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Exome sequencing reveals a novel MRET1 mutation in a patient with
progressive myoclonic ataxia
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ABSTRACT

ARTICLE INFO
Article history: Progressive myoclonic ataxia (PMA) is a clinical syndrome defined as progressive ataxia and myoclonus and
Received 20 July 2013 infrequent seizures in the absence of progressive dementia. Due to the extremely heterogeneous nature of

Received in revised form 26 October 2013
Accepted 20 November 2013
Available online 1 December 2013

PMA, a large proportion of PMA cases remain molecularly undiagnosed. The aim of this study was to clarify the
molecular etiology of PMA. The patient was a 52-year-old female from consanguineous parents. She developed
a jerking neck movement at age 9, which gradually expanded to her entire body. On physical examination at
age 47, she exhibited generalized, spontaneous myoclonus that occurred continuously. She also presented

Keywords: " o - . e . .

M;’om::lonus with mild limb and truncal ataxia. An electroencephalogram revealed no abnormalities. A brain MRI displayed
Progressive myoclonic ataxia no atrophy of the cerebellum. Electrophysiological studies suggested myoclonus of a subcortical origin. For fur-
Tremor ther evaluation, we performed exome sequencing, and we identified a novel homozygous missense mutation

Ataxia-telangiectasia-like disorder
Neurogenetics
MRE11

in the MRE11 gene (NM_005590:¢.140C>T:p.A47V). Subsequently, we analyzed the expression of MRE11 and re-
lated proteins (RAD50 and NBS1) via Western blot, and they were markedly decreased compared to a healthy
control. Mutations in the MRE11 gene have been known to cause an ataxia-telangiectasia-like (ATLD) disorder.
Accumulating evidence has indicated that its wide phenotypic variations in ATLD correspond to genotypic differ-
ences. Interestingly, our case exhibited a relatively mild decrease in NBS1 compared to previously reported cases
of a homozygous missense mutation, which may account for the milder phenotype in this patient. Moreover,
together with a recently reported case of an MRET1 mutation, it is suggested that MRE1 1 mutations can present
as PMA.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction body disease, caused by dysfunctions of a dual-specificity protein phos-

phatase (EPM2A) [4] or a single E3 ubiquitin ligase subunit (NHLRC1)

Progressive myoclonic ataxia (PMA) is a clinical syndrome defined
as progressive ataxia and myoclonus with no or infrequent seizures in
the absence of progressive dementia [1]. Known causes of PMA include
various diseases characterized by distinct molecular etiologies [1]:
Unverricht-Lundborg disease, caused by mutation in the cystatin B
gene (CSTB) [2]; mitochondrial encephalomyopathy; sialidosis caused
by mutation in the gene encoding neuraminidase (NEU1) [3]; Lafora
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Biosciences, Graduate School of Medicine University of Tokushima, 3-18-15, Kuramoto-
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[5]; neuronal ceroid lipofuscinosis, caused by the intracellular accumu-
lation of autofluorescent lipopigment storage material [6]; and
spinocerebellar degeneration. In the case series on PMA by Marsden
et al., the authors emphasized the low diagnostic yields of PMA, and
since the publication of the case series in 1990, no new specific etiology
of classical PMA has been reported. One reasonable explanation for the
difficulties in the etiological diagnosis of PMA could be that PMA con-
sists of rare heterogeneous disorders that escape the conventional diag-
nostic approach.

In this report, due to advances in molecular diagnostic technologies,
we performed exome sequencing of a PMA patient and identified a
novel mutation in the MRE11 meiotic recombination 11 homolog A

(MRE11) gene. Mutations in MRE11 have been known to cause an atax-

ia-telangiectasia-like disorder (ATLD), which typically produces gradu-
ally progressive cerebellar ataxia and oculomotor apraxia but rarely
exhibits tumors or immunodeficiency, as observed in ataxia-telangiec-
tasia (AT) [7,8]. Although ATLD is a very rare disease and only a few
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Fig. 1. Superficial EMG. Rhythmic bursts of approximately 3 Hz were observed in Lt.SC and Lt.SCM. In Rt.SC and Lt.APB, the burst duration was much longer, which suggested the co-
existence of myoclonus and dystonia. These findings suggested that she experienced a combination of tremor, myoclonus, and dystonia. We placed an emphasis on myoclonus throughout
this report due to the clinical phenomenology (see video). Abbreviations: SC = splenius capitis muscle; SCM = sternocleidomastoid muscle; APB = abductor pollicis brevis muscle;

EPB = extensor pollicis brevis muscle; Rt = right; Lt = left.

mutations have been reported, increasing evidence has suggested that
ATLD patients can present with different symptoms [8-10]. In this
study, we describe the unique clinical characteristics of a patient with
a novel homozygous MRE11 mutation, and we discuss the genotype-
phenotype correlation.

2. Methods

The study was approved by the ethics committee of Hiroshima
University, and the patient provided written informed consent.

2.1. Patient

The patient was a 52-year-old Japanese female who was born to haif
cousin parents. Her mother and two siblings were in good health, and her
father had a history of stroke due to a carotid artery occlusion. She grew
normally until age 9, when she developed an intermittent jerking neck
movement. She underwent an examination that included an EEG, but
the results were normal. Three years later, she presented with myoclonus

Fig. 2. Brain MRI at age 47 (FLAIR). The cerebellum was preserved.

and a tremor in her right hand that was triggered by writing. Her myoc-
lonus slowly expanded to her entire body, which forced her to leave her
job as a dressmaker at age 21. The involuntary movement was refractory
to the administration of clonazepam, L-3,4-dihydroxyphenylalanine, and
benzodiazepines. She began to exhibit mild walking instabilities at ap-
proximately age 40.

She was referred to our hospital at age 47, while being able to take
care of normal household tasks. On physical examination, she experi-
enced upper body-dominant spontaneous myoclonus that occurred
continuously and was exacerbated by fine movements or emotional
stress. A startle response was not induced by touching or sound. She ex-
hibited dysmetria based on the finger-nose-finger test and the heel-
knee test, as well as dysdiadchokinesis based on the pronation-

Table 1
Sequence information and filtering criteria used to identify the mutation.
Patient

Total reads 129,722,696
Total yield (bp) 12,972,269,600
Mappable reads 114,690,581
% mappable reads (out of total reads) 884
Mean read depth of target regions 116X
Filters applied Number of variants
Total variants 80,852
Homozygous variants 37,439
Exonic/splicing variants 9581*
Not present in dbSNP135, 1000 genomes or ESP5400 57
Frameshift/nonsense/nonsynonymous variants 8
In identity by descent (IBD) regions (cut-off 3.0 cM) 5
Not present in 206 population-matched control alleles 4+
Predicted as damaging via >2 algorithms 1 (MRE11)

*Of the 9581 variants, 65 had rsIDs with a minor allele frequency <0.005. None of the 65
variants were included in the flagged SNPs or located in the genes known to cause
ataxia or myoclonus. **Variants were identified in the following genes: TRIM63, DDX4,
IL6ST, and MRE11 (see Table 2). We verified that this patient did not harbor a novel or
low-frequency (<0.005) heterozygous/homozygous variant in the MRE11, NBS1, or
RAD50 genes except for the identified mutation in MRE11. Additionally, we have searched
for mutations in the genes that have been known to cause a PMA phenotype: CSTB
(Unverricht-Lundborg disease), NEU1 (sialidosis), EPM2A, NHLRC1 (Lafora body disease),
PPT1, TPP1, CLN3, CLN6, DNAJC5, CLN5, CLN6, MFSD8, CLN8, CTSD, and GRN (neuronal ceroid
lipofuscinosis). None of these genes harbored possible causative variants.
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Table 2
Information of the remained four variants.

Variants Results of prediction algorithm Validation in the family members

Location Gene Amino acid change SIFT PolyPhen2  LRT MutationTaster ~ Patient Mother Father Sister  Brother
chr1:26386831 TRIM63 NM_032588:¢.T523C:p.S175P T(0.89) P (0481) D (0.999999) D (0.693335) m/m m/w m/w w/w w/w
chr5:55082379 DDX4 NM_001166534:c.A451C:p.N151H T (0.84) B (0) D (0.999797) N (0.038222) m/m m/m m/w m/w m/w
chr5:55253077 IL6ST NM_001190981:c.C1016T:p.S339F D (0.96) P (0.644) N (0.717027) D (0.974338) m/m m/w m/w m/w m/w
chr11:94224012 MRETIA  NM_005590:c.C140T:p.A47V D(1) D (0.991) D(1) D (0.999715) m/m m/w m/w m/w m/w

Abbreviations: T, tolerated; P, possibly damaging; D, damaging; B, benign; N, neutral; m, mutant; w, wild type. Values in brackets show prediction scores.

supination test of the hand. Her ataxia was predominantly observed in
the lower limb and the trunk. She also presented with dysarthria and
walking instabilities, with a wide-based gait. She did not exhibit spastic-
ity or muscle weakness. She did not experience ocular apraxia or
nystagmus. Her Mini-Mental State Examination score was 29/30. Elec-
trophysiological tests revealed a pattern of myoclonus of subcortical or-
igin with 100-150 ms jerks (Fig. 1). There were no features of cortical
hyperexcitability; specifically, there was neither an abnormal C-reflex
response nor a short-latency premyoclonic potential based on back-
averaging studies. Brain MRI demonstrated slight atrophy of the cere-
bral cortex; however, no atrophy was observed in the cerebellum
(Fig. 2). Technetium-99m-ECD spectroscopy revealed diffusely reduced
cerebral blood flow, while the uptake of the radioisotope was normal in
the cerebellum. Blood tests, including albumin, alpha-fetoprotein, and
immunoglobulins, were within the normal range. She did not possess
telangiectasia. An aggressive investigation for obscure cancer revealed
no signs of neoplasms. She did not present with any gastrointestinal
symptoms that would be indicative of celiac disease [11]. Abnormal
CAG expansion was not detected in the ATN1 [12], ATXN1, ATXN2,
and ATXN3 genes [13]. Her parents and two siblings underwent clinical
examination and exhibited no myoclonus, tremor, or ataxia.

2.2. Genetic analysis

Genomic DNA (gDNA) was extracted from the peripheral lympho-
cytes of the patients. A genome-wide scan of single nucleotide polymor-
phisms (SNPs) was performed using the GeneChip Human Mapping
500K Array Set (Affymetrix), selecting for runs of homozygous SNPs
(RHSs) more than 3cM in length. Under this condition, the RHSs are
able to retrieve more than 98% of the entire length of the autozygous
segments generated in first-cousin or second-cousin offspring [14].
gDNA libraries were prepared using SeqCap EZ Human Exome Library
v2.0 (Roche NimbleGen, Madison, WI). Sequencing was performed on
100-bp paired-end reads using a HiSeq2000 sequencer (Illumina, San
Diego, CA). The reads were aligned to the human reference genome
using Burrows-Wheeler Aligner software [15]. Variants were identified
using GATK software [16] and annotated using the Annovar tool [17]
with the dbSNP Build 135 database, 1000 genomes, and ESP5400
exomes. The sequencing depth was calculated using GATK. All of the

Ex7 skip + Ex7 skip,
Ex5 skip + Ex7 skip

p.N117S +
null MRE11 )

p.A4TV

| p.W210C |
Promnt ouse) _P.W210C

DNA-binding domain

reported genomic locations were in GRCh37/hg19. Control exomes
were obtained from 103 patients undergoing exome analysis, and the
most common diseases were spinocerebellar ataxia, amyotrophic later-
al sclerosis, and Parkinson's disease. The identified mutations were
validated via standard polymerase chain reaction (PCR)-based amplifi-
cation followed by sequence analysis using an Applied Biosystems
3130 Genetic Analyzer (Life Technologies, Carlsbad, CA).

2.3. EB virus-transformed lymphoblastoid cell lines (LCLs)

LCLs were established from peripheral blood lymphocytes of the pa-
tient [18]. We also used LCLs from a Nijmegen breakage syndrome
(NBS) patient, an ATLD patient, parents of the ATLD patient, and a
healthy individual [8]. LCLs were cultured in RPMI 1640 media (Life
Technologies Corporation, Carlsbad, CA) with 10% fetal bovine serum.

2.4. Western blot analysis

Western blot was performed as described previously [8]. We utilized
the same primary antibodies as in a previous report [8], except for the
inclusion of a rabbit anti-GAPDH polyclonal antibody (1:1000, R&D
systems, Minneapolis, MIN).

3. Results
3.1. Genetic analysis

After filtering, we identified one sequence variant in the MRE11
gene, which was predicted to be damaging based on all four algorithms
we adopted (SIFT, polyphen-2, MutationTaster, and LRT) (Tables 1, 2).
The mutation (NM_005590:¢.140C>T: p.A47V) was located in the nu-
clease domain, which is among the most highly conserved regions of
DNA damage response factors, and two NBS1 subunits stretch around
the outside of the domain (Fig. 3) {19,20]. Additionally, several muta-
tions have been reported in this domain in patients with ATLD
[7.8,21,22]. We further validated the mutation in the family using
Sanger sequencing, which revealed that her parents and two siblings
were heterozygous carriers of this mutation (Fig. 4). This mutation

p.W243R + | p.T481K+pRSTIX |

delefion in Ex10 _

708AA

d DNA-bmde domain

(407-421) (643-692)

Fig. 3. Schematic representation of the MRE11 protein, including previously reported mutations.
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was not detected in 174 healthy subjects There were no mutations in
either RAD50 or NBS1.

3.2. Western blot analysis

The expression of Mre11, Rad50, and NBS1 proteins was markedly
decreased in the patient compared to a healthy control (Fig. 5).

4. Discussion

This patient from consanguineous parents exhibited progressive
myoclonic ataxia and was found to possess a novel homozygous muta-
tion in the MRE11 gene. Accumulating evidence suggests that the clini-
cal symptoms associated with MRE11 mutations can vary; NBS-like
microcephaly, generalized cerebral hypoplasia, dystonia, and facial
abnormalities have been reported [8,9,21,23]. Indeed, our patient
presented with myoclonus as the primary symptom, and the onset of
" ataxia was unusually late. Furthermore, this case lacked cerebellar atro-
phy, which was a novel finding in long-term ATLD.

© ka x .2‘ e
ES L g &
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MRE11 o
RADS50
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Fig. 5. Western blot analyses of MRE11, RAD50, and NBS1 expression in lymphoblastoid
cell lines (LCLs) from the present case (patient). The expression of Mre11 (patient/normal
ratio: 0.17), Rad50 (0.08), and NBS1 (0.40) proteins was markedly decreased compared to
the healthy control. Nijmegen breakage syndrome (NBS) cells were used as an NBS1-
deficient reference, and an anti-GAPDH antibody was used to ensure equal loading. *,
previously reported ATLD family (Family 2, see [8]).

MRE11 is a component of the MRN (MRE11/RAD50/NBS1) complex
and is recruited in DNA double-strand break repair with ataxia-telangi-
ectasia mutated protein [8]. A recent structural study suggested that
MRE11-RAD50 is functionally influenced by NBS1, and the binding
between MRE11 and NBS1 is mediated by several distributed, indepen-
dent interaction sites; thus, single point mutations in the MRE11 gene
most likely do not completely disrupt the MRE11-NBS1 complex [20].
This hypothesis would be well supported by this patient, who experi-
enced milder symptoms and harbored a single homozygous missense
mutation. However, another single homozygous mutation, W210C, has

" been reported to cause a different phenotype from the present case; all

of the examined patients with W210C exhibited cerebellar atrophy
[21]. AW210C mutation was suggested to affect an NBS1 interaction re-
gion in MRE11 [20], and accordingly, the expression of the NBS1 protein
was found to be severely decreased in those patient [21]. In contrast, the
decrease in NBS1 expression was relatively mild in the present case,
which may account for the phenotypic differences among patients with
different single MRE11 mutations. Additionally, the non-polar to non-
polar modiﬁcation of the affected residue may play a role in the attenuat-
ed phenotype and the less drastic effect on the associated proteins. More-
over, the patient's attenuated ATLD phenotype could be the result of
some other modifying mutations that lessen the effect of the mutation.

The primary clinical symptom of this patient was generalized spon-
taneous myoclonus, which was most prominent in her head and neck.
Although we could not identify any lesion that was precisely responsi-
ble, rhythmic bursts of approximately 3 Hz accompanying cerebellar
ataxia led us to speculate that her involuntary movements originated
from a dysfunction in the Triangle of Guillain-Mollaret [24], which is
likely altered in ATLD patients. Interestingly, as described in the original
PMA cases by Ramsay Hunt [16], our patient also presented with
tremors in her upper limbs in addition to myoclonus, -

Recently, a separate report also addressed myoclonus and ataxia in a
patient with an MRE11 mutation, and that the patient did not present
with apparent epilepsy (personal communications) [17]. Taken togeth-
er, these cases suggest that patients with MRE11 mutations can present
as PMA.
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Finally, this case further supports the theory that mutations in the
MRET11 gene represent a broader phenotype and expands our under-
standing of these phenotype-genotype correlations. Additionally,
MRE11 mutations should be considered as a potential cause of PMA.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.jns.2013.11.032.
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tried to run (as result of a verbal order or spontaneously), a
dissynergic, propulsive pattern emerged, resulting in a festi-
nating gait with lateral displacement of the body (see Video
Segment 1). Skilled movements of the upper limbs were pre-
served. The boy’s score on the Leiter-R IQ test was 78, and
his performance on the Tower of London test was within
normal range (z= —0.50). A trial with levodopa (L-dopa)/
carbidopa was ineffective. Starting from age 9 years, brain
magnetic resonance imaging revealed progressive cerebral
and cerebellar atrophy. Proton magnetic resonance spectros-
copy detected a decline in N-acetylaspartate levels and
increased lipid signals in both the cerebral white matter and
the basal ganglia. Generalized myoclonic and tonic seizures,
which were triggered by photic stimulation, were observed
first at age 11 years. Somatosensory stimulation of the limbs
evoked giant cortical potentials, suggesting cortical
myoclonus.

At age 12 years, the boy lost the ability to read and write,
although social interaction and verbal comprehension were
relatively preserved (Vineland Adaptive Behavior Scale:
socialization domain, 6 years and 2 months; receptive sub-
domain, 7 years and 9 months). Between ages 12 and 15
years, he experienced a further clinical decline, with severe
hypokinesia and bradykinesia, impairment of postural reac-
tions, ataxia, continuous rest and action myoclonic jerks,
hypomimia, anarthric mutism, and upper limb-kinetic
apraxia (see Video Segment 2). Visual functions remained
unaffected. CLN6 gene sequencing revealed a homozygous
c.700T—C transition (p.Phe234Leu), which involved a
transmembrane domain (TM6) of the protein.> The altera-
tion was confirmed in the parents’ DNA, thus suggesting
possible consanguinity.

Discussion

Hypokinetic rigid syndrome has been associated with
CLN2, CLN3, and CLN6 (Kufs type A) diseases and CLN
with ATP13A2 gene mutation.*® In some patients, L-dopa/
carbidopa-responsiveness was reported.** In our patient,
alteration in the running pattern during the early stage of the
disease could evoke the freezing phenomenon observed in
Parkinson’s disease.® However, he never exhibited a freezing
gait phenomenon; in addition, the deteriorated pattern of run-
ning did not totally fit with the current definition of freezing.®
Alternatively, the dissociation between walking and running
would suggest a high-order motor disorder, such as apraxia.”
The extension of the term apraxia to motor disorders, which
cannot be considered sensu stricto learned® (such as walking
or running), is questionable. Nevertheless, gait apraxia has
become a common term in both adult neurology” and child
neurology, and the description of the movement disorder
affecting our patient as running apraxia best summarizes the
characteristics we observed.

L.egends to the Videos

Video Segment 1. At age 8 years, mild action tremor is
observed during the finger-to-nose test (left > right); bradyki-
nesia and hypomimia are present; and clumsiness and festi-
nation are observed when the boy tries to jump. His gait
exhibits reduced stride length, and he has a slightly reduced
arm swing on the left. A slight asymmetry in dragging the

left foot is also observed. When running, the patient shows a
remarkable and selective running inability. In the effort to
run, a sort of festinating gait is observed. (This video seg-
ment is part of a protracted recording that lasted longer
than 1 hour, and no variation in the pattern of dissociation
between gait and running was observed for the entire dura-
tion of the test).

Video Segment 2. At age 15 years, the patient exhibits
hypokinetic rigid syndrome with severe postural reaction
impairment; continuous rest and action, multifocal, myo-
clonic jerks; and kinetic apraxia of the fingers. @
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DYT6 in Japan—Genetic
Screening and Clinical
Characteristics of the

Patients

THAP1 (thanatosis-associated protein [THAP] domain-
containing, apoptosis-associated protein 1) has been identi-
fied as a cause of autosomal dominant primary dystonia
(DYT6). Mutations in the THAP1 gene were first reported
in Amish-Mennonites families,' then in European and other
American families,>> and recently in Chinese families.*
Patients with THAP1 mutations typically develop dystonia
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TABLE 1. Clinical characteristics of the four patients with THAP1 sequence variants

Variant ' Onset Response to
Patient {amino acid change) Sex Family history Onset, y symptom Disease course Treatment treatment
1 €.389_390delCA Male Positive’ 12 wC Gradually BTX, GPi-DBS, Partial
(p.S130fs133X) expanded to Vo-DBS
the entire
s : body
2 ¢.413delC Female  Positive: Father; 9 wC Localized in the BTX Refractory
(p.T1371s151X) WC right hand for-
> 30y, then
developed tor-
ticollis and
expanded to
the trunk and
legs
3 ¢.89C>A Male Positive: Father, 12 Right hand Localized in the BTX Refractory
(p.Pro30His) brother; WT tremor. right hand for-
> 30y, then
developed
torticollis
4 ¢.173T>C Female  Negative 8 Bilateral hand  Gradually Clonazepam Refractory
(p.Phe58Ser) tremor expanded to
the entire
body

2See Miyamoto et al., 2012.5

WC, writers’ cramp; BTX, botulinum toxin injection; GPi-DBS, deep brain stimulation to the internal giobus pallidus; Vo-DBS, deep brain stimulation to the ven-

tral oral nucleus of the thalamus; WT, writing tremor.

in their youth, and the muscles of the cranium, neck, and
larynx are commonly involved. Here, we report the fre-
quency of the THAPI gene mutation in primary dystonia
among the Japanese population, and we describe their clini-
cal characteristics.

Two hundred eighty Japanese patients who had primary
dystonia (183 with focal dystonia, 51 with segmental dysto-
nia, 5 with multifocal dystonia, and 41 with generalized dys-
tonia) without DYT1 mutations were enrolled. The genetic
study was approved by the ethics committee, and partici-
pants provided written informed consent. The mean age of
onset was 41.9+15.9 years (range, 5-89 years), and 52
patients (17.7%) had an age of onset <26 years. Twenty-
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seven patients (9.6%) had a positive family history of dysto-
nia. All three exons of the THAPI gene were directly
sequenced. We identified four sequence variants, and all of
them were novel: two deletions (patient 1, ¢.389_390delCA
[p.S130£s133X]%; patient 2, ¢.413delC [p.T137fs151X]) and
two missense sequence variants (patient 3, c.89C>A
[p.Pro30His]; patient 4, c.173T>C [p.Phe58Ser]). These four
sequence variants were not present in 206 population-
matched control alleles or in the dbSNP135 or Exome Vari-
ant Server databases. The two missense variations were pre-
dicted to be damaging by the PolyPhen-2 (Polymorphism
Phenotyping version 2) and scale-invariant feature transform
(SIFT) algorithms, although their pathogenic state is not
certain.

Cases

Patient 1 (c.389_390delCA) was a member of a large
family that exhibited various types of dystonia, and he had
the THAP1 mutation identified during the course of this
screening project.’ Because his dystonia symptoms became
exacerbated a few years after he underwent deep brain
stimulation (DBS) to the internal globus pallidus, we per-
formed a secondary DBS surgery targeting the thalamic
ventral oral complex nucleus (Vo-DBS). The Vo-DBS allevi-
ated hand, limb, and axial symptoms. Patient 2 (c.413delC)
and patient 3 (c.89C>A) exhibited similar clinical courses,
which were characterized by a long progression-free period.
Patient 2 developed mild writers’ dystonia in her childhood
followed by a torticollis after a 30-year period of no appa-
rent disease progression. Patient 3 presented a right-hand
tremor at age 12 years, which was localized in the right
hand over the next 30 years, and then developed torticollis.
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Notably, these patients claimed an unendurable emotional
-stress shortly before the onset of the torticollis, and they
had a family history of upper-limb dystonia. Patient 4
(c.173T>C), who was without an apparent family history
-of dystonia, exhibited unique, generalized myoclonic move-
ments. Her atypical myoclonic movements fluctuated
wildly; they were inconsistent and were accompanied by
prominent exacerbation from emotional stress. Although
she eventually was diagnosed with writers’ dystonia and
torticollis, we first gave her a diagnosis of psychogenic dys-
tonia (Table 1).

Discussion

The frequency of the THAP1 gene mutation was 1.4%
(4 of 280 patients) in Japanese patients with primary dysto-
nia, which was similar to the rates reported in other ethnic-
ities. In addition, our findings further support the possibility
that tremors and myoclonic movements may be potential
presentations associated with THAP1 mutations.®” The find-
ings also suggest that the clinical disease course in DYTé6
patients, who have rarely been studied, are not invariably
linear and could include a long-term progression-free period.
Respite periods can have importance in terms of planning
treatment strategies for THAP1 mutation carriers. @

Legends to the Video

Video Segment 1: At age 61 years, patient 2-exhibited
neck and truncal dystonia with slow wiggle movement. Her
arm swing was slightly reduced and seemed stiff. She
claimed to have severe stiffness in her neck and trunk, which
was refractory to botulinum toxin. She also had moderate
writer’s cramp, but she refused to be video-recorded only
when writing. , ; :

Video Segment 2: At age 51 .years, upon finger-nose-finger
testing, patient 3 exhibited continuous tremor in his right hand.
His left hand seemed to escape from the tremulous movement.
Note that his right hand tremor was seen at rest, at fixed posi-
tion, and when moving. He also had severe writer’s cramp.
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Sir, .

We read with great interest the article entitled 'Visual explor-
ation in Parkinson's disease and Parkinson's disease dementia’ re-
cently published in Brain by Archibald et al. (2013), because the
pattern of results shows a remarkable coincidence with the results
of our study on visual exploration in Parkinson's disease
(Matsumoto et al., 2011a, 2012).

Archibald et al. (2013) investigated how cognitive function af-
fects saccade amplitude and fixation duration during visual explor-
ation in Parkinson’s disease. In an observation similar to our own
(Matsumoto et al., 2011a), they demonstrated that the visual ex-
ploration of complex figures in patients with Parkinson's disease
was characterized by a scanning pattern consisting of hypometric
saccades with fixation durations longer than those seen in normal
healthy subjects. Hallett (2011) pointed out that these ocular fea-
tures in Parkinson's disease could represent a type of bradykinesia
called ‘ocular bradykinesia’, and that they might be caused by
basal ganglia dysfunction. We also presented data supporting
the contribution of basal ganglia dysfunction to the ocular brady-
kinesia and ocular paradoxical movement in Parkinson's disease
based on our experiments with a visual exploration task as well
as oculomotor tasks (Matsumoto et al., 2012).

An important implication of the Archibald et a/. (2013) results is
the influence of cognitive function on visual exploration. In experi-
ments consisting of five kinds of tasks that demand higher brain
function in which subjects matched comparator images against a
central stimulus using four different images, Archibald et al.
(2013) found that patients with Parkinson's disease with dementia
with more severe motor dysfunction as well as cognitive decline
made saccades with smaller amplitudes and longer fixation dur-
ations compared with those made by patients with Parkinson's

disease without cognitive impairment. They also showed that
saccade amplitude and fixation duration did not largely differ be-
tween patients with Parkinson's disease without cognitive impair-
ment and normal healthy subjects. They propose that the
observed changes in scanning behaviour reveal the efficiency
with which fixations and saccades are deployed in the build-up
to a cognitive response, and that the fixation duration in particular
may be used as a predictor of cognitive decline. This is a very
important point since the visual fixation pattern and duration of
a visual scene is known to affect the perception and memory of
that scene (Chapman et al., 2003), and since changes in scanning
behaviour may hamper the cognition of the scene explored.

It should be noted, however, that scanning parameters such as
saccade amplitude and fixation duration can vary greatly depending
on the task in use or even on the characteristics of the presented
images. In our eye-tracking study, which excluded cognitively im-
paired patients with Parkinson's disease (Matsumoto et al., 2011a),
patients with Parkinson's disease memorizing images of varying
complexity (a cube, two overlapping pentagons, a house, and the
Rey-Osterrieth complex figure) made saccades with smaller ampli-
tudes and longer fixation durations compared with healthy control
subjects. Importantly, although patients with Parkinson's disease
made saccades with long fixation durations when scanning simple
figures, they reduced their fixation durations when scanning more
complex figures. Interestingly, the differences in scanning param-
eters between patients with Parkinson's disease and normal healthy
subjects did not correspond to differences in their rates of success at
accurately reproducing the figures. Therefore, the differences in
exploration strategy in patients with Parkinson's disease did not
directly translate into disruption of their visual memory of the
images.
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These changes in scanning parameters emerged even though
we did not explicitly instruct the subjects to scan the images
with saccades. To explain this phenomenon, we proposed the
notion of ‘ocular kinesie paradoxale’ or ‘ocular paradoxical move-
ment’. The number of visual cues is greater in complex 'ﬁgures,
and it seems that patients with Parkinson's disease can use these
visual cues to generate saccades. Similarly, akinetic patients with
Parkinson’s disease can move easily if sensory guidance is present,
such as when they are asked to walk along regularly-spaced lines
drawn on the floor; this phenomenon is called somatomotor para-
doxical movement (Glickstein and Stein, 1991; Okuma, 2006).
Similarly, patients with Parkinson's disease may be able to initiate
saccades more efficiently, without ocular freezing, with the help of
the many visual cues found in complex images.

The purposes, subjects, devices, tasks, etc. differ between our
study and that of Archibald et al. (2013), but some aspects of
their study merit comment based on our experience in a similar
analysis, with particular reference to ocular paradoxical movement.

First, the tasks in their study used complex figures with many
visual cues. When subjects visually explore such images, ocular
paradoxical movement is expected to play a more important role
than it does in the exploration of simpler images. it should have
been especially important in viewing the overlapping figures,
which contained abundant visual cues. However, Archibald et al.
(2013) did not point out the possibility that ocular paradoxical
movement could contribute to impairment of visual exploration

in patients with Parkinson's disease or Parkinson’s disease with

dementia. Because all of their tasks contain relatively abundant
visual cues, we assume that the similarity between saccade amp-
litudes and fixation durations in patients with Parkinson’s disease
without cognitive impairment and those in healthy control subjects
could be explained by ocular paradoxical movement. -

Secondly, the severity of cognitive and motor dysfunction in
Parkinson's disease can influence not only the scanning param-
eters used durihg visual exploration, such as saccade amplitude
and fixation duration, but also ocular paradoxical movement.
Although the relationship between somatomotor paradoxical
movement and the severity of motor symptoms in Parkinson's
disease remains to be elucidated, patients with Parkinson’s disease
in the advanced stage are known to compensate for their motor
deficits by relying on sensory guidance (Brown and Marsden,
1988). Neuroimaging studies have shown that, whereas the dys-
function of the supplementary motor area plays a substantial role
in the pathophysiology of Parkinson's disease (Playford et al.,
1992; Samuel et al., 1997), enhanced lateral premotor cortex ac-
tivity can compensate for impaired supplementary motor area
function in the presence of visual input (Hanakawa et al.,
1999). Although it is not clear whether this holds true in the
oculomotor domain (Alexander et al., 1986), our study on saccade
abnormalities in patients with Parkinson's disease found that, as
“patients with Parkinson’s disease become progressively impaired in
making voluntary saccades in the absence of visual signals, they
fend to inadvertently make ‘reflexive’ saccades towards suddenly
presented visual signals (Terao et al., 2011). Terao et al. (2013)
suggested that these inadvertent saccades may emerge as a func-
tional compensation for basal ganglia dysfunction in Parkinson’s
disease. In patients with Parkinson’s disease with normal cognition,

mild cognitive impairment, or Parkinson’s disease with dementia,
these changes can arise from different extents of pathological
burden in the oculomotor system, not only in the basal ganglia
but also in the frontal cortex as well as the parieto-occipital cortex.

Finally, shifts in the strategy of visual exploration could also
contribute to the differences between patients with Parkinson's
disease and Parkinson's disease with dementia. In visual explor-
ation, both the mechanism of top-down instruction (in which at-
tention is allocated to an object in a goal-oriented manner) and
that of bottom-up salience (in which attention is captured by a
visually conspicuous object irrespective of the subject’s intention)
are most likely at work. A similar shift from one exploratory strat-
egy to the other is also noted in healthy control subjects depend-
ing on the context (Ludwig and Gilchrist, 2002; Terao et al., 2002;
Matsumoto et al., 2011b). Some of the cognitively demanding
tasks in Archibald et al. (2013) experiments would have predom-
inantly engaged the top-down instruction mechanism, as the sub-
jects had to actively search for a target (e.g. the overlapping
figures task), whereas other easier tasks (e.g. the clock-matching
task) may have involved the bottom-up salience mechanism. The
interaction between the scanning strategy used in a particular task
and oculomotor paradoxical movement must be considered, and
can be assessed using images with minimal and maximal numbers
of visual cues. To clarify this interaction, the authors could com-
pare saccade amplitudes and fixation durations in tasks with vary-
ing levels of cognitive demand (as reflected in the varying error
rates), and also varying numbers of visual cues, between patients
with Parkinson’s disease and Parkinson's disease with dementia.
The most difficult task, defined as that with the largest number of
visual cues, would be the overlapping figures task. To reveal the
effect of greater Parkinson's disease severity on ocular paradoxical
movement, a sub-analysis might be useful.

Taking all the data together, we consider that ocular paradox:cal
movement and visual exploration strategy both contributed to the
results of the eye-tracking analysis reported by Archibald et al.
(2013). We assume that an analysis comparing the scanning par-
ameters used in simple and complex tasks by patients with
Parkinson's disease and Parkinson's disease with dementia would
yield information about how Parkinson's disease severity relates to
ocular paradoxical movement. Resolving the relationship between
ocular paradoxical movement, scanning strategy and the severity
of Parkinson's disease through studies such as ours and that of
Archibald ef al. (2013) will certainly lead to a breakthrough re-
garding the pathophysiology of Parkinson’s disease and related
cognitive impairments.
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Furubayashi T, Mochizuki H, Terao Y, Arai N, Hanajima R,
Hamada M, Matsumoto H, Nakatani-Enometo S, Okabe S,
Yugeta A, Inomata-Terada S, Ugawa Y. Cortical hemoglobin
concentration changes underneath the coil after single-pulse trans-
cranial magnetic stimulation: a near-infrared spectroscopy study. J
Neurophysiol 109: 1626-1637, 2013. First published December
28, 2012; doi:10.1152/jn.00980.2011.—Using near-infrared spec-
troscopy (NIRS) and multichannel probes, we studied hemoglobin
(Hb) concentration changes when single-pulse transcranial magnetic
stimulation (TMS) was applied over the left hemisphere primary
motor cortex (M1). Seventeen measurement probes were centered
over left M1. Subjects were studied in both active and relaxed con-
ditions, with TMS intensity set at 100%, 120%, and 140% of the
active motor threshold. The magnetic coils were placed so as to induce
anteromedially directed currents in the brain. Hb concentration
changes were more prominent at channels over M1 and posterior to it.
Importantly, Hb concentration changes at M1 after TMS differed
depending on whether the target muscle was in an active or relaxed
condition. In the relaxed condition, Hb concentration increased up to
3-6 s after TMS, peaking at ~6 s, and returned to the baseline. In the
active condition, a smaller increase in Hb concentrations continued up
to 3-6 s after TMS (early activation), followed by a decrease in Hb
concentration from 9 to 12 s after TMS (delayed deactivation). Hb
concentration changes in the active condition at higher stimulus
intensities were more pronounced at locations posterior to M1 than at
M1. We conclude that early activation occurs when M1 is activated

“transsynaptically. The relatively late deactivation may result from the
prolonged inhibition of the cerebral cortex after activation. The pos-
terior-dominant activation at higher intensities in the active condition
may result from an additional activation of the sensory cortex due to
afferent inputs from muscle contraction evoked by the TMS.

near-infrared spectroscopy; magnetic stimulation; motor cortex; he-
moglobin concentration changes

TRANSCRANIAL MAGNETIC STIMULATION (TMS) has been widely
used to explore the activity of the human cortex in neurophys-
iological and psychophysiological research, as well as in clin-
ical practice. With the use of single pulses, paired pulses, or
multiple repetitive pulses ('TMS), various methods have been
applied to study the excitability of the motor cortex and the
activity of the intrinsic circuits in the motor cortex (Chen 2094;
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Hamada et al. 2008; Hanajima et al. 1998, 2002; Kozel et al.
2009; Kujirai et al. 1993; Mochizuki et al. 2007; Nakamura et
al. 2011; Okabe et al. 2003; Ridding et al. 1995; Shirota et al.
2010; Ziemann et al. 1996, 1998), and various techniques have
been devised to address the function of excitatory and inhibi-
tory neurons in the motor cortex. For example, the paired-pulse
TMS technique using a sub-motor threshold conditioning stim-
ulus followed by a supra-motor threshold test stimulus is now
widely used to evaluate the function of GABAergic inhibitory
interneurons in the motor cortex (Hanajima et al. 1998; Kujirai
et al. 1993). )

By combining motor cortex stimulation with stimulation of
other brain areas, TMS can also be used to study functional
connectivity between the motor cortex and various other cor-
tical areas such as the medial frontal cortex or the cerebellum
(Civardi et al. 2001; Iwata et al. 2004; Ugawa et al. 1997).
Functional connectivity has also been addressed by combining
TMS with neuroimaging techniques such as single-photon
emission computed tomography (SPECT), positron emission
computed tomography (PET), and functional magnetic reso-
nance imaging (fMRI), as well as electroencephalograhic
(EEG) recordings (Amassian et al. 1992; Bohning et al. 1998;
Farzan et al. 2008; Ilmoniemi et al. 1999; Okabe et al. 2003;
Seyal et al. 1993). The regional cerebral blood flow (CBF)
changes or EEG changes in functionally connected cortical and
subcortical areas can also be observed after stimulation of one
cortical area with a single pulse or repetitive pulses (Bestmann
et al. 2008; Bohning et al. 1998; Fox et al. 1997; Hanakawa et
al. 2009; Mochizuki et al. 2007; Shitara et al. 2011). However,
the main limitations of these studies are the technical chal-
lenges of coping with the artifacts induced by the powerful
magnetic and electrical fields resulting from TMS or the
stimulating coil itself (Kozel et al. 2009).

Near-infrared spectroscopy (NIRS) is a novel noninvasive
neuroimaging technique that can assess changes in cerebral
hemoglobin (Hb) concentrations with a temporal resolution
that is higher than that of PET or fMRI (i.e., between 0.1 and
0.5 s) but lower than that of EEG recordings. However, the
spatial resolution that NIRS provides is inferior to that of PET,
SPECT, or fMRI. NIRS can measure both oxy-Hb and de-
oxy-Hb concentrations; oxy-Hb is considered to reflect capil-
lary blood flow volume, whereas deoxy-Hb reflects the blood
flow velocity. In contrast, fMRI is based mainly on deoxy-Hb,
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