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INTRODUCTION

Until recently physiological studies of human cerebellar
functions were limited methodologically, although the cer-
ebellum was known to play an essential role in movement
execution and motor control by modulation of the primary
motor cortex (M1) through cerebellothalamocortical con-
nections (Ito, 1984). However, since the introduction of
transcranial stimulation techniques, namely transcranial
magnetic (TMS) and electrical (TES) stimulation, we are
now able to investigate neural networks by stimulating
neural structures transcranially and noninvasively in
humans.

TMS or TES was first used to estimate the central
motor conduction by recording motor evoked potentials
(MEPs) to single-pulse TMS of M 1. Afterwards they were
used to study motor cortical modulation effects by com-
bining conditioning stimuli with TMS of M1 In such
cases, MEPs to single-pulse TMS were used to evaluate
motor cortical excitability. A conditioning stimulus pre-
ceding or succeeding the test stimulus can either facilitate
or inhibit the test response depending on the interstimulus
mterval (ISI) or the stimulus intensity. This technique has
been termed paired-pulse stimulation and was introduced
to study facilitatory and inhibitory mechanisms within M1
(Kujirai et al., 1993). However, when the conditioning
stimulus is applied to a different brain area, the connec-
tivity between the conditioned area and M 1can be studied.
Thus, cerebellar conditioning stimulation enables us to
study cerebellar regulatory effects on the contralateral
M. In this chapter we describe this cerebellar stimulation
technique and its usefulness as research and diagnostic
tools in clinical neurophysiology.

ANATOMY OF CEREBELLOCEREBRAL
CONNECTION

Functional connectivity between the cerebellum and cere-
bral cortices has been studied extensively in animals
(Allen and Tsukahara, 1974; Holdefer et al., 2000). The
cerebellum receives inputs from the cortex mainly through
the middle cerebellar peduncle in terms of the corticopon-
tocerebellar pathway, or through the inferior cerebellar
peduncle via climbing fibers from the olive in terms of
the corticorubroolivocerebellar pathway (Fig. 51.1). The
cerebellar efferent pathway consists of projections from
the cerebellum to the motor cortex through the disynaptic
dentatothalamocortical pathway. Fibers from the dentate
nucleus connect to the ventrolateral motor thalamus
via the superior cerebellar peduncle. The motor thalamic
cells project further to areas 4 and 6 (Fig. 51.1). The denta-
tothalamocortical pathway itself is facilitatory. However,
Purkinje cells of the cerebellar cortex inhibit the dentate
nucleus. Therefore, activation of Purkinje cells result
in disfacilitation of the motor cortex. These efferent and
afferent cerebellar connections together form the fron-
topontocerebellothalamocortical loop, and include the
Guillain—Mollaret triangle (Fig. 51.1).

CEREBELLAR STIMULATION -
METHODOLOGY

This technique uses the paired-pulse paradigm to inves-
tigate modulatory effects of the cerebellum on the
contralateral motor cortex excitability. The test stimulus
is a single-pulse TMS of M1and the evoked MEP is used
as an indicator of the motor cortical excitability. In
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Fig. 51.1. Simplified scheme of the frontopontocerebellothalamocortical loop. Red lines are facilitatory (solid lines: cerebellar
afferent pathways; dotted lines: cerebellar efferent pathways); the black line is inhibitory. (1) thalamus, (2) thalamocortical tract, (3)
primary motor cortex, (4) corticorubral tract, (5) corticopontine tract, (6) rubral nucleus, (7) rubrotegmental tract, (8) dentatotha-
lamic tract, (9) pontine nuclei, (10) dentate nucleus, (11) cerebellar cortex, (12) pontocerebellar tract, (13) olivocerebellar tract, (14)
olive. (Modified from Biihr M, Frotscher M (2009). Neurologisch-topische Diagnostik, 9th edition. Georg Thieme, Stuttgart.)

clinical practice a round coil can be used for M1 TMS.
However, for specific research purposes, we usually
use a figure-of-eight coil in order to elicit preferentially
certain descending volleys. The conditioning stimulus
over the cerebellum precedes the test stimulus at
certain intervals. We used either TES or TMS for cere-
bellar stimulation. In the early experiments, TES was
chosen because TMS could not sufficiently activate dee-
per structures such as the cerebellum. However, after
invention of the double-cone coil, magnetic cerebellar
stimulation was able to be performed effectively and
reliably (Ugawa et al., 1995b; Iwata and Ugawa, 2005;
Groiss and Ugawa, 2012).

The ability to activate the cerebellum in humans non-
invasively offered new scientific perspectives. Accord-
ingly, several investigations have been performed in
this research field in humans. In the next paragraph,
therefore, we first give a brief overview for the stimula-
tion setting that is usually sufficient for clinical diagnos-
tics. Then, we describe other special issues on cerebellar
stimulation in detail afterwards.

Cerebellar magnetic stimulation experiments are
recommended to be conducted by two investigators,
each of them holding one coil. The test stimulus coil
is placed over the vertex to stimulate M1 and its inten-
sity is usually set to elicit MEPs with an amplitude
between 0.5 and 1mV in the target muscle, commonly
a small hand muscle such as the first dorsal interosseus
(FDI). For the conditioning stimulation, the center of
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Fig. 51.2. Setup and coil position for cerebellar stimulation
experiment. Either a round coil (left) or figure-of-eight coil
(right) is used for the motor cortical stimulation. A double-cone
coil is positioned over the contralateral cerebellum at about the
midpoint between the inion and the posterior mastoid process.

the double-cone coil is placed at the midpoint between
the inion and the contralateral mastoid process
(Fig. 51.2), and the stimulus intensity is set at 90% of
the active brainstem motor threshold (BS-AMT). The
current direction is usually chosen to induce upward
current in the brain. All stimulation conditions (control
condition when the test stimulus is given alone, and
paired-pulse conditions when both conditioning and test
stimuli are given) should be applied in a randomized
order to avoid anticipatory biasing. ISIs of 4-8 ms
between conditioning and test stimuli are usually suffi-
cient for clinical investigations.
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CEREBELLAR TRANSCRANIAL
MAGNETIC STIMULATION IN
HEALTHY SUBJECTS

The main cerebellar efferent pathway, the dentatothala-
mocortical tract, has a facilitatory influence on the con-
tralateral motor cortex (Allen and Tsukahara, 1974).
However, when Purkinje cells are activated, the denta-
tothalamocortical pathway will be inhibited, which
results in a disfacilitation of the motor cortex (see
Fig. 51.1). Therefore, stimulation of the cerebellum might
induce both facilitatory and inhibitory effects on contra-
lateral M1 depending on the activated pathway by the
conditioning stimulus. As suppression generally lasts
longer and is easier to be detected, the initially observed
effect on M 1was solely inhibitory. However, facilitatory
effects can also be elicited when certain stimulation
parameters, such as stimulus direction and intensity
for the conditioning and test stimulus, are all set
appropriately.
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Cerebellar inhibition

The first study exploring cerebellocortical effects used
TES. The electrodes for conditioning cerebellar stimula-
tion were placed at the posterior edge of the mastoids with
the anode on the right and the cathode on the left side
(Ugawa et al., 1991a). This stimulation site has been proven
to be most effective to activate the corticospinal pathways
at the level of the pyramidal decussation in humans
(Ugawa et al., 1991b). The cerebellar stimulation intensity
was 10% below BS-AMT at the level of the pyramidal
decussation. The test stimulus was applied to the left M1
with a 9-cm diameter round coil positioned over the vertex
and surface electromyogram (EMG) was recorded from
the right FDI. Test stimulation intensity was set to elicit
EMGresponses of 1 mV in the relaxed FDI. Paired stimuli
at various ISI ranging from 1to 15 ms were intermixed
randomly with control trials in which the test or condition-
ing stimulus was applied alone. Cerebellar stimulation at
ISIs between 5 and 8 ms significantly suppressed test
responses (Fig. 513). This phenomenon was termed
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Fig. 51.3. Cerebellar inhibition. (A) Representative averaged electromyographic responses from the first dorsal interosseus (FDI)
in a healthy subject. Top trace shows the control response to single-pulse transcranial magnetic stimulation (TMS); the lower traces
show conditioned responses at interstimulus intervals (ISIs) of between 4 and 7 ms. (B) Time courses of cerebellar suppression for
single subjects (upper graph) and mean time course (lower graph). Motor evoked potential (MEP) suppression was elicited at 5 ms
and lasted for a few milliseconds. (From Ugawa and Iwata, 2005.)
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cerebellar inhibition (Ugawa et al., 1991a). The lack of cer-
ebellar inhibition by reversing the TES current directions
supports the notion that unilateral cerebellar stimulation
actually induced cortical inhibition.

It is well known that electrical or magnetic stimulation
of M1 elicits multiple successive descending volleys
(Amassian et al., 1987, Day et al., 1989). The initial wave
observed is elicited by a direct stimulation of corticospinal
neurons and is therefore termed the D-wave. The D-wave
is followed by several indirect waves (I-waves) at intervals
of about 1.5 ms, which are termed 11+, 12-, and I3-waves, in
order of their appearance. The latency difference between
D-waves and [3-waves is thus about 4.5 ms. Depending on
the current direction induced by TMS, different D- or [-
waves are elicited preferentially (Sakai et al., 1997). Pos-
teriorly directed currents in the brain preferentially evoke
[3-waves, whereas anteriorly directed currents in the brain
preferentially evoke Il-waves. To study which descending
volleys are influenced by cerebellar stimulation, a more
detailed evaluation was performed by using variously
directed test stimulus currents with a figure-of-eight coil
placed over M 1. Cerebellar inhibition was observed pref-
erentially in I3-waves, peaking at an ISI of 6 and 7 ms, and
was not observed in responses to Il-waves (Fig. 51.4)
(Ugawa and twata, 2005).

Consistently, cerebellar stimulation did not suppress
MEPs to TES of M1, which elicits mainly D-waves. These
results suggest that cerebellar inhibition act on the
target neurons for I3 interneurons in the primary motor
cortex, which are probably I2 interneurons. Considering
this intracortical delay of about 4-5ms to activate
pyramidal neurons after cortical TMS, cerebellar inhibi-
tion observed at ISIs from 6 to 7ms in fact reflects
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Fig. 51.4. Effects of cerebellar inhibition on I-waves. Top
rows show control responses to single-pulse transcranial mag-
netic stimulation (TMS). Lower rows show small conditioned
responses to I3-waves at an interstimulus interval (IST) of 6 ms
(left), whereas I1-waves were not affected at either 6 or 8 ms
(right). (From Ugawa and Iwata, 2005.)
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cortical inhibition 10-11 ms after cerebellar stimulation.
This corresponds well to the conduction time mediated
transsynaptically from activation of Purkinje cells
through the dentatothalamocortical pathway to the con-
tralateral M1 (see Fig. 51.6a).

These results underline that cerebellar stimulation is
highly effective to study cerebellocerebral connections.
However, high-voltage TES may be quite painful and
thus not appropriate for a clinical routine method. There-
fore, with the development of the double-cone coil,
which is capable of stimulating deeper structures than
common flat coils, TMS was used to replace TES for
the conditioning stimulus (Ugawa et al., 1995b).

Conditioning magnetic stimuli were applied at vari-
ous locations at the back of the head with a double-cone
coil. Twelve different positions on the right side were
studied for conditioning stimulation. Upward and
downward currents directions were also compared.
Other stimulation parameters such as intensity or ISI
were similar to TES. The test stimulus was applied
through a round coil placed over the vertex with an anti-
clockwise current flow in the brain to stimulate the left
M1 optimally. Cerebellar inhibition on the contralateral
motor cortex was seen at ISIs between 5 and 7 ms (see
Fig. 51.3). Best suppressive effect was observed when
the center of the coil was positioned at the midpoint
between the inion and the mastoid process contralateral
to the stimulated M1, slightly cranial to the foramen
magnum level, and an upward current was induced in
the brain. However, recent results revealed a consider-
able interindividual variability of optimal coil placement
for brainstem stimulation and suggests careful assess-
ment of the coil position (Shirota et al., 2011). Selection
of inappropriate TMS intensity or current directions
may activate neighboring structures such as the pyrami-
dal tract in addition to the cerebellum (Ugawa et al.,
1991a; Fisher et al., 2009), which necessarily leads to a
wrong conclusion. Therefore, the position of the
double-cone coil, the current direction and the condition-
ing stimulus intensity have to be chosen very carefully,
and adapted individually to minimize inadvertent stimu-
lation of adjacent structures (Ugawa et al, 1991a;
Ugawa, 2009). In conclusion, if performed carefully,
magnetic cerebellar stimulation is able to evoke the
cerebellar inhibitory effects on contralateral M 1 with sig-
nificantly less pain than the electrical cerebellar stimula-
tion. These results indicate clinical utility of magnetic
cerebellar stimulation.

Cerebellar facilitation

In some individuals a slight facilitation was observed
before the onset of cerebellar inhibition. As the denta-
tothalamocortical pathway itself is of facilitatory nature,
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detailed experiments were conducted to explore whether
or not facilitation could be constantly evoked in humans.
The cerebellar stimulation effects on M 1were compared
among several stimulation parameters, such as the stim-
ulation intensity, ISIs, and current direction. When the
conditioning stimulus intensity was set at just below
AMT to activate the corticospinal tract, a short but sig-
nificant facilitation was elicited at an ISI of 3 ms that
lasted for less than 2ms (Fig. 51.5A) (Iwata et al,
2004). Again, only responses to I3-waves were facili-
tated; I1-waves were not affected (Fig. 51.5B). The posi-
tion and polarity of the conditioning stimulus were the
same as for cerebellar inhibition, suggesting that facili-
tation is also produced by activation of the cerebellum.
The shorter interval for the cerebellar facilitation sug-
gests a direct activation of the dentate nucleus or its
fibers (superior cerebellar peduncle). Considering the
intracortical delay of about 4-5 ms to activate pyramidal
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Fig. 51.5. Cerebellar facilitation. (A) Mean time course of
electromyographic responses. Cerebellar facilitation was
evoked at an interstimulus interval (ISI) of 3 ms, whereas inhi-
bition was evoked at an IST of 5 ms. (From Iwata et al., 2004.)
(B) Effects of cerebellar facilitation on I-waves. Top rows
show control responses to single-pulse transcranial magnetic
stimulation (TMS). Lower rows show increased conditioned
responses to I3-waves at an ISI of 3 ms (left), whereas I1-
waves were not affected at either 3 or 6 ms (right). (From
Ugawa and Iwata, 2005.)

503

neurons after cortical TMS, cerebellar facilitation which
is observed at an ISI of 3 ms has to reflect a cortical facil-
itation about 7-8 ms after the conditioning stimulus,
which matches the disynaptic conduction time via the
dentatothalamocortical pathway (Fig. 51.6B) (Iwata
et al., 2004). In conclusion, cerebellar facilitatory effects
on the contralateral M1 may usually be masked but can
be studied when current direction and the stimulation
intensity of both conditioning and test stimulus are care-
fully adjusted.

CEREBELLAR INHIBITION IN
NEUROLOGICAL DISORDERS

Studies on cerebellar inhibition in neurological patients
have been important from both methodological and clin-
ical point of view. They clearly confirmed that the effect
was mediated effectively by the cerebellothalamocortical
pathway, as we will illustrate in more detail in the follow-
ing section. But what new information can this technique
add to clinical neurology? We are not able to determine
the exact location of a lesion in ataxic patients based
on neurological examination alone, as cerebellar ataxia
may be caused by a lesion anywhere within the frontopon-
tocerebellothalamocortical loop. Furthermore, differenti-
ation of cerebellar ataxia from sensory ataxia can
sometimes be challenging. Therefore, cerebellar inhibi-
tion, which is supposed to reflect functions of the cere-
bellar efferent pathway, may be useful clinically to
differentiate cerebellar efferent ataxia from other, affer-
ent forms of ataxia (Ugawa and Iwata, 2005). Table 51.1
gives a brief overview of the findings of cerebellar inhibi-
tion in patients with various neurological disorders.

Cerebellar ataxia

Cerebellar ataxia can develop after a lesion anywhere in
the frontopontocerebellothalamocortical loop. Patients
presenting with limb ataxia and other clinical cerebellar
signs due to different focal lesions and etiologies were
studied with cerebellar stimulation. Diseases typically
affecting the cerebellar cortex are degenerative disor-
ders such as cerebellar cortical atrophy (CCA), spinocer-
ebellar ataxia (SCA), especially type 6, which often
presents with pure cerebellar symptoms, or multiple sys-
tem atrophy (MSA), especially the cerebellar type. Other
diseases affecting the neocerebellum are cerebellar
stroke, paraneoplastic diseases such as cerebellitis and
paraneoplastic CCA, or intoxication of antiepileptic
drugs. All of these diseases showed impaired cerebellar
inhibition (Fig. 51.7) (Ugawa et al., 1994b, ¢, 1997).
Similarly, involvement of the dentate nucleus or supe-
rior cerebellar peduncle in dentatorubral-pallidoluysian
atrophy or Wilson’s disease demonstrated abnormal
cerebellar mhibition (Ugawa et al., 1997). In contrast,
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Cerebellar inhibition
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Fig. 51.6. Model of the interaction between cerebellocortical modulation and the cortical interneuronal network for (A) cerebellar
inhibition and (B) cerebellar facilitation. Cerebellar inhibition is supposed to activate Purkinje cells, whereas cerebellar facilitation
activates the dentate nucleus. The intracortical delay of 4-5 ms to activate corticospinal tract neurons (CTN) after single-pulse
transcranial magnetic stimulation (TMS) of M1 explains the rather short interstimulus interval (ISI) of 5-7 ms for cerebellar inhi-
bition and 3 ms for cerebellar facilitation. CBL, cerebellum. (From Iwata et al., 2004, by kind permission of Springer Science

and Business Media.)

ataxic patients with cerebellar afferent pathway involve-
ment (pontine or middle cerebellar peduncular lesions)
had normal cerebellar inhibition, although they all
showed definite clinical signs indicative of cerebellar
ataxia (Ugawa et al., 1995a, 1997). These results confirm
that this method truly stimulates the cerebellum. More-
over, it underlines that cerebellar stimulation is able to
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differentiate lesions at the cerebellum or cerebellar effer-
ent pathways from those at cerebellar afferent pathways.

CEREBELLAR STIMULATION IN ATAXIC HEMIPARESIS

For the differential diagnosis of cerebellar symptoms,
cerebral vascular diseases (CVDs) are of particular
importance, because the cerebellum is often affected
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Table 51.1

Cerebellar inhibition in different neurological disorders

Normal cerebellar Abnormal (reduced or

inhibition absent) cerebellar inhibition
No ataxia Cerebellar ataxia (cerebellar
e Healthy efferent pathway)

e Parkinson’s disease ® Neocerebellum

e Motor neuron disease a. Degenerative (CCA,

spinocerebellar
atrophy, multiple
system atrophy,

Noncerebellar ataxia
e Peripheral nervous
system (paraneoplastic

sensory neuropathy, dentatorubral-
Sjogren syndrome) pallidoluysian atrophy)

e Spinal tract (tabes b. Vascular
dorsalis) c. Paraneoplastic

e Sensory thalamus cerebellitis/ CCA

e ] ocation unknown d. Intoxication
(Miller—Fisher— ¢ Dentate nucleus (Wilson’s
syndrome, disease, progressive
hypothyroidism) nuclear palsy)

Cerebellar ataxia (cerebellar e Superior cerebellar
afferent pathway) peduncle (progressive

nuclear palsy)
e Motor thalamus
(vascular)

e Frontal ataxia (motor
cortices, vascular)

® Pontine nuclei (vascular)

e Medial cerebellar
peduncle

CCA, cerebellar cortical atrophy

by CVD. Ataxic hemiparesis, for instance, is a lacunar
syndrome with ataxia accompanying ipsilateral corti-
cospinal tract impairment. In these patients, ataxia
may result from a small lesion anywhere within the fron-
topontocerebellothalamocortical loop.

We have recently reported on three patients with ataxic
hemiparesis, whose lesions were functionally located by
cerebellar stimulation (Kikuchi et al, 2012). Consistent
with the diagnostic criteria of ataxic hemiparesis, all three
patients clinically showed acute-onset ataxia with ipsilat-
eral pyramidal signs, dysmetria disproportional to weak-
ness and minimal to absent cortical signs.

A patient with a small infarction in the posterior limb
of the internal capsule had reduced cerebellar inhibition.
The posterior limb of the internal capsule contains the cor-
ticopontine tract at its anterior portion and the thalamo-
cortical tract at its posterior part. Magnetic resonance
imaging (MRI) demonstrated morphologically a lesion
at the posterior part of the posterior limb of the internal
capsule which suggested a lesion of thalamocortical
fibers. This morphological finding fits well with the
functional finding of an abnormal cerebellar nhibition

(Fig. 518).
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Fig. 51.7. Lack of cerebellar inhibition in patients with degen-
erative ataxia. (A) Representative averaged electromyo-
graphic responses from the first dorsal interosseus (FDI) in a
patient with degenerative ataxia. Top trace shows the control
response to single-pulse transcranial magnetic stimulation
(TMS); the lower traces show conditioned responses at inter-
stimulus intervals (ISIs) of between 5 and 7 ms. (B) Mean time
course of cerebellar suppression for control subjects and
patients with degenerative ataxia. No suppression was elicited
at any ISIs in the patient group. (From Ugawa et al., 1994c¢.)

In the second case, MRI showed a lesion in the lateral
thalamus and the cerebellar inhibition was again
reduced. The lateral thalamus is the main relay station
within the cerebellothalamocortical pathway (the cere-
bellar efferent pathway) (Fig. 51.8). The morphological
finding of cerebellar efferent pathway involvement is
again consistent with the functional finding of reduced
cerebellar inhibition.
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Case 2

Case 1

cerebellar loop

D

Case 3

Fig. 51.8. Three exemplary cases with ataxic hemiparesis. Diffusion-weighted magnetic resonance images (upper row) show
lesions of the posterior limb of the internal capsule (A), motor thalamus (B), and sensorimotor cortex (C) in the three patients.
(D) A simplified scheme of the frontopontocerebellothalamocortical loop with the site of lesion in each of the cases. Solid lines
_indicate the cerebellar efferent pathway and dotted lines the cerebellar afferent pathway. (From Kikuchi et al., 2012, by kind

permission of Springer Science and Business Media.)

Normal cerebellar inhibition was elicited in a patient
with clinical ataxia due to a lesion at the sensorimotor
cortex. As both cerebellar efferent and afferent path-
ways converge at M1, such a lesion might affect either
of them. Which pathway is involved might not always
be predictable based on MRI findings. However, nor-
mal cerebellar inhibition strongly suggests that the
lesion involved only the cerebellar afferent pathway
(Fig. 51.8).

Taken together, we conclude that investigations of
the cerebellar inhibition not only confirm the knowledge
obtained from clinical and anatomical data, but also
allow a more differentiated functional focusing in ataxia
(Kikuchi et al, 2012).

Noncerebellar ataxia

Clinical ataxia may also be caused by affection of the
sensory system. A group of patients with sensory ataxia
resulting from sensory neuropathy, spinal tract mvolve-
ment by tabes dorsalis, or sensory thalamic infarction all
had normal cerebellar inhibition (Ugawa et al., 1994b).
Furthermore, patients with ataxia of unknown origin,
such as Miller—Fisher syndrome and hypothyroidism,
also had normal cerebellar inhibition (Ugawa et al.,
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1994a, 1997; Ugawa and Iwata, 2005). These results also
underline the high utility of cerebellar TMS in clinical
differential diagnosis.

Parkinsonian syndromes

Patients with idiopathic Parkinson’s disease without ataxia
show normal cerebellar inhibition (Ugawa et al., 1994b,
1997). Progressive supranuclear palsy (PSP) is a kind of
parkinsonian syndrome characterized by supranuclear
gaze palsy and postural instability. Patients usually do
not show clinical ataxic signs despite frequent pathologi-
cal cerebellar involvement. However, patients with PSP
had significantly reduced cerebellar inhibition (Shirota
et al., 2010). This indicates that cerebellar dysfunction
may be masked by rigidity or akinesia in patients with
PSP. Cerebellar TMS possibly unmasks cerebellar dys-
function in PSP.

Focal dystonia

Recently, cerebellar structural abnormalities were found
in patients with dystonia, leading to the idea that the
cerebellum might play some role in the pathophysiology
of dystonia. Brighina and colleagues (2009) investi-
gated the cerebellothalamocortical pathways in focal
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task-specific dystonia, namely patients with writer’s
cramp and musician’s dystonia. Compared with an age-,
sex-, and handedness-matched control group, patients
with focal dystonia showed significantly reduced cerebel-
lar inhibition. Interestingly, abnormal cerebellar inhibition
was found not only on the affected but also on the unaf-
fected side. The authors concluded that Purkinje cell
dysfunction might affect the inhibitory drive to the denta-
tothalamocortical pathways, although the functional role
of the cerebellum remains to be determined in the patho-
physiology of dystonia (Brighina et al., 2009).

OTHER INVESTIGATIONS
Cerebellar repetitive TMS

A handful of studies have investigated the effects of cer-
ebellar repetitive TMS (r'TMS) on contralateral motor
cortical excitability, and also behavioral changes in
healthy subjects and patients with neuropsychiatric dis-
eases. The results so far have been inconsistent. The first
two studies showed an increase of MEP amplitude up to
20 minutes after 1-Hz rTMS, which usually induces sup-
pressive aftereffects. Therefore, suppression of Purkinje
cells has been supposed to be induced by cerebellar
low-frequency rTMS (Oliveri et al., 2005; Ferro et al,
2007a). Consistently, cathodal transcranial direct current
stimulation, which also reduces excitability, leads to a last-
ing inhibition of cerebellar inhibition although it did not
modulate MEP amplitudes elicited by single pulse TMS
of M1 (Galea et al,, 2009). However, a subsequent study
using theta-burst stimulation (TBS) showed contrasting
results: intermittent TBS (iTBS), which induces potentia-
tion effects, enhanced MEP amplitudes, whereas contin-
uous TBS (¢TBS), which induces suppressive effects,
decreased MEP amplitudes (Koch et al., 2008). As iTBS
and cTBS also modified short- (SICI) and long-interval
(LICI) intracortical inhibition in the opposite directions,
it was speculated that TBS might modify y-aminobutyric
“acid (GABA)ergic interneurons (Koch et al., 2008). These
rTMS studies used a normal figure-of-eight coil in con-
trast to the double-cone coil used in single-pulse cerebellar
stimulation experiments. This difference may explain the
above inconsistent results of rTMS experiments. The
mechanism of action of cerebellar rTMS is still unclear
and needs to be evaluated in further investigations.

Cerebellar rTMS and time perception

Two studies investigated effects of low-frequency cere-
bellar rTMS on time perception in healthy humans
(Fierro et al, 2007b; Koch et al., 2007). The time percep-
tion at either millisecond or second range was investigated
after I-HzrTMS over the lateral cerebellum with a figure-
of-eight coil. Both studies found that 1-Hz rTMS over the
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right or both cerebellar hemispheres resulted in an impair-
ment of millisecond time perception. The results were
consistent with an important cerebellar role in time per-
ception demonstrated by neuroimaging studies
(Jueptner et al., 1995; Smith et al., 2003). As the afteref-
fects of 1-Hz r'TMS are supposed to be LTD-like plastic-
ity, the authors argued that artificial L'TD by 1-Hz rTMS
might have interfered with the physiological LTD nor-
mally induced by Purkinje cells in time perception tasks
(Koch et al., 2007).

Cerebellar TMS and oculomotor function

It is well known that the cerebellum also plays an essential
role in oculomotor control. Several studies have investi-
gated effects of TMS on smooth pursuit and saccadic
eye movements. Single-pulse TMS over 7mm lateral
and caudal to the inion corresponding to the posterior ver-
mis resulted in hypermetria ipsilateral to the stimulation
side during saccades (Hashimoto and Ohtsuka, 1995),
accelerated ipsiversive smooth-pursuit eve movements,
and decelerated contraversive smooth-pursuit eye move-
ments (Ohtsuka and Enoki, 1998). The authors concluded
that the posterior vermis might be involved in the control
of both the accuracy of visually guided saccades and
smooth-pursuit velocity in a direction-selective manner,
consistent with earlier observations in monkeys.

In healthy volunteers, Jenkinson and Miall (2010)
studied the saccadic eye movement adaptation after
r'TMS over the posterior cerebellum. Saccade adaptation
was significantly impaired by rTMS over the cerebellum.
These results may provide direct evidence for the func-
tion of the cerebellar vermis in saccade adaptation in
humans (Jenkinson and Miall, 2010).

In contrast to the oculomotor function of the cerebel-
lar vermis, a recent study addressed the question whether
the cerebellar hemispheres are also involved in oculomo-
tor function (Panocuilléres et al, 2012). MRI-guided
single-pulse TMS applied to the lateral cerebellum after
saccade detection and before the adaptation phase
reduced saccade accuracy. However, single-pulse TMS
applied during the adaptation phase revealed bidirec-
tional effects on saccadic plasticity. Adaptation afteref-
fects showed a potentiation of the adaptive lengthening
and a depression of the adaptive shortening of saccades
(Panouilléres et al., 2012). The authors concluded that the
cerebellar hemisphere must be involved in both saccade
accuracy and saccadic adaptation controls in humans,

METHODOLOGICAL LIMITATIONS

This method is limited to study of the upper limb muscles
only. Truncal and lower limb ataxia cause serious gait
disturbances or clinical burdens. Unfortunately,
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cerebellar inhibition of M1 for lower limb or truncal
muscles has not been performed successfully.

Another issue is a technical problem. Cerebellar stim-
ulation sometimes induces antidromic pyramidal tract
coactivation when a suprathreshold stimulus is used. This
coactivation may affect the cerebellar stimu]ation exper-
iments (Ugawa et al., 1991a; Fisher . 2009; Ugawa,
2009). However, when the threshold is carefully defined
using rectified EMG (Hanajima et al.. 2007), and current
direction and stimulation site are choqen accurately
(Shirota et al., 2011), cerebellar TMS has been shown to
be a power ful and reliable method to investigate cerebel-
lar function in humans noninvasively (Ugawa, 2009).

SUMMARY, OUTLOOK,
AND PERSPECTIVES

Taking all these results together, cerebellar TMS can be
regarded as an effective and valuable method to evaluate
the cerebellothalamocortical loop function in humans and
may be useful for pathophysiological analysis of ataxia.
Moreover, growing evidence suggest that cerebellar stim-
ulation might be an unique and valuable tool for studying
the cerebellar role in other complex functions such as ocu-
lomotor function or higher cognitive functions.
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Japan Spastic Paraplegia Research Consortium (JASPAC), a nationwide clinical and genetic
survey of patients with hereditary spastic paraplegia (HSP), was started in 2006 as a project
of the Research Committee for Ataxic Diseases of the Ministry of Health, Labor, and Welfare,
Japan. To date (April 4, 2014), 448 indexed patients with HSP have been registered from 46
prefectures in Japan. We are now performing molecular testing of the HSP patients using
Sanger sequencing (SPG4, SPG11, SPG31, and ARSACS), comparative genomic hybridization
(CGH) array (SPG1, 2, 3A, 4, 5,6, 7, 8,10, 11, 13, 15, 17, 20, 21, 31, 33, 39, 42, ABCD1, alsin, and
ARSACS), and resequencing microarray (SPGI1, 2, 3A, 4, 5,6, 7, 8, 10, 11, 13, 17, 20, 21, 31, 33,
and ABCDI). In 206 Japanese families with autosomal dominant HSP, SPG4 was the most
common form, accounting for 389, followed by SPG3A (5%), SPG31 (59), SPG10 (29), and
SPG8 (1%). In 88 patients with autosomal recessive HSP, although SPGI11 was the most
common form, accounting for 6%, most showed significant genetic heterogeneity. The resulis
of molecular testing will be applicable to patients in terms of improved positive diagnosis,
follow-up, and genetic counseling. JASPAC will contribute to elucidating the molecular
mechanisms underlying HSP, and will facilitate the development of better treatments for HSP.
hereditary spastic paraplegia, JASPAC, genetic analysis
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