 6 and 17).
Among these, SCA6 is associated with pathology confined to
the cerebellum. Furthermore, cerebellar atrophy or signs have
been noted in late-onset dystonia.”® A family with marked cere-
bellar atrophy presenting predominant dystonia has also been
described.”” Miyamoto and colleagues®® reported an autopsy
study of such a family. The patient presented mostly with gener-
alised dystonia that partially responded to deep brain stimulation
(DBS) of the globus pallidus internus (GPi). The pathological
finding was pure cerebello-olivary degeneration with no abnor-
malities in the basal ganglia. The fact that DBS was effective indi-
cates that the basal ganglia dysfunction, if any, is downstream
effects of the cerebellar lesion.

Animal studies also provided clues to the cerebellar involve-
ment in dystonia. DYT1 model mice exhibit increased energy
metabolism in the olivocerebellar network.”” Phenotypes of
pharmacologically or genetically modified animal models of
cerebellar origin are markedly aggravated by the dysfunction of
the basal ganglia.’® Conversely, dystonic features are improved
by lesions of the thalamic relay nuclei linking the cerebellum
and the striatum and are eliminated in another genetic model in
the rat by cerebellotomy.®* These findings indicate that aberrant
inputs from the cerebellum to the basal ganglia may underlie the
genesis of dystonia.

Despite these findings favouring a cerebellar origin for
dystonia, another recent review’> concluded that ‘the cerebellum
plays a role in the pathophysiology of dystonia, but do not
provide conclusive evidence that the cerebellum is the primary
or sole neuroanatomical site of origin’. Supporting pieces of
evidence of this view include the lack of case reports of focal
lesions in the cerebellum in focal dystonias despite many reports
of focal lesions in the basal ganglia in such dystonias.**** DBS is
successful in treating focal dystonia when targeted at the GPi or
ventral oral thalamus, which are parts of the basal ganglia motor
loop, but not, as currently recognised, in the cerebellar recipient
thalamus (ventral intermediate).*

Is dystonia of cerebral cortical origin?

Using positron emission tomography and diffusion tensor imaging
(DTI) to judge white matter integrity, Carbon and colleagues,*® in
the patients with DYT1 and DYT6 genotype, found phenotype-re-
lated and genotype-related brain activation patterns, focusing on
the basal ganglia (cortico-striato-pallido-thalamo-cortical) motor
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Figure 2 Scheme of hypothetical pathways for sensory versus motor output in dystonia. Dystonic movements are reproduced with high-frequency
vibration (TVR) and blocked by desensitising the muscle spindle with diluted local anaesthetics (MAB). Spindle afferents are projected to the cerebellum,
and disynaptic projection of cerebello-thalamo-striatal pathway affects the neuroplasticity at the corticostriatal synapse, where rhythmic activity is essential.
Subcortical route is assumed for TVR. ACh,acethylcholine; DA, dopamine; MAB, muscle afferent block;TVR, tonic vibration reflex.

loop and related cerebellar (cerebello-thalamo-cortical) circuits.
The phenotype-related pattern, which could include compensa-
tory mechanisms secondary to the genotype, was associated with
increases in the presupplementary motor area and parietal asso-
ciation areas of the cerebral cortex, but the genotype-specific or
intrinsic abnormalities were localised to the cerebellum, basal
ganglia and their output cortical region in the supplementary
motor area. More recently, the same group®” reported DTI find-
ings on the cortical white matter underlying the affected and
unaffected body part representations in dystonia. They found
that white matter integrity was reduced in regions related to the
unaffected body parts but was normal in those related to the
affected parts, indicating that reduced integrity in the unaffected
subcortical region is secondary. These findings suggest that the
intrinsic abnormality in dystonia is likely at the subcortical level
of the basal ganglia and the cerebellum and that the cortical
events are downstream compensatory effects.

A new pathway that enables direct interaction between the
cerebellum and the striatum

The cerebellum and the basal ganglia have been thought to
communicate with each other only through multisynaptic,

principally cortical circuits. Anatomical tracing studies in rodents
and primates have now shown, however, a direct disynaptic
projection from the cerebellar nuclei to the basal ganglia via the
intralaminar thalamic nuclei.’® It has also been found that an
intralaminar thalamo-striatal projection can trigger striatal dopa-
mine release by engaging the synchronised activity in cholinergic
interneurons that synapse on the terminal arborisations of dopa-
minergic projections to MSNs.*’

Recently, Chen and colleagues*® have further explored this
disynaptic short-latency (~10ms) projection from the cere-
bellum to the striatum using electrophysiological recordings
in awake mice. They found that the cerebellum rapidly modu-
lates the activity of the striatum via this disynaptic pathway.
In their studies, high-frequency stimulation of the neocortex
alone predominantly depressed corticostriatal responses (long-
term depression), whereas concurrent stimulation of the cere-
bellum altered the plasticity towards enhanced synaptic efficacy
(long-term potentiation (LTP)). In a previous study of a mouse
model of DYT1,*" depotentiation of corticostriatal LTP became
no longer possible, suggesting that abnormal synaptic plas-
ticity is the underlying mechanistic dysfunction in dystonia.
In their model of rapid-onset dystonia-parkinsonism, Chen
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Figure 3  Striosomes (S) and direct versus indirect pathways in the matrix (M) in normal (left) and XDP dystonia (right). The lower left subset indicates
activated (red) and inhibited (blue) muscles for the task (surround inhibition). The loss of striosomal neurons in XDP disinhibits dopaminergic release by
substantia nigra pars compacta (SNc, dotted arrow), which in turn makes direct pathway predominant over indirect pathway, resulting in disruption of
surround inhibition.GABA; gamma-aminobutyric acid; XDP, X-linked dystonia-parkinsonism.

and colleagues further reproduced burst-like activity in striatal
neurons by selective partial block of a cerebellar sodium pump.
These dysrhythmic activities are similar to those seen in the GPi
at the time of DBS in human dystonia. They also found that
cerebellar-induced dystonia was alleviated by severing the link
between the cerebellum and the basal ganglia, indicating that
aberrant cerebellar inputs could cause dystonia.

The mechanism by which DBS improves dystonia is still
unknown. The burst-like activities of the basal ganglia neurons,
which can be produced by aberrant cerebellar input, may inter-
fere with the control of synaptic plasticity by frequency modu-
lation, and high-frequency overdriving of the basal ganglia
circuits by DBS possibly rescues the abnormal neuroplasticity
in dystonia. It is of note that anticholinergics also restore the
impaired synaptic depotentiation of LTP seen in DYT1 model,
possibly because of the link of cholinergic and dopaminergic
projections converging at the striatum.*?

Revised view of the network affected in dystonia

Dystonia can be regarded as a disorder of aberrant input versus
output plasticity or sensorimotor mismatch, which is clinically
exemplified by ‘sensory tricks’ or other sensory phenomena.
Dystonic contractions can be reproduced by stimulating muscle
spindle afferents with TVR even in task-specific cases (video)
and are abolished after blocking muscle afferents. The pathway
for this reflex remains unknown, but it could use the cerebellum
as the afferent limb because spindle afferents are not perceived at
the conscious level, and they have the dense forward projections
to the cerebellum. The TVR persistence after cortical lesions in
patients with stroke also suggests its subcortical routes. Finally,
TVRs are greatly attenuated by cerebellar lesions.*?

Dystonia has traditionally been regarded as a basal ganglia
disorder.** The relative lack of dopamine in striosomes could
produce DRD by deranging its dopamine sensor function in the
striatum. As discussed, a pathological finding was documented
only in the striosomes at the early dystonic phase of XDP. The
discovery of the functional disynaptic short-latency pathway
from the cerebellum to the basal ganglia raises the possibility
that cerebellar dysfunction could also cause dystonia by sending

aberrant input to the striatum, where abnormal control of neural
plasticity occurs as a result. Questions still remain pertaining to
the role of cholinergic fibres in these circuits, the mechanisms
by which striosomes function and how the cerebellum sends
its sensory feedback to the striatum. The relation of rhythmic
activity in the basal ganglia to the clinical effect of DBS is a
further issue to be clarified.

CONCLUSION

Clinical features of dystonia underscore the sensory aspects of
its symptoms, and indeed the premise that dystonia is a sensory
disorder appears to be correct. If the afferent or sensory limb
of the motor coordination of semiautomatic tasks involved in
dystonia uses the spinocerebellar and the cerebello-thalamo-stri-
atal pathway, it resolves the enigma of the cerebellar origin of
dystonia.

Acknowledgements We would like to thank S Goto in Tokushima University for
their helpful advice and Y Kubota in MIT for their kind editing.

Contributors RK wrote the first draft, and KB and AMG reviewed and revised it.

Funding Funded by grants from Japanese Ministry of Health, Welfare and Labor
(H28-019) and the Collaborative Center for X-linked Dystonia Parkinsonism at
Massachusetts General Hospital.

Competing interests None declared.
Patient consent Obtained.
Provenance and peer review Commissioned; externally peer reviewed.

Open Access This is an Open Access article distributed in accordance with the
Creative Commons Attribution Non Commercial (CC BY-NC 4.0) license, which
permits others to distribute, remix, adapt, build upon this work non-commercially,
and license their derivative works on different terms, provided the original work
is properly cited and the use is non-commercial. See: http://creativecommons.org/
licenses/by-nc/4.0/

© Article author(s) (or their employer(s) unless otherwise stated in the text of the
article) 2017. All rights reserved. No commercial use is permitted unless otherwise
expressly granted.

REFERENCES

1 Albanese A, Bhatia K, Bressman SB, et a/. Phenomenology and classification of
dystonia: a consensus update. Mov Disord 2013;28:863-73.

4

Kaji R, et al. J Neurol Neurosurg Psychiatry 2017;0:1-5. doi:10.1136/jnnp-2017-316250


http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://dx.doi.org/10.1002/mds.25475
http://jnnp.bmj.com/
http://group.bmj.com

2

3

"
12

20

21

22

23

Downloaded from http://jnnp.bmj.com/ on February 21, 2018 - Published by group.bmj.com

Movement disorders

Balint B, Bhatia KP. Dystonia: an update on phenomenology, classification,
pathogenesis and treatment. Curr Opin Neurol 2014;27:468-76.

Kaji R, Shibasaki H, Kimura J. Writer's cramp: a disorder of motor subroutine? Ann
Neurol 1995;38:837-8.

Sheehy MP, Marsden CD. Writers" cramp-a focal dystonia. Brain 1982;105(Pt
3):461-80.

Destarac J. Torticolis spasmodique et spasmes functionnels. Rev Neurol (Paris)
1901;9:591-7.

WALSHE FMR. Observations on the nature of themuscular rigidity of paralysis agitans,
and its relationship totremor. Brain 1924;47:159-77.

Kaji R, Kohara N, Katayama M, et al. Muscle afferent block by intramuscular
injection of lidocaine for the treatment of writer's cramp. Muscle Nerve
1995;18(2):234-5.

Kaji R, Rothwell JC, Katayama M, et al. Tonic vibration reflex and muscle afferent
block in writer's cramp. Ann Neurol 1995;38:155-62.

Burke D, Andrews CJ, Lance JW. Tonic vibration reflex in spasticity, Parkinson’s disease,
and normal subjects. J Neurol Neurosurg Psychiatry 1972;35:477-86.

Bara-Jimenez W, Catalan M, Hallett M, et al. Abnormal somatosensory homunculus in
dystonia of the hand. Ann Neurol 1998;44:828-31.

Hallett M. Is dystonia a sensory disorder? Ann Neurol 1995;38:139-40.

Fiorio M, Gambarin M, Valente EM, et al. Defective temporal processing of sensory
stimuli in DYT1 mutation carriers: a new endophenotype of dystonia? Brain
2007;130(Pt 1):134-42.

Sohn YH, Hallett M. Disturbed surround inhibition in focal hand dystonia. Ann Neurol
2004;56:595-9.

Quartarone A, Morgante F, Sant'angelo A, et al. Abnormal plasticity of sensorimotor
circuits extends beyond the affected body part in focal dystonia. J Neurol Neurosurg
Psychiatry 2008;79:985-90.

Lee LV, Munoz EL, Tan KT, et a/. Sex linked recessive dystonia parkinsonism of Panay,
Philippines (XDP). Mol Pathol 2001;54:362-8.

Goto S, Lee LV, Munoz EL, et al. Functional anatomy of the basal ganglia in X-linked
recessive dystonia-parkinsonism. Ann Neurol 2005;58:7—17.

Graybiel AM, Canales JJ, Capper-Loup C. Levodopa-induced dyskinesias and
dopamine-dependent stereotypies: a new hypothesis. Trends Neurosci 2000;23(10
Suppl):S71-7.

Alexander GE, Crutcher MD. Functional architecture of basal ganglia circuits: neural
substrates of parallel processing. Trends Neurosci 1990;13:266—71.

Crittenden JR, Graybiel AM. Basal Ganglia disorders associated with imbalances in the
striatal striosome and matrix compartments. front Neuroanat 2011;5:59.

Crittenden JR, Lacey CJ, Weng FJ, et a/. Striatal cholinergic interneurons modulate
spike-timing in striosomes and matrix by an amphetamine-sensitive mechanism. Front
Neuroanat 2017;11:20.

Crittenden JR, Tillberg PW, Riad MH, et al. Striosome-dendron bouquets highlight a
unique striatonigral circuit targeting dopamine-containing neurons. Proc Nat! Acad Sci
USA2016;113:11318-23.

Matsuda W, Furuta T, Nakamura KC, et al. Single nigrostriatal dopaminergic neurons
form widely spread and highly dense axonal arborizations in the neostriatum. /
Neurosci 2009;29:444-53.

Schneider SA, Mohire MD, Trender-Gerhard |, et a/l. Familial dopa-responsive cervical
dystonia. Neurology 2006;66:599-601.

2

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

Sato K, Sumi-Ichinose C, Kaji R, et a/. Differential involvement of striosome and matrix
dopamine systems in a transgenic model of dopa-responsive dystonia. Proc Nat/ Acad
Sci U S A 2008;105:12551-6.

Segawa M, Nomura Y, Hayashi M. Dopa-responsive dystonia is caused by particular
impairment of nigrostriatal dopamine neurons different from those involved in
Parkinson disease: evidence observed in studies on Segawa disease. Neuropediatrics
2013;44:61-6.

Batla A, Sanchez MC, Erro R, et al. The role of cerebellum in patients with late onset
cervical/segmental dystonia?-evidence from the clinic. Parkinsonism Relat Disord
2015;21:1317-22.

Le Ber |, Clot F, Vercueil L, et al. Predominant dystonia with marked cerebellar atrophy:
a rare phenotype in familial dystonia. Neurology 2006;67:1769-73.

Miyamoto R, Sumikura H, Takeuchi T, et al. Autopsy case of severe generalized
dystonia and static ataxia with marked cerebellar atrophy. Neurology
2015;85:1522-4.

Zhao Y, Sharma N, LeDoux MS. The DYT1 carrier state increases energy demand in the
olivocerebellar network. Neuroscience 2011;177:183-94.

Calderon DP, Fremont R, Kraenzlin F, et al. The neural substrates of rapid-onset
Dystonia-Parkinsonism. Nat Neurosci 2011;14:357-65.

LeDoux MS, Lorden JF, Ervin JM. Cerebellectomy eliminates the motor syndrome of the
genetically dystonic rat. Exp Neurol 1993;120:302-10.

Shakkottai VG, Batla A, Bhatia K, et al. Current opinions and areas of consensus on
the role of the cerebellum in dystonia. Cerebellum 2017;16:577-94.

Miinchau A, Mathen D, Cox T, et al. Unilateral lesions of the globus pallidus: report

of four patients presenting with focal or segmental dystonia. J Neurol Neurosurg
Psychiatry 2000;69:494-8.

Krystkowiak P, Martinat P, Defebvre L, et a/. Dystonia after striatopallidal and thalamic
stroke: clinicoradiological correlations and pathophysiological mechanisms. J Neurol
Neurosurg Psychiatry 1998;65:703-8.

Goto S, Shimazu H, Matsuzaki K, et al. Thalamic vo-complex vs pallidal deep brain
stimulation for focal hand dystonia. Neurology 2008;70(16 Pt 2):1500—1.

Carbon M, Eidelberg D. Abnormal structure-function relationships in hereditary
dystonia. Neuroscience 2009;164:220-9.

Vo A, Sako W, Niethammer M, et al. Thalamocortical connectivity correlates with
phenotypic variability in dystonia. Cereb Cortex 2015;25:3086-94.

Hoshi E, Tremblay L, Féger J, et al. The cerebellum communicates with the basal
ganglia. Nat Neurosci 2005;8:1491-3.

Threlfell S, Lalic T, Platt NJ, et al. Striatal dopamine release is triggered by synchronized
activity in cholinergic interneurons. Neuron 2012;75:58-64.

Chen CH, Fremont R, Arteaga-Bracho EE, et a/. Short latency cerebellar modulation of
the basal ganglia. Nat Neurosci 2014;17:1767-75.

Martella G, Tassone A, Sciamanna G, et al. Impairment of bidirectional synaptic
plasticity in the striatum of a mouse model of DYT1 dystonia: role of endogenous
acetylcholine. Brain 2009;132(Pt 9):2336-49.

Maltese M, Martella G, Madeo G, et al. Anticholinergic drugs rescue synaptic plasticity
in DYT1 dystonia: role of M1 muscarinic receptors. Mov Disord 2014;29:1655-65.
Abbruzzese G, Abbruzzese M, Ratto S, et al. Contribution of tonic vibration reflex to
the evaluation and diagnosis of cerebellar disorders. J Neurol Neurosurg Psychiatry
1982,45:526-30.

Narbona J, Obeso JA, Tufion T, et a/. Hemi-dystonia secondary to localised basal
ganglia tumour. J Neurol Neurosurg Psychiatry 1984,47:704-9.

Kaji R, et al. J Neurol Neurosurg Psychiatry 2017;0:1-5. doi:10.1136/jnnp-2017-316250


http://dx.doi.org/10.1097/WCO.0000000000000114
http://dx.doi.org/10.1002/ana.410380603
http://dx.doi.org/10.1002/ana.410380603
http://dx.doi.org/10.1093/brain/105.3.461
http://dx.doi.org/10.1093/brain/47.2.159
http://dx.doi.org/10.1002/mus.880180214
http://dx.doi.org/10.1002/ana.410380206
http://dx.doi.org/10.1136/jnnp.35.4.477
http://dx.doi.org/10.1002/ana.410440520
http://dx.doi.org/10.1002/ana.410380203
http://dx.doi.org/10.1093/brain/awl283
http://dx.doi.org/10.1002/ana.20270
http://dx.doi.org/10.1136/jnnp.2007.121632
http://dx.doi.org/10.1136/jnnp.2007.121632
http://dx.doi.org/10.1002/ana.20513
http://dx.doi.org/10.1016/S1471-1931(00)00027-6
http://dx.doi.org/10.1016/0166-2236(90)90107-L
http://dx.doi.org/10.3389/fnana.2011.00059
http://dx.doi.org/10.3389/fnana.2017.00020
http://dx.doi.org/10.3389/fnana.2017.00020
http://dx.doi.org/10.1073/pnas.1613337113
http://dx.doi.org/10.1073/pnas.1613337113
http://dx.doi.org/10.1523/JNEUROSCI.4029-08.2009
http://dx.doi.org/10.1523/JNEUROSCI.4029-08.2009
http://dx.doi.org/10.1212/01.wnl.0000198501.61063.66
http://dx.doi.org/10.1073/pnas.0806065105
http://dx.doi.org/10.1073/pnas.0806065105
http://dx.doi.org/10.1055/s-0033-1337337
http://dx.doi.org/10.1016/j.parkreldis.2015.09.013
http://dx.doi.org/10.1212/01.wnl.0000244484.60489.50
http://dx.doi.org/10.1212/WNL.0000000000002061
http://dx.doi.org/10.1016/j.neuroscience.2011.01.015
http://dx.doi.org/10.1038/nn.2753
http://dx.doi.org/10.1006/exnr.1993.1064
http://dx.doi.org/10.1007/s12311-016-0825-6
http://dx.doi.org/10.1136/jnnp.69.4.494
http://dx.doi.org/10.1136/jnnp.69.4.494
http://dx.doi.org/10.1136/jnnp.65.5.703
http://dx.doi.org/10.1136/jnnp.65.5.703
http://dx.doi.org/10.1212/01.wnl.0000310430.00743.11
http://dx.doi.org/10.1016/j.neuroscience.2008.12.041
http://dx.doi.org/10.1093/cercor/bhu104
http://dx.doi.org/10.1038/nn1544
http://dx.doi.org/10.1016/j.neuron.2012.04.038
http://dx.doi.org/10.1038/nn.3868
http://dx.doi.org/10.1093/brain/awp194
http://dx.doi.org/10.1002/mds.26009
http://dx.doi.org/10.1136/jnnp.45.6.526
http://dx.doi.org/10.1136/jnnp.47.7.704
http://jnnp.bmj.com/
http://group.bmj.com

Downloaded from http://jnnp.bmj.com/ on February 21, 2018 - Published by group.bmj.com

Pathogenesis of dystonia: is it of cerebellar
or basal ganglia origin?

Ryuji Kaji, Kailash Bhatia and Ann M Graybiel

J Neurol Neurosurg Psychiatry published online October 31, 2017

Updated information and services can be found at:
http://innp.bmj.com/content/early/2017/10/31/jnnp-2017-316250

These include:

References This article cites 44 articles, 10 of which you can access for free at:
http://jnnp.bmj.com/content/early/2017/10/31/jnnp-2017-316250#ref-li
st-1

Open Access This is an Open Access article distributed in accordance with the Creative
Commons Attribution Non Commercial (CC BY-NC 4.0) license, which
permits others to distribute, remix, adapt, build upon this work
non-commercially, and license their derivative works on different terms,
provided the original work is properly cited and the use is
non-commercial. See: http://creativecommons.org/licenses/by-nc/4.0/

Email alerting Receive free email alerts when new articles cite this article. Sign up in the
service box at the top right corner of the online article.

Topic Articles on similar topics can be found in the following collections

Collections Open access (280)

Notes

To request permissions go to:
http://group.bmj.com/group/rights-licensing/permissions

To order reprints go to:
http://journals.omj.com/cgi/reprintform

To subscribe to BMJ go to:
http://group.bmj.com/subscribe/


http://jnnp.bmj.com/content/early/2017/10/31/jnnp-2017-316250
http://jnnp.bmj.com/content/early/2017/10/31/jnnp-2017-316250#ref-list-1
http://jnnp.bmj.com/content/early/2017/10/31/jnnp-2017-316250#ref-list-1
http://creativecommons.org/licenses/by-nc/4.0/
http://jnnp.bmj.com//cgi/collection/unlocked
http://group.bmj.com/group/rights-licensing/permissions
http://journals.bmj.com/cgi/reprintform
http://group.bmj.com/subscribe/
http://jnnp.bmj.com/
http://group.bmj.com

