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Maximum HR changes from baseline showed no
significant difference between right and left seizures
(47.5 £ 19.1 vs 40.8 = 20.0/min; Student ¢ test,
2 = 0.8387).

Table 2 shows the numbers of seizures with HR
increase starting before and after ictal EEG onset in
right and left mTLEs. HR increased before ictal EEG
onset in 22 right mTLE seizures and increased after
ictal EEG onset in 7 seizures. HR increased before
ictal EEG onset in 11 left mTLE seizures and after in
31 seizures. Sensitivity and specificity of “HR increase
before ictal EEG” were 75.9% and 73.8%, respec-
tively, calculated as a lateralization sign of the right
mTLE seizures. Positive and negative predictive
values were 66.7% and 81.6%, respectively. Odds
ratio was 8.857 (95% confidence interval [CI],
3.101-28.136; p < 0.0001).

DISCUSSION In the present study, our resules
revealed that HR increase was inevitable in right
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mTLE whereas not in left mTLE, and that onset time
of HR increase was significantly earlier in right than
left mTLE seizures. Laterality findings of the ictal
tachycardia were more evident in the present study
than any previous reports, probably because we
strictly selected patients with mTLE who had an
MRI lesion in the mesial temporal structures ipsilat-
eral to ictal EEG onset. Another possibility is that
our methodology to determine tachycardia and to
define the onset time of HR increase may explain this
disparity in the results.

Early tachycardia in right temporal seizures can be
explained by sympathetic cardiovascular regulation
activated by seizures. Hemispheric lateralization of
autonomic cardiovascular control has been demon-
strated by animal studies with electrical stimulation,
extracellular recording, and lesion placement in the

insular cortex,!>"?

as well as by human studies with
electrical stimulation of the insular cortex, intracaro-
tid amobarbital procedure, and clinical evaluation of
patients with stroke.'s""? These studies indicated that
the right posterior insular cortex was critical to HR
increase. The sympathetic network from the brain to
the spine is mainly ipsilateral, as indicated by an ana-
tomical study using retrograde tracing with viral
strains,?® and a physiologic study with microinjection
of drugs to the dorsomedial hypothalamic nucleus
that is important in coordinating the autonomic sys-
tem.”’ Laterality of autonomic innervation to the
heart is also well known,?*** which results from loop-
ing and rotation of the heart tube during cardiac
development. The sympathetic fibers from the right
thoracic cord innervate the anterior base of the heart,
whereas those from the left thoracic cord innervate
the apical and posterior portions of the heart. Previ-
ous studies showed that injection of B-adrenergic
blocker abolished the tachycardia induced by stimu-
lation of the insular cortex or dorsomedial hypotha-
lamic nucleus,’>?* implying the dominant effect of
sympathetic activity. Ictal elevation of serum cate-
cholamines may be one of the augmenting factors
for ictal tachycardia. However, brainstem stimulation
in cats caused no prominent elevation of serum cat-
echolamine, at least within a few minutes.”® For all
the reasons above, we consider that a right temporal
seizure results in early tachycardia through sympa-
thetic activation transmitted from the right hemi-
sphere to the heart base.

As discussed above, the left hemisphere has a lesser
effect on cardiac sympathetic control than the right
hemisphere. We consider that the delayed HR
increase in the left temporal seizures observed in this
study resulted from seizure propagation to the right
temporal lobe. Several human studies demonstrated
that interhemispheric propagation took approxi-

mately 20 seconds in temporal lobe- epilepsy,?®?’

© 2014 American Academy of Neurology. Unauthorized reproduction of this article is prohibited.



Figure 2 Cumulative distribution of “onset time of HR increase” and “time of
maximum HR"
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Time axis is related to time of ictal EEG onset. Closed and open squares represent onset of ictal
heart rate (HR) increase in right and left temporal seizures, respectively (mean = SD, ~11.5 =
14.8 vs 9.2 == 21.7 seconds; mean difference, 20.7 seconds; 95% confidence interval, 12.1-
29.4 seconds; p < 0.0001). Closed and open triangles represent time of maximum HR in right
and left temporal seizures, respectively (36.0 = 18.1 vs 58.0 = 28.7 seconds; mean differ-
ence, 22.1 seconds; 95% confidence interval, 10.9-33.3 seconds; p < 0.0001). The distribu-
tion of left temporal seizures (open markers) did not reach 100% because 6 left temporal
seizures were accompanied by no obvious HR increase.

corresponding to our finding that the mean onset
time of HR increase was 20.7 seconds later in left
compared with right temporal seizures. The absence
of a clear HR increase in 6 left seizures can be ex-
plained by either no seizure propagation to the right
hemisphere, or inhibition of HR increase by parasym-
pathetic activation in the left mTLE seizures. The
present study observed no seizures with ictal brady-
cardia, which are known to be rare events.’

Timing of HR increase may be a valuable lateral-
izing sign of mTLE. The present study found high
odds ratio and negative predictive value. This new lat-
eralizing sign may be termed “preceding tachycardia
sign” to ictal onset in scalp EEG. Further studies with
bilateral intracranial electrodes are required to prove
our hypothesis that abrupt tachycardia is a direct phe-
nomenon of right temporal seizures, and delayed HR
increase is a secondary phenomenon after left-to-right
seizure propagation.

Table 2 Onset time of HR increase before and
after onset time of EEG seizures

Before ictal EEG onset

No HR change o] 6 6

Abbreviations: HR = heart rate; mTLE = mesial temporal
lobe epilepsy.
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ABSTRACT

Purpose: To delineate chronological changes of cortical hyperexcitability by long-term follow-up of the
amplitudes of somatosensory evoked potentials (SEPs) in patients with Japanese Unverricht~Lundborg
disease (ULD).

Method: SEPs to median nerve stimulation were repeatedly examined in 7 genetically diagnosed ULD
patients with the mean interval of 11.9 years. The degree of temporal changes in the amplitude of 3 early
cortical components, N20, P25 and N335, to the age was analyzed and compared with that of healthy
subjects.

Results: Their clinical course was almost stable during the follow-up period, namely cessation of
generalized tonic-clonic seizures and little or no progression of myoclonus. SEP amplitudes of P25 and
N35 were enlarged in all patients and were gradually decreased with aging in ULD on average. The degree
of temporal changes of P25 and N35 in ULD was similar or even lower than that of healthy subjects.
Conclusion: Enlarged but relatively stable SEP amplitudes had a consistency with so-called self-limited
clinical course in Japanese ULD. SEP amplitude could be one of the surrogate markers of the degree of
cortical hyperexcitability in ULD during the long-term follow-up period.

© 2014 British Epilepsy Association. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Unverricht-Lundborg disease (ULD) is one of the progressive
myoclonus epilepsies that is characterized by myoclonus, epileptic
seizures and cerebellar ataxia, and nowadays is called progressive
myoclonus epilepsy type 1 (EPM1).! In ULD patients, the

Abbreviations: ULD, Unverricht-Lundborg disease; EPM1, progressive myoclonus
epilepsy type 1; SEP, somatosensory evoked potential; GTCS, generalized tonic
clonic seizure.
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Movement Disorders and Physiology, Kyoto University Graduate School of
Medicine, 54 Shogoin-Kawaharacho, Sakyo-ku, Kyoto 606-8507, Japan.

Tel.: +81 75 751 3772; fax: +81 75 751 9416.
E-mail address: akio@kuhp.kyoto-u.acjp (A. Ikeda).

! Present address: Department of Clinical Laboratory Medicine, Kyoto University
Graduate School of Medicine, Japan.

2 present address: Department of Neurology, Sapporo Medical University School
of Medicine, Japan.
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somatosensory evoked potentials (SEPs) usually show enhanced
cortical components after N20 (i.e., giants SEPs) as a marker of
cortical hyperexcitability to the external stimuli®® Although
the term “progressive” was assigned, it was reported that the
European ULD patients showed self-limited progression in the later
life.# By investigating neurophysiological correlates of this clinical
course, we just recently reported 2 Japanese ULD patients who
showed clinically no or little progressive course. Their bimodal
waveforms of N35 in the previous SEPs became unimodal over the
course of 16 years, and it suggests decreased cortico-cortical
connectivity andfor cortical excitability.® We also reported the
amplitudes of the early SEP components (N20, P25 and N35) were
almost stable, although these components were already enlarged in
the previous SEP. However, it is not certain whether waveform
change of N35 is common or not because we studied only 2 patients.
We could not evaluate the chronological changes in amplitudes of
each cortical SEP component, either. Herewith we extensively
evaluated 5 more genetically proven ULD patients.

1059-1311/© 2014 British Epilepsy Association. Published by Elsevier Ltd. All rights reserved.
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In this report, we further described the temporal changes in SEP
amplitudes of a total of 7 Japanese ULD patients to delineate the
chronological changes of responsive, cortical hyperexcitability.
Only abstract is available for this study.®

2. Patients and methods

We recruited 7 Japanese patients with genetically diagnosed
ULD (4 men and 3 women; mean age at the first SEP examination
of 27.6 years, ranged from 17 to 42 years). During the follow-up
period, we collected the changes in the frequency of generalized
tonic clonic seizures (GTCSs), and the degree of myoclonus for
each patient by using the simplified myoclonus rating scale as
follows,* 0 = no myoclonus; 1 = minor myoclonus, no interference
with daily living; 2=mild myoclonus, interference with
fine movements and/or speech, no interference with walking;
3 = moderate myoclonus, patient still able to walk without
support; 4 = moderate to severe myoclonus, patient able to stand,
unable to walk without support; 5 = severe myoclonus, patient
wheelchair-bound or bedridden.

The SEPs were not recorded with completely the same
equipment and condition, since the patients belonged to several
institutes and the repeated examination were done with the mean
interval of 11.9 years (ranged from 4 to 16 years). Recording
conditions were quite consistent at least within each patient.
Furthermore, as compared with previous study,® the overall
recording condition was essentially consistent except for stimulus
frequency in several patients as follows. The median nerve was
stimulated at the wrist at a fixed rate of 1.1-3.0 Hz (1.1 Hz in 3
patients and 2.0 Hz in 4 for the previous recording; 1.1 Hz in 5 and
3.0 in 2 for the present recording) and the stimulus intensity was
adjusted to produce a clear twitch of the thenar muscle. Short
latency SEPs were recorded from C3/C4 according to the
International 10-20 System or CP3/CP4 by 10-10 System of
the American EEG Society. The electrode impedance was kept
below 5 k{). The ipsilateral earlobe to the stimulated hand (A1 or
A2)or the linked earlobes (A1 + A2) were used as the reference. The
bandpass filter was within the range of 0.5-3000 Hz. At least 200
responses were averaged.

We adopted 3 components of N20, P25 and N35. Amplitudes of
P25 and N35 were measured from the preceding opposite peak and
those of N20 were measured from the baseline. An SEP was judged
as “giant” when P25 was more than 6.3 LV or N35 was more than
9.8 wV.” We also compared the amplitudes of the 3 components of
ULD patients in the previous and present states with those of
healthy subjects (N=19; 11 men and 8 women; mean age at the
SEP examination of 49 years, ranged from 22 to 74 years) by Mann-
Whitney U test. A tangential component of N30-P30 was not
adopted in this study, since we could not detect the reliable N30-
P30 from shortage of the number of the recorded electrodes.

In order to evaluate the chronological changes in SEP amplitude
in ULD, we compared the early cortical components of SEPs
between previous and present states by Wilcoxon signed-rank test.
In addition, we analyzed the relationship between the age at SEP
recording and its amplitudes. Namely we calculated the averaged
value of the ages and amplitudes of 7 patients both at previous and
present SEP recording, and then extrapolated the chronological
changes. Since SEP amplitude increased with aging even in healthy
subjects,®® we compared the gradient of ULD patients with those
of 19 healthy subjects as reported previously.’

3. Results

As for the clinical symptoms, all the patients showed a cessation
of GTCSs and a stable or little worsened myoclonus. The
medications at the previous and present SEP recording are shown
in Table 1. During the follow-up period, the dosage of the
medications did not show clear tendency. Namely, medication was
increased in 4 patients (Patient 3, 4, 5, and 6) whereas it was
decreased in 3 patients (Patient 1, 2, and 7). The averaged
simplified myoclonus rating scale of 7 patients indicated almost
stable but moderately severe, 3.4 and 3.9 at the previous and
present recording, respectively.

In the previous recording, N20, P25 and N35 amplitudes
(mean + S.D.) in 7 ULD patients were 0.9 + 0.9 pV,10.5 + 6.4 .V and
12.9 £ 7.0 pV, and those in the present evaluation were 2.3 & 1.6 wV,
9.9+ 6.1 wV and 10.8 & 4.0 WV, respectively (Table 2). Both in the
previous and present recording, the amplitudes of N20 in ULD were

Table 1
Medications at the previous and present SEP recording in 7 patients (mg/day).
Previous Present
Age at SEP Age at SEP
Patient 1 42 VPA 1,400, CZP 4.5, PB 120, Piracetam 15,000 58 VPA 700, CZP 6, PB 60, Piracetam 6,000
Patient 2 32 VPA 3,600, CZP 12, PHT 300, CBZ 400 48 VPA 2,000, CZP 8, ZNS 300, DZP 5
Patient 3 24 VPA 1,100, CZP 6, ZNS 200 34 VPA 1,800, CZP 6, ZNS 200, Piracetam 33,000
Patient 4 31 VPA 1,200, PB 90, ZNS 200 42 VPA 1,200, CZP 6, PB 60, ZNS 200, Piracetam 27,000
Patient 5 17 VPA 1,200, CZP 1.3, PB 40, PRM 400 34 VPA 1,800, CZP 4, ZNS 600, PRM 300, AZM 250
Patient 6 24 VPA 800, CBZ 200 33 VPA 1,400, PB 50, ZNS 200
Patient 7 23 VPA 800, CZP 2, Piracetam 12,000 27 VPA 600, CZP 2, Piracetam 12,000

VPA: valproic acid, CZP: clonazepam, PB: phenobarbital, PHT: phenytoin, CBZ: carbamazepine, ZNS: zonisamide, DZP: diazepam, PRM: primidone, AZM: acetazolamide.

Table 2
Latency and amplitude of cortical components of SEPs in 7 patients, latency (ms)/amplitude (V).
Previous Present
Age at SEP  N20 P25 N35 Age at SEP  N20 P25 N35
Patient 1 42 20.6/1.3 26.6/6.6° 30.9/10.3" 58 20.1/2.5 25.4/9.5 30.8/10.9°
Patient 2 32 19.2/0.2 24.8/5.5 31.5/11.8 48 20.7/0.8 24.9/4.7 32.3/13.0°
Patient 3 24 23.7/0.0 29.1/5.2 37.9/8.3 34 20.6/2.0 25.3/6.0 31.4/10.0°
Patient 4 31 23.8/0.4 32.0/174 38.7/19.7° 42 20.9/5.1 26.6/22.4" 33.1/18.2
Patient 5 17 20.0/0.2 26.0/21.0° 32.6/24.8 34 20.3/1.1 25.8/6.6° 31.0/5.6
Patient 6 24 20.4/2.3 26.6/5.8 34.9/4.7 33 20.5/1.3 27.4/7.8 35.3/7.6
Patient 7 23 14.2/1.8 20.2/11.9 31.8/10.4 27 18.5/3.6 24.0/12.3 32.7/10.3

Average+S.D. 27.6

2034+3.2/09+09 26.5+3.6/10.5+64 34.0+3.2/129+7.0 394

20.24+0.8/2341.6 25.6+1.1/99+6.1 32.4+1.5/10.8+4.0

" Giant SEP: P25>6.3 or N35>9.8 puv 7
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Fig. 1. Correlation between the age at SEP recording and its amplitudes in 7 ULD patients. Values of N20 (A), P25 (B) and N35 (C) (different colored lines) and the gradients of
calculating the averaged value of the ages and amplitudes between previous and present SEP recordings (black lines) in 7 patients are
compared with linear regression curves of 19 healthy subjects (gray lines). N20 amplitudes were much smaller and P25 and N35 amplitudes larger in ULD patients. As for the
SEP (i.e., P25 and N35), 7 ULD patients showed a tendency of slight decrease in amplitude during the follow-up period, and the degree of its
t of healthy subjects. (For interpretation of reference to color in this figure legend, the reader is referred to the web version of this article.)
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lower than those of healthy subjects (p < 0.05). On the other hand,
the amplitudes of P25 and N35 in ULD were higher than those of
healthy subjects and only N35 amplitudes reached statistical
significance (p < 0.05). All 7 patients fulfilled the criteria of the giant
SEPs at least once during their clinical course.

The amplitudes of P25 and N35 in some of the ULD patients
tended to increase during the follow-up period, but no significant
difference in amplitude was found between previous and
present data by Wilcoxon signed-rank test. Whereas, only 1 patient
(Patient 5) showed relatively drastic decrease in SEP amplitude for
P25 and N35 (Fig. 1(b) and (c)). In total, the gradients of temporal
changes of N20, P25 and N35 amplitudes for age in the 7 ULD
patients were 0.119, -0.051, and -0.178, respectively. As
compared with healthy subjects (N20: 0.048, P25: 0.139, N35:
0.089), that of P25 and N35, were even lower than those of healthy
subjects (Fig. 1). Namely, enhanced amplitude of P25 and N35
reflects the responsive, cortical hyperexcitability across all the
7 patients, but the degree of its gradient in temporal change for
aging is not increased at all. When 1 patient (Patient 5) was
excluded because she showed dramatically decrease in ampli-
tudes, the gradients of temporal changes of N20, P25 and N35
amplitudes for age in the 6 ULD patients were quite similar to those
of aging in healthy subjects, ie., 0.141, 0.156, and 0.073,
respectively (not shown in the figure).

The waveform change of N35 from bimodal to unimodal over
the course was observed only in 2 out of 7 patients, both of whom
we reported in the previous report.”

4. Discussion

We demonstrated that SEP amplitudes were enlarged or giant
in genetically diagnosed ULD patients throughout the follow-up
period, that was quite consistent with previous reports.

We also showed that once enlarged SEP amplitude of P25 and
N35 gradually decreased on average with aging in ULD. Indeed, 5
patients for P25 and 4 patients for N35 demonstrated that enlarged
SEP amplitude gradually increased with aging, but the degree of
increment was quite comparable to that of aging in healthy
subjects (Fig. 1). Namely, most likely we were able to demonstrate
that responsive cortical hyperexcitability was not progressive for
aging but relatively stable in the primary sensori-motor cortices in
Japanese ULD. These electrophysiological findings in quite parallel
with clinical course in our patients were quite consistent with self-
limited clinical course as reported previously.? Therefore, SEP
amplitude could be one of the surrogate markers of the degree of
cortical excitability and at least a part of pathophysiology in
ULD during the long-term follow-up period. However, it is unclear
that self-limited progression was observed in all Japanese ULD
patients, since one of the patients (Patient 5), who showed a little
worsened myoclonus, showed relatively drastic decrease in SEP
amplitude. It might be explained by the paradoxical association
between giant SEP and the degree of myoclonus, which was clearly
reported in patients with cortical myoclonus previously.'®

In addition, some ULD patients in other reports with
genetically diagnosed show continuous progression in terms of
clinical symptoms as well as electrophysiological results.'" In our
previous report we mentioned the waveform change of N35 from
bimodal to unimodal could reflect a lesser degree of cortico-
cortical connectivity and/or decreased cortical hyperexcitability
in ULD patients. The additionally recruited 5 patients did
not show similar waveform change of N35 component,
which suggests not only this waveform change but also
chronological changes in SEP amplitudes contribute to self-
limited progression.

Further case accumulation showing variable clinical course is
indispensable to further clarify the clinico-electorophysiological

correlates and to solve these clinical questions in patients with
ULD. The current long-term observation in this study started
mostly after age 20 years in 6 out of 7 patients, but it was done until
before 50 years in 6 out of 7 patients. Therefore, it may not be
completely excluded that ULD patients in much older age more
than 50 years are actually so stable. Thus, it is important to
continue the evaluation of our patients to see if changes in SEP can
manifest in older patients.

There are several limitations in this study. Firstly, the change of
SEP amplitude over a decade might be due to chronic exposure to
antiepileptic or antimyoclonic drugs. In general, most antiepilep-
tic drugs seem to decrease the SEP amplitude.!? The dosages of
these drugs were not completely the same during the follow-up
period as well. Secondly, as mentioned in Section 2, the recording
conditions were not completely the same among studied patients
and within each patient. However, except stimulus rate, we
consider that the influence of the different recording conditions
on the SEP amplitude was quite small. With regard to the stimulus
rate, in the previous reports, the amplitude of P25 decreased and
N35 was not significantly altered once the stimulus rate gradually
increased from 1.0 to 5.0 Hz.'*'* In our study, the stimulus rate
increased from 2.0 Hzto 3.0 Hz in 2 patients (Patients 5 and 6), and
that decreased from 2.0 Hz to 1.1 Hz in the other 2 patients
(Patient 3 and 4) between previous and present recordings. The
change of amplitude, such as decreased amplitude of P25 only in
Patient 5, might be partly influenced by the change of stimulus
rate. Despite these limitations, our study has some value in
evaluating long-term clinico-electorophysiological changes in
Japanese ULD.

5. Conclusions

We demonstrated that SEP amplitudes were enlarged or giant
in genetically diagnosed ULD patients throughout the follow-up
period. We also showed that once enlarged SEP amplitude of P25
and N35 gradually decreased with aging in ULD. Enlarged but
relatively stable or gradually decreased SEP amplitudes had a
consistency with so-called self-limited clinical course in ULD. SEP
amplitude could be one of the surrogate markers of the degree of
cortical hyperexcitability in ULD during long-term follow-up
period.
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Abstract

Objectives: We conducted a nationwide survey of glucose transporter type-1 deficiency syndrome (GLUT-1DS) in Japan in order
to clarify its incidence as well as clinical and laboratory information.

Subjects and methods: A questionnaire to survey the number of genetically and clinically confirmed cases of GLUT-1DS was sent
to 1018 board-certified pediatric neurologists, which resulted in 57 patients being reported. We obtained the clinical and laboratory
data of 33 patients through a secondary questionnaire.

Results: The age of the 33 patients (male: 15, female: 18) at the time of the study ranged between 3 and 35 years (mean:
13.5 years). The age of these patients at the onset of initial neurological symptoms ranged between the neonatal period and
48 months (mean: 9.4 months). GLUT-1DS was diagnosed at a mean age of 8.4 years (range: 1 year to 33 years). The initial symp-
tom was convulsive seizures, which occurred in 15 cases, and was followed by abnormal eye movements in 7 cases and apneic or
cyanotic attacks in 4 cases. The latter two symptoms most frequently occurred early in infancy. Thirty-two patients (97%) exhibited
some type of epileptic seizure. Neurological findings revealed that most patients had muscle hypotonia, cerebellar ataxia, dystonia,
and spastic paralysis. Mild to severe mental retardation was detected in all 33 cases. Furthermore, paroxysmal episodes of ataxia,
dystonia/dyskinesia, and motor paralysis were described in approximately 1/3 of all patients. The factors that frequently aggravated
these events were hunger, exercise, fever, and fatigue, in that order. The mean CSF/blood glucose ratio was 0.36 (0.28-0.48). Path-
ological mutations in the SLC241 gene were identified in 28 out of 32 cases (87.5%).

Conclusion: The results described herein provided an insight into the early diagnosis of GLUT1-DS, including unexplained par-
oxysmal abnormal eye movements, apneic/cyanotic attacks, and convulsive seizures in infancy, as well as uncommon paroxysmal
events (ataxia, atonia, and motor paralysis) in childhood.
© 2014 The Japanese Society of Child Neurology. Published by Elsevier B.V. All rights reserved.
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1. Introduction

Glucose transporter-1 deficiency syndrome (GLUT-
1DS, OMIM 606777) is a metabolic disorder in the
brain that results from the central nervous system being
unable to effectively utilize glucose, which is the main
substrate providing energy to the brain under physiolog-
ical conditions [1-3]. In 1991, De Vivo et al. first
reported two patients with the disorder who presented
with infantile seizures, developmental delays, acquired
microcephaly, and unexplained hypoglycorrhachia [4].
Based on the findings of studies published to date, typ-
ical cases exhibit the onset of paroxysmal eye move-
ments and epileptic seizures in early infancy and later
present with symptoms such as developmental delays,
hypotonia, spastic paralysis, cerebellar ataxia, and dys-
tonia [1-5]. Most patients with GLUT-1DS have been
sporadic in occurrence; however, some familial cases
of GLUT-1DS with autosomal-dominant inheritance
and less often with autosomal-recessive inheritance have
also been identified [6.7]. Heterozygous de novo muta-
tions in the SLC2A41 gene (gene locus 1p35-31.3) were
previously identified to be a causative gene and have
been reported in a large number of cases [8,9]. Although
patients with missense mutations often exhibit mild
symptoms (especially mental retardation), a clear geno-
type-phenotype relationship has not yet been estab-
lished. SLC2A] gene mutations have also recently
been identified in some patients with paroxysmal exer-
cise-induced dyskinesia, early-onset absence epilepsy,
and myoclonic-astatic epilepsy, and GLUT-1DS 1is
now considered to have a wide spectrum of phenotypes
[3.10-16]. Approximately 200 cases of GLUT-1DS have
been reported to date, mainly in the US and Europe [17].
There have also been sporadic reports in Japan since
1991 [18-21]. Although epileptic seizures in GLUT-
1DS patients are often refractory to antiepileptic drug
treatments, ketogenic diet therapy (KD) is an effective
and causal therapeutic method that can supply ketone
bodies instead of glucose as a source of brain energy
[22-24). If KD can be started early, a chronic state of
glucose deficiency in the brain causing impairment of
CNS function can be prevented. Brain development is
especially pronounced during infancy and early child-
hood, and the treatable nature of this disease should
not be overlooked. Therefore, guidelines need to be
established for the early diagnosis and treatment of this
disorder. In the present study, we conducted a nation-
wide survey of this disease in order to clarify the number
of GLUT-1DS patients in Japan and their clinical and
laboratory information.

2. Subjects and methods

Genetically confirmed as well as clinically diagnosed
patients with GLUT-1DS who were treated at medical

facilities throughout Japan participated in this study.
Clinically diagnosed GLUT-1DS patients were defined
as those in whom hypoglycorrhachia was present in
association with typical neurological symptoms, but a
genetic diagnosis or erythrocyte glucose uptake assay
either had not been performed or was negative. In this
study, hypoglycorrhachia was defined as the ratio of
CSF glucose vs. blood glucose concentration sampling
being simultaneously lower than 0.45 in spite of the
absence of meningitis [17]. Typical neurological symp-
toms were described elsewhere [2.5,9.17]. A primary
questionnaire to survey the actual number of genetically
and clinically confirmed cases of GLUT-1DS was ini-
tially sent to 1018 board-certified pediatric neurologists
of the Japanese Society of Child Neurology who were
working at university hospitals, children’s hospitals,
national sanitariums, and other relevant institutes. After
the primary questionnaire was returned, a secondary
questionnaire was sent to the physicians who had
patients and who agreed to participate in the secondary
questionnaire. The clinical data collected from the sec-
ondary questionnaire included perinatal history, age at
the onset of seizures, types of seizures, neurological
complications, electroencephalogram (EEG) findings,
relationship between diet and seizures, eating habits,
biochemical findings, genetic diagnosis, brain imaging
diagnosis, developmental assessment, and treatment.
The following statistical analysis was also performed;
mental outcomes at the last follow-up in relation to
the onset age of the first symptoms as well as CSF/blood
glucose ratio, and types of SLC2A4 mutations in relation
to the onset age of the first symptoms as well as CSF/
blood glucose ratio and mental outcomes. Mental out-
comes were subclassified into borderline to mild
(80 > 1Q = 55), moderate (55>1Q = 35), and severe
(IQ < 35) retardation. When IQ was difficult to estimate,
developmental quotient (DQ) was alternatively used to
assess the mental outcome.

Mutation screenings were performed by the direct
sequencing of PCR fragments spanning the entire cod-
ing region and exon-intron boundaries of SCL2A41. If
direct sequencing yielded normal results, large rear-
rangements of SCL2AI were examined using the Multi-
ple Ligation Probe Amplification (MLPA) method. The
details of these methods were described elsewhere
[20,21].

This study was conducted with the approval of the
Ethics Committee of Tokyo Women’s Medical Univer-
sity with which the principle investigators were affiliated
and the Ethics Committees of the facilities with which
the subinvestigators were affiliated.

2.1. Statistical analyses

The chi-squared test, t-test, and one-way ANOVA
were employed to compare results between two or three
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variables. A P value of <0.05 was regarded as
significant.

3. Results
3.1. Patient demographic data

Responses to the primary questionnaire were received
from 499 pediatric neurologists. Of these, 28 pediatric
neurologists had a total of 57 patients with GLUT-
1DS. Conversely, 471 physicians responded that they
had no experience with GLUT-1DS. All 28 physicians
agreed to participate in the study and were sent the
secondary questionnaire. Detailed responses to the ques-
tionnaire survey were received for 33 of the 57 patients
and subsequently submitted for analysis. Two families
comprising 4 patients were included.

The age of the 33 patients at the time of the study
ranged between 3 and 35years with a mean age of
13.5 years (Table 1). Four patients were 20 years or
older. The age at the onset of the initial neurological
symptoms ranged between the neonatal period and
48 months after birth, with a mean age of 9.4 months.
The age at which GLUT-1DS was diagnosed was a
mean age of 8.4 years, ranging between 1 year 0 months
and 33 years. Fifteen subjects were male (45%), and 18
were female (55%). Their mean ages of the onset of neu-
rological symptoms were 9.1 months and 9.6 months,
respectively (P < 0.05). The gestational age during preg-
nancy was a mean of 38.5 weeks, ranging between 33
and 40 weeks. The average weight at birth was 2940 g.
The mean head circumference at birth, which was
recorded in 18 cases, was 32.8 cm.

3.2. Clinical analysis of first symptoms and epileptic
seizures

The most frequently reported initial symptom was a
convulsive seizure, which occurred in 15 cases, and
was followed by abnormal eye movements in 7 cases,
apneic/cyanotic attacks in 4 cases, developmental delays
in 3 cases, and atonic episodes with poor response/eye-
rolling-up in 3 cases. Abnormal eye movements were
observed in a total of 12 cases, including 5 cases who
manifested these movements following other neurologi-
cal symptoms, but were all observed in infancy.
Abnormal eye movements were described as opsoclonus
in 6 cases and (rotatory) nystagmus in the remaining 6
cases, with the mean age of onset being 6.1 months.
Apneic/cyanotic attacks were reported in 5 cases during
the infant period, including one case in which an apneic
attack appeared following other symptoms. Since it
could not be determined whether apneic/cyanotic
attacks were epileptic or nonepileptic in origin,
they were distinguished from epileptic seizures in this
study.

Thirty-two patients (97%) exhibited some type of epi-
leptic seizure. The seizure type could be classified in 27
out of 32 cases. The epileptic seizure types observed in
infancy aged between 0 and 2 years were generalized
tonic—clonic seizures (GTCS) in 10 cases, partial seizures
in 6 cases, astatic seizures in 3 cases, myoclonic seizures
in 2 cases, and febrile seizures in 1 case (Table 1). The
epileptic seizure types noted in early childhood aged
between 2 years and 6 years (n=26) were GTCS in 9
cases, partial seizures in 7 cases, absence seizures in 6
cases, astatic seizures in 5 cases, and myoclonic, febrile,
and autonomic seizures (ictal vomiting) in 2 cases each.
In later childhood aged older than 7 years (n=15),
absence seizures were reported in 7 cases, astatic sei-
zures, partial seizures, and GTCS in 4 cases each, and
febrile and autonomic seizures in 1 case each. The most
frequent epileptic seizure type observed in adolescence
and thereafter was absence seizures, which were noted
in 4 patients. Of these, the epileptic seizure types were
confirmed by video-EEG studies only in 6 patients, 5
of whom had absence seizures and 1 of whom had atonic
seizures associated with a diffuse spike-and-wave
complex.

3.3. Neurological abnormalities other than epileptic
seizures

Neurological findings revealed muscle hypotonia and
cerebellar ataxia in 59.4% and 90.9% of patients, respec-
tively, at the final examination. Spastic paralysis of var-
ious degrees was also reported in 63.6% of all cases, with
the frequency of diplegia, paraplegia, and quadriplegia
increasing in that order. Otherwise, dystonia was
observed in 45.5% of patients, with other involuntary
movements being noted in 6.1%. Dysarthria was present
in 63.6% of cases, and sensory disturbance was seen in
18.2%. However, no dysphagia or brainstem disorder
was identified. Acquired microcephaly and a short stat-
ure were observed in 30.3% and 39.4% of cases,
respectively.

Mild to severe mental retardation was recognized in
all 33 cases at the last follow-up period (borderline to
mild:12, moderate:9, severe:12). No significant differ-
ences were observed in the age at the onset of neurolog-
ical symptoms or CSF/blood glucose ratio (P >0.05)
among those with mild, moderate and severe retarda-
tion, whereas the age at the onset of neurological symp-
toms was youngest in those with severe mental
retardation (Table 2). Learning disabilities and attention
deficit hyperactive disorders were each observed in
24.2% of patients at some time during the clinical
course. However, no autistic disorders were detected.
Patients had relatively social and friendly personalities.

Regarding paroxysmal symptoms other than epileptic
seizures, paroxysmal ataxia, paroxysmal dyskinesia/
dystonia, and paroxysmal motor paralysis (hemiplegia/
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Table 1 -
Clinical. genetic, and laboratory data of the 33 patients.

Pt No Gender Ageatthetimeof  Mutation Nucleolide Type of Age at Initial symptoms Seizure type (age at the initial Age at Neurological sign Mental Interictal EEG Cyclic Microcephalus Short
the study (ycars/ change (amino acid mutation onset seizure, years/months) diagnosis i findings vomiting stature
months) change) {months) {years/ CSF/ Ataxia  Dystonia  Hypotonia  Pyramidal Paroxysmal episodes
months) blood sign (complex movement
plucase disorders)
ratio
1" M 9/8 c97TIC>T Missense 12 Developmental delay PS (2/10) 75 037 Y N N Mild Exercise-induced Mid, ¥ spikas from N N N
(p.Ser324Leu) paraplegia  dyskinesia TKBIQ = 63 infancy to school
age
2 M 12/0 ©988C > T Nonsense 4 Rotatory nystagmus  AS (0/7) ~ infancy, GCS/late 10 0.36 Y Y v Diplegin N Severe F spikes during ¥ N v
(pArg330X) infancy preschood age
3 M 16/1 ©.745_746insC Frameshift 4 Myoclonic seizures AS/infancy ~ present /9 NE Y Y Y Diplegia Rt hemiparesis Severe GSW from N N Y
(p.Arg249 fs) 29 my/ (TKBinet = 30)  infancy
dly
4 M 16/3 c1199G > A Missense 8 Horizontal & MS (2/0) ~ Ab/school age 12/2 0.45 Y Y Y Paraparesis N Moderate. GSW during Y N N
(p.Argd00His) rotatory nystagmus (FSIQ = 48} school age
5 M 18/8 €.579delC Frameshift 6 Opsoclonus PS {1/9), Abfadolescence 1477 029 Y Y Y Diplegia Hemiplegia/ Severe GSW during Y N A4
(p.1Ic19311efsX36) dyskinesia school ge
6 M 20/5 €.84C > G (p.Tyr28X) Nonsense 2 Myoclonic seizures MS/infancy. CPSflate infancy~ /7 0.3 Y v ¥ Tetruplegia N Severe Ne epileptic v N v
abmormality
7 F 35/2 cINC>T Missense N Febrile seizure GTCS/early childhood 33/3 NE N N N N Dystonia Mild GSW during N N N
(p.Ser32dLeu) school age
8 F 10/7 €997C>T Missense 15 Myoclonic seizures MS + GTS/early childhood 47 0.34 Y Y Y Diplegia N Moderate ¥ spikes from Y ¥ Y
(p.Arg333Trp) DO = 46 infancy 10 school
age
9 M 12/7 ©.902_903insC Frameshift 3 Absence attack AS + GTCS/infancy, 6/6 0.31 Y Y Y Tetraplegia N Severe DO = 13 ¥ spidies from Y N N
(p.A301{sX380) AA + GTCS/early childhood. infancy (o schoot
AA_PS/school age age
10 F 12/4 Not identified i Eye-rolling up with CPS, Abfinfancy. AS/early 574 NE Y s Y Paraplegia N Severe GSW during v v Y
1o response childhood, AA. AS/school age. (30 mg/ preschool age =
AS/adolescent dny
n F 12/10 c679+1G> A Splice site 9 Focal twitching of PS (monthly)/infancy 53 0.36 Y Y Y Paraplegia N Severs GSW + C spikes N Y Y =
mutation the face with cyanosis from infancy <
for 2-3 min I
12 M 14/0 Not identificd 2 Opsoclonus PSfinfancy, GTSA -+ AS 70 0.39 Y Y Y Paraplegia N Moderate ND Y v Y ~
(daily)/early childhood. GTCS o
(yearly)/adolescent ~
13 F 14/0 Not identified 5 Opsoclonus GTS/infancy, AA/early 30 0.39 Y Y Y N N Mild 2-3GSW from Y Y N —~
childhood. AS/adolescent infancy foo]
14 F 770 Not identified 3 Opsoclonus Ab/infancy, AS/early 576 0.38 Y N Y N N Mild No epileptic Y N Y :'\‘
childhood. AS/adolescent abnormality =,
15 F 49 ©227G>C Missense 36 Eye rolling-up with AA/early childhood 477 NE N N N N Ataxia Borderline GSW during Y ND, » =
{p.Gly76Ala) motion arrest and {38 mg/ preschool age [
LOC dly
16 M 9/6 €997C>T Missense 3 GTS PS + GTS/infancy, 9 0.34 Y N N N Ataxia Mild No epileptic Y N b
Pp.Arg333Trp GTCS + vomiting/early abnormality &
childhood =
17 M N ©.1279_1280ins26 Frameshift Neonatal Paroxysmal Nystagmus with LOC/infancy 27 0.32 Y N N.D. N Ataxia Modersie F spikes during N N N &
{p.Gind27 fs) period nystagmus. preschoot age 2
18 F 16/0 ¢884C>T Missense 5 GTCS GTCSfinfancy. 8/4 04 Y N N Diplegia Ataxiafhemiplegin/ Mitd € spikes during ¥ v N =
(p.Thr295Met) AA + vomiting/early tetraplegisfbatisms. infancy =
childhood, GTCS, CPS/ choren 3
adolescent =
19 F 716 ¢376C>T Missense 17 GTCS 2GTCS/early childhood, main 4/3 0.29 Y N N N Atonia with LOC Mild. 46 months/GSW. N N Y i
{p.Arg126Cys) features were paroxysmal KABC = 60 CT spikes from ]
hypotonia with LOC schoot age Z
20 F 6/2 p.Asp326Glyfs Frameshift 6 GTCS GTCS, PSfinfancy carly 3/m 0.32 Y Y N N N Mild No epileptic N N N §
childhood TKBinetlQ = 74 abpormality Q
21 F 52 €.431_432delTG Frameshift 9 Tonic stiffening GTS/infancy. AAfearly 2/ 0.3 Y N N N N Moderate GSW, CT spikes N N N -
(p.Vall44Gly(sX2) during crying childhood DQ == 49 =
2 M 29/10 Not done 13 GTCS GTCSfinfancy. AAfschool age  22/10 04 Y Y Y Diplegia Ataxia, myochonus Moderate Epileptic v ¥ N Iy
WISCH abnormality T
FS1Q < 30 during sdobseent w
age o
23 F 8/10 €997C>T Missense 17 PS PS/early childhood, Ab/school 473 0.35 Y N N N Ataxia {4/1atonia Mild Epilepiic w N N ‘(2
(p.Argd33Trp) age abnormality i
during preschool “
age “~
24 F 21/5 <.1198_1199insTCCAC Frameshift 5 Developmental delay CPS + CSGTCS/early 2174 0.43 Y N N Diplegin Atonia Mild Epileptic N N.D, ND. i
(p.Argd00Leufs) childhood abnormality
during school age
25 F 16/0 €988C>T Nonsense 8 Prolonged atonia CPSfinfancy & carly childhood 9/7 0.39 Y Y N Diplegia Atonia with dystonic Severe Epileptic N N
(p.Arg330X) with LOC only posture abnormality
during school age
26 M 6/10 €1279-1G > A Splice site 4 Cyanotic attack CPS & FS/early childhood 411 0.36 Y N Y Paraplegia N Severe Focal spikes N Y N
mutation during preschool
age
27 F 15/8 ¢835C>T Nousense 2 GTCS Prolonged atonia with LOC/ H“m 0.336 Y N Y N N Severe ND N N.D. N
(p.GIn279X) school age
28 F 18/4 €988C>T Nonsense 2 Apneic attack GTS/once in infancy. PS/ 16/7 0.34 Y N N Diplegia Right hemiplegia/ Mild Epileptic N N N
(p.Arg330X) adolescent atonia abnormality from
adolescent age
29 F 79 c.113delA Frameshift 1 Apneic attack CPS (monthly)/infancy 1o 34 0.38 Y N Y Y Atonia Severe ¥ spikes from N N N
(p.Lys38ArgfsX2) school age adolescent age
30 M 14/8 cl272T > A Nonsense 3 Apneic attack CPS (yearly)/9 m. Ab (daily)/ i 035 Y Y Y Paraplegin N Moderate GSW from schoot Y Y Y
(p.Tyrd24X) carly childhood. GTCS age
{yearly)/adolescent
3" M 14/1 c1031T>C Missense 3 GTS frequent & GTS/infancy, GTS + AS/ 10/9 048 Y N Y Paraplegia N Severe GSW from school N Y Y
(p.Mel344Thr) resistant school age. GTS/adolescent age
2" M 11/4 €l1031T>C Missense 48 GTCS GTCS (monthiy)/early m 0.47 N N N N N Moderate No epileptic N N N
(p-Met344Thr) childhood ~ school age abnormality
33 F 1411 Ex1_8delEx9_10dup Deletion/ 6 Ataxia & hypotonia Lt hemiconvulsion & GTCS/ 8/5 0.36 Y N Y Y N Meoderate, GSW from school N N N
duplication infancy, CPS/early childhood. TKBinetiQ = 39 age
AS. AA/school age
Abbreviations: F: female, M: male, GTCS: i ic clonic seizures, GTS: ized tonic seizures, LOC: loss of consciousness, AS: atonic seizures, AA: atypical absence seizures, CPS: complex partial seizures, MS: myoclonic seizures, PS: partial seizures, NE: not examined, CSF/BG: CSF glucose value/blood glucose value, F: frontal. GSW: generalized spike-and-

wave complex, ND: not detected, CT: centrotemporal.

Mother-child case.

Proband-sibling case.
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Table 2

Relationship between mental outcomes at the last follow-up and the onset age of the first symptoms as well as CSF/blood glucose ratio.
Borderline to Mild Moderate Severe (1Q < 35) P values
(80 > 1Q=55) (55>1Q235)

N 12 9 12

Onset age of the first neurological symptoms 10.50 £9.78 11.61 4= 14.49 392 +£2.58 0.1439

(months) ‘

CSF/blood glucose ratio 0.361 £ 0.041 (N=10)" 0.376 £ 0.056 0.357 £ 0.055 0.7092

(N = 10)"

* CSF glucose levels were only examined in 2 cases for each.

tetraplegia) were reported in 30.3%, 39.4%, and 33.3%
of patients, respectively. One patient (case 7) was diag-
nosed with paroxysmal exercised-induced dyskinesia
because the attacks were brief and mostly occurred dur-
ing physical exercise. Otherwise, cyclic vomiting (45.5%)
and paroxysmal headaches (6.1%) were also reported.

The factors that most frequently aggravated these
paroxysmal and static neurological symptoms were hun-
ger, exercise, fever, and fatigue, in that order, as well as
temperature changes, bathing, and drug-associated fac-
tors (2 patients each by phenobarbital and triclofos
sodium, one each by clonazepam and theophylline).
Contrary to our expectations, no aggravation by specific
foods or beverages was reported. Furthermore, the fac-
tors that most frequently improved abnormal neurolog-
ical symptoms were eating, sleeping, and resting, in that
order. Several patients were previously shown to have
recovered immediately from neurological abnormalities
following intravenous glucose drip infusion therapy at
a hospital [25]. It was also reported that patients were
more likely to exhibit gradual neurological improve-
ments over the long term as they got older.

3.4. Neuroimaging findings

Of the 33 patients analyzed, 14 underwent computed
tomography (CT) of the head. One case exhibited mild
atrophy of the cerebrum and cerebellum. Thirty patients
underwent magnetic resonance imaging (MRI) of the
head, with 12 exhibiting abnormalities. Various degrees
of cerebral atrophy and ventriculomegaly were detected
in 6 cases. Furthermore, diffuse delays in myelination
and high-signal foci at the subcortical white matter were
identified in 7 cases by T2-weighted or fluid-attenuated
inversion recovery imaging. In these 7 patients, abnormal
findings were all detected at 8 years old or younger.
Abnormalities were observed in 8 out of the 16 patients
who underwent cerebral blood flow single-photon emis-
sion computed tomography (SPECT), demonstrating
nonspecific localized reduced blood flow in various cere-
bral regions. Abnormal findings were identified in 15 out
of the 16 patients who underwent fludeoxyglucose-posi-
tron emission tomography (FDG-PET). FDG-PET
revealed that glucose uptake by the cerebral cortex was
reduced at various locations. Additionally, the relatively

elevated uptake of glucose by the basal ganglia was
detected in 9 cases, whereas that by the thalamus was
reduced in 4 cases. Taken together, these results indicated
that the myelination delay and high-signal foci in the sub-
cortical white matter observed on T2-weighted magnetic
resonance images as well as the relatively enhanced accu-
mulation of glucose by the basal ganglia and reduced
uptake of glucose by the thalamus observed in FDG-
PET study were characteristic of this disorder (Fig. 1).

3.5. EEG findings

In the interictal EEG examination, the slowing of
background activity was detected in 12 out of the 33
cases (64%). These background activity abnormalities
were improved by eating (15 cases) and glucose injec-
tions (2 cases). In infancy, an epileptiform EEG abnor-
mality was reported in 5 out of 17 cases (29.4%) who
underwent the EEG examination. In early childhood,
childhood, and adolescent and beyond, an epileptiform
EEG abnormality were identified in 15 cases (62.5%),
20 cases (80%), and 7 cases (63.6%), respectively
(Table 3). Regarding the types of epileptiform EEG
abnormalities, focal epileptiform discharges were fre-
quently observed in the infancy and early childhood
periods, while generalized spike-wave discharges at
2.5-4 Hz were more frequently seen in the childhood
and adolescent periods. The focal epileptiform EEG
abnormality in early and later childhood was often
localized in the frontal region. In conclusion, the epilep-
tiform abnormality was not frequently detected during
infancy, but was increasingly identified from the early
childhood to adolescent periods in the form of general-
ized spike-wave discharges. Other neurophysiological
tests were performed in 15 cases, and abnormal auditory
brainstem responses (ABR) were noted in 3 cases,
abnormal visual-evoked potentials (VEP) in 2 cases,
and abnormal somatosensory-evoked potentials (SEP)
in 3 cases. A peripheral nerve conduction test was
performed in 9 cases with no abnormal findings.

3.6. Biochemical findings

No abnormal findings that were specific to this
disease were observed in general blood and urine
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Fig. 1. MRI and FDG-PET (fludeoxyglucose-positron emission tomography) findings of a patient with GLUT-1 DS. (A) T2-weighted image at
12 months of age shows high intense signal in the widespread subcortical and deep white matters, suggesting delayed myelination. (B) T2-weighted
image at 2 years and 9 months of age shows multiple subcortical high intense areas. (C) FDG-PET at 3 years and 4 months of age revealed relatively
enhanced accumulation of glucose in the bilateral basal ganglia (white arrows) and hypometabolism in the bilateral thalami (white arrow heads). The

right occipital lobe is also hypometabolic.

Table 3
Routine EEG findings according to the age period.

Age period N Epileptiform EEG Focal epileptiform Generalized spike-wave
discharges (%) discharges (%) discharges (%)

Infancy (<12 months) 17 5(29.4) 3 (60) 3 (60)

Early childhood (1-6 years) 24 15 (62.5) 11 (73) 8 (53)

Childhood (6-12 years) 25 20 (80) 9 (45) 10 (50)

Adolescence and beyond (12 years 11 7 (63.6) 3(28) 9 (82)

<)

The total number of patient showing focal and generalized epileptiform discharges exceeded those having epileptiform EEG discharges because some

patients had both focal and generalized EEG discharges.

laboratory tests. Bone age was assessed in 9 cases, and 4
of these exhibited some delay. In a growth hormone-
loading test, 4 cases tested positive for the insufficient
secretion of growth hormones.

3.6.1. Cerebrospinal fluid (CSF) examination

CSF was analyzed in 32 cases, excluding one case of
an adult patient (mother of an affected boy, case 7). In
this case, the proband (case 1) was unexpectedly found
to have GLUT-1DS by the CSF analysis, which was per-
formed to identify the cause of paroxysmal dyskinesia.
The mean CSF glucose level was 32.4mg/dL (26—
42 mg/dL), and mean CSF (C)/blood (B) glucose ratio
(C/B ratio) was 0.36 (0.28-0.48). When the cut-off values
for diagnosis (CSF glucose level less than 40 mg/dL and
C/B ratio less than 0.45) were applied, CSF glucose lev-
els below 40 mg/dL were observed in 91% of all 45 CSF
tests, and C/B ratios were below 0.45 in 89% of all 44
CSF tests. Mean lactate and pyruvate levels were
9.6 mg/dL (6.0-13.1 mg/dL) and 0.68 mg/dL (0.39-
1.5mg/dL), respectively. The mean lactate/pyruvate
ratio was 15.4 (7.1-23.0).

3.7. Genetic diagnosis

Pathological mutations in the SLC241 gene were
identified in 28 out of the 32 cases (87.5%) who

underwent genetic testing. The remaining 4 patients
(12.5%) who were given a clinical diagnosis of GLUT-
1DS based on a low CSF C/B ratio were negative for
the SLC2A41 gene mutation. Genetic testing has not
yet been conducted in the one patient. The genetic muta-
tions identified were missense (11 cases), frame shift (8
cases), nonsense (6 cases), and splice site mutations (2
cases), as well as a large scale deletion (1 case) (Table 1).
Arg333 and Arg330 mutations, which were detected in
multiple nonconsanguineous family lines, were thought
to be prevalent mutation sites. Familial cases were
identified in two family lines (cases 1 and 7, cases 31
and 32), with the details of one being described else-
where [20]. Three cases of GLUT-1DS with SLC2A4!
mutations (case 18, 31, 32) did not exhibit the low
uptake of 3-O-methyl-D-glucose by erythrocytes.
Regarding the types of mutation (missense vs. trun-
cating mutation) in relation to clinical symptoms, the
significantly later onset of the initial symptoms, higher
C/B ratios, and better mental outcomes were observed
in patients with missense mutations (P < 0.05)(Table 4).

4. Discussion

Since we reported the first case of GLUT-1DS in
Japan in 2004, the number of cases has gradually
accumulated [18,20,24]. This study is a first nation-wide
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Table 4
Relationship between types of SLC2A mutation and the onset age of the first neurological symptoms as well as CSF/blood glucose ratio and mental
outcomes.
Missense mutation Truncating mutation” P values

N 11 17
Onset age of the first neurological symptoms (months) 16.27 + 14.02 4.38 +2.64 0.001
CSF/blood glucose ratio 0.388 + 0.066 0.344 4+ 0.037 0.0225
Mental outcomes

Borderline to  Mild 7 3

Moderate 3 4 0.0166

Severe 1 10
Epilepsy 11 16 0.6071
Paroxysmal episodes (Complex movement disorders) 7 7 0.2200
Pyramidal sign 5 13 0.1027
Postnatal microcephaly 3/10° 3/15 0.4553
Short statue 3 6/16" 0.4488
Cyclic vomoting 5 5 0.3205

* A number of cases excluded those without the information.

™ It included nonsense mutation, frame shift mutation, splice site mutation and deletion/duplication.

survey of GLUT-1DS in Japan to elucidate the preva-
lence, clinical characteristics and prognosis of the Japa-
nese patients. This survey found a total of 57 genetically
confirmed or clinically diagnosed cases of GLUT-1DS
and the clinical data of 33 of these were submitted for
analyses.

As GLUT-1DS is an epileptic encephalopathy that can
be treated with ketogenic diet therapy (KD), an early
diagnosis as well as early introduction of the KD to pre-
vent a chronic glucose deficiency in the brain is expected
[5.17]. A special form of ketone milk (Ketone Formula,
Meiji Co., Ltd., Tokyo, Japan) can be started to treat
patients from the neonatal period in Japan. Therefore,
establishing guidelines for the early diagnosis of GLUT-
1DS is important for the early introduction of KD. In
the present study, we investigated the clinical and neuro-
logical symptoms of patients with GLUT-1DS in detail in
order to identify key symptoms specific to this syndrome.

In this study, most patients with GLUT-1DS devel-
oped the initial clinical symptoms from early infancy,
which is consistent with previous findings [2,4,5]. Con-
vulsive seizures, paroxysmal attacks of abnormal eye
movements, and apnea/cyanotic attacks were most fre-
quent manifestations in that order up to 12 months of
age. Furthermore, patients had diverse epileptic seizure
types, including GTCS, myoclonic, absence, atonic,
and partial seizures. As previously reported, GTCS
and absence seizures were identified as the two most fre-
quent seizure types observed in all ages [26]. Myoclonic
and astatic seizures were also reported. As absence,
myoclonic, and astatic seizures are generally produced
by generalized spike and wave complexes, the frequent
occurrence of interictal generalized 2.5-4 Hz spike-wave
EEG discharges in our patients was consistent with
these seizure phenotypes [27].

Complex movement disorders (paroxysmal episodes
of ataxia, dystonia/dyskinesia, and motor paralysis)

including one case of paroxysmal exercised-induced dys-
kinesia were noted in 45% of cases and mostly after
infancy. Not only paroxysmal symptoms important,
but also abnormal neurological findings were considered
important, including hypotonia, cerebellar ataxia, dys-
tonia, and dysarthria of different degrees. Another
important result was that neurological abnormalities
were aggravated by hunger (especially morning fasting),
exercise, body temperature elevations (fever, hot
weather, and bathing), and fatigue, and were improved
by eating, sleeping, and resting. However, the fluctua-
tions in neurological abnormalities observed in associa-
tion with hunger or eating may not necessarily be clear
in the early clinical course of the disease.

In the present study, CSF tests were the most effective
diagnostic method and should be conducted whenever
the aforementioned paroxysmal and nonparoxysmal
neurological abnormalities are noted [28]. It was impor-
tant for CSF glucose levels to be 40 mg/dL (2.2 mMol/
L) or less and the C/B ratio to be 0.45 or less (mean,
0.35) despite normal blood glucose levels. Furthermore,
lactate levels should be normal to low. The results of this
study indicated that the recommended CSF glucose lev-
els of less than 40 mg/dL and CB ratios of less than 0.45
were appropriate [2,17]. However, the time between the
collection of cerebrospinal fluid and blood must be
strictly defined, and should more closely follow the rec-
ommendation of Klepper et al., who stated that blood
sampling should be performed 4-6h after breakfast
when blood glucose levels have stabilized and also that
blood glucose should be measured first in order to avoid
high blood glucose levels due to the stress of a lumbar
puncture [17].

A number of atypical groups, which lack neither fre-
quent epileptic seizures nor severe neurological symp-
toms despite the typical laboratory and genetic
abnormalities, have recently been  described

- 291 -



8 Y. Ito et al. | Brain & Development xxx (2014) xxx—-xxx

[3,10,12,29-317. Leen et al. [9] classified GLUT-1DS into
three clinical phenotypes based on an analysis of genet-
ically-confirmed 57 cases: (1) classic clinical phenotype:
accounting for 85% of all cases, this group was classified
into an early-onset type (onset at 2 years of age or youn-
ger) and delayed type (older than 2 years of age); (2)
atypical phenotype: accounting for 15%, this group
was characterized by mental retardation and paroxys-
mal kinesigenic choreoathetosis (paroxysmal exertion-
induced dyskinesia) and the absence of epilepsy; and
(3) adult phenotype with only subtle symptoms.
Moreover, SLC2A41 gene mutations were also found in
various cases with established epileptic as well as neuro-
logical syndromes, such as early-onset absence epilepsy,
myoclonic-astatic epilepsy, and alternating hemiplegia
syndrome, underscoring the diversity of the clinical
manifestations of GLUT-1DS [10--12.30]. In our study,
31 cases or 94% of all cases were subclassified into clas-
sical phenotype, while the remaining two cases, one was
a child and another was his mother, were subclassified
into atypical phenotype and adult phenotype, respec-
tively. It was difficult to refer to the details of epileptic
phenotypes in order to determine whether established
epileptic syndromes were included in our study because
of the limitation of the questionnaire study. However, as
far as the GLUT-1DS diagnosis is concerned, the pres-
ence of the characteristic neurological and neurocogni-
tive abnormalities, in addition to the epileptic seizures
regardless of seizure types, can help to distinguish
GLUT-1DS from specific epileptic syndromes.

Our study included two families comprising 4 cases.
Familial cases with autosomal dominant and recessive
transmission have recently been described and included
a parent or siblings having the same SLC2A41 mutation
to a proband who exhibited the typical clinical charac-
teristics, but almost no clinical symptoms or mild symp-
toms [9,20.30.32]. Hashimoto et al. already reported the
details of the two families included in the present study,
in which both families included an affected parent and
sibling and mild clinical symptoms in the mother were
undiagnosed until the proband was diagnosed [20].

EEG findings have frequently been examined in chil-
dren with GLUT-1DS because epileptic seizures have
been identified as the primary symptoms in most
patients [18]. In this study, the slowing of background
activity, epileptic focal spike discharge, especially from
the frontal region, and generalized 2.5-4 Hz spike-wave
discharges were detected from early childhood and most
frequently during the adolescent and later period. The
epileptic EEG abnormality was generally infrequent
during infancy and increased in frequency after early
childhood. However, the most important EEG finding
was the improvement observed in both epileptic abnor-
malities and background activities by the consumption
of food or administration of a glucose injection
[18,25]. The EEG examination can be performed on an

outpatient basis such that the first EEG can be recorded
in the morning after a whole night of fasting and the sec-
ond EEG can be performed 30 min after breakfast,
thereby showing marked EEG improvements and pro-
viding important information for an accurate diagnosis
of GLUT-1DS.

Neuroimaging abnormalities including cerebral atro-
phy, myelination delay, and high-signal foci in the sub-
cortical white matter (T2-weighted fluid-attenuated
inversion recovery imaging) were reported; however,
none of these were specific to this syndrome by them-
selves. In contrast, the relatively enhanced accumulation
of glucose by the basal ganglia and reduced uptake of
glucose by the thalamus on FDG-PET are considered
to be very specific to GLUT-1DS [33]. However, FDG-
PET scanning is not highly recommended when attempt-
ing to diagnose GLUT-1DS because it is expensive and
its usefulness in early diagnosis has not been proven.

Heterozygous de novo mutations in the SLC2A1 gene
(1p35-31:3, OMIM 138140) have been detected in
approximately 70%-80% of patients with GLUT-1DS,
and causes this syndrome due to haploinsufficiency
[8,9.34]. Genetic mutations were not detected in 10%—
20% of cases, which is consistent with our results. Five
patients in the present study including 4 without identifi-
able SLC2A1 gene mutations were clinically diagnosed
with GLUT-1DS based on their clinical symptoms and
low CSF glucose levels as well as good responses to
KD. A previous study speculated that potential disease
mechanisms in patients without mutations in the coding
regions of the SLC2 A1 gene could be posttranscriptional
modifications such as alternative splicing, defects in N-
glycosylation, GLUT-1 trafficking and GLUT-1 assem-
bly, which affect the GLUT-1 function[35]. Patients with
a missense mutation frequently exhibit milder clinical
symptoms; however, no clear genotype-phenotype rela-
tionship has yet been established [9]. The results of this
study also showed that patients with a missense mutation
had better mental outcomes, later onset age of the first
symptoms, and milder C/B ratio. This study included 3
cases of GLUT-1DS with SLC2A41 missense mutations
who did not exhibit the low uptake of 3-O-methyl-p-glu-
cose by erythrocytes. Recent study demonstrated that the
specific type of mutation alter GLUT confirmation and
asymmetrically affects glucose flux across the cell by per-
turbing efflux (glucose release in CSF) than influx
(uptake of glucose) [36]. A diversity of phenotypes was
observed among patients with the same mutation and
even within autosomal dominant family members, sug-
gesting a complex onset pathomechanism. The results
of our study were also consistent with findings reported
in the US and Europe.

In conclusion, this study demonstrated that unex-
plained paroxysmal abnormal eye movements, apneic/
cyanotic attacks, and convulsive seizures in infancy in
combination with complex movement disorders (ataxia,
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dystonia/dyskinesia, and motor paralysis) in early child-
hood and thereafter were important clinical manifesta-
tions for suspected GLUT-1DS. An early CSF study is
recommended for these patients and the early introduc-
tion of KD or ketone milk is important to prevent irre-
versible brain dysfunction due to the chronic depletion
of glucose in the brain. Further studies are warranted
to identify key clinical and laboratory information that
will lead to a CSF study and accurate diagnosis of
GLUT-1DS at as early an age as possible. We need a
more accumulation of GLUT-1DS cases whose early
clinical and EEG information can be obtained in details
to make an accurate diagnostic and treatment guideline.
We also need to confirm whether the early introduction
of KD can improve brain function and prevent second-
ary brain disorders.
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Trafficking;

(PTCs) and are stably translated into mutant proteins with potential dominant-negative effects.
This study involved search for mutations in candidate genes for Dravet syndrome, namely SCNTA,
2A, 1B, 2B, GABRA1, B2, and G2. A heterozygous nonsense mutation (c.118C>T, p.Q40X) in
GABRG2 was identified in dizygotic twin girls with Dravet syndrome and their apparently healthy
father. Electrophysiological studies with the reconstituted GABA4 receptors in HEK cells showed
reduced GABA-induced currents when mutated v2 DNA was cotransfected with wild-type a1 and
B2 subunits. In this case, immunohistochemistry using antibodies to the a1 and v2 subunits of
GABA, receptor showed granular staining in the soma. In addition, microinjection of mutated y2
subunit cDNA into HEK cells severely inhibited intracellular trafficking of GABA, receptor sub-
units «1 and B2, and retention of these proteins in the endoplasmic reticulum. The mutated 2
subunit-expressing neurons also showed impaired axonal transport of the «1 and B2 subunits.
Our findings suggested that different phenotypes of epilepsy, e.g., GEFS+ and Dravet syndrome
(which share similar abnormalities in causative genes) are likely due to impaired axonal transport

- Sorting;
‘Unfolded protein
response
associated with the dominant-negative effects of GABRG2.
© 2014 Elsevier B.V. All rights reserved.
Introduction

Epilepsy is associated with various gene mutations. How-
ever, the exact molecular mechanisms underlying the
pleomorphic phenotypes of this disease remain unclear.
There are two major epilepsy phenotypes associated with
mutations in the GABA, receptor. The first is genetic
epilepsy with febrile seizures plus (GEFS+). Individuals with
GEFS+ have a missense mutation in the gene encoding
the y2 subunit of the GABA, receptor, GABRG2 (Bautac
et al., 2001). The second phenotype is Dravet syndrome,
which is a malignant epilepsy condition characterized
by refractory seizures and psychomotor developmental
arrest.

Compared with Dravet syndrome, GEFS+ is relatively
benign. However, these seemingly different syndromes are
considered part of a single disease spectrum as mutations
detected in both syndromes (Mulley et al., 2005; Singh et al.,
2001) lie on the same genes, namely GABRGZ2 (Baulac et al.,
2001; Harkin et al., 2002), the gene encoding the a1 sub-
unit of the neuronal voltage-gated sodium channel, SCN1A
(Abou-Khalil et al., 2001; Claes et al., 2001, 2003; Escayg
et al., 2000, 2001; Fujiwara et al., 2003; Fukuma et al.,
2004; Gennaro et al., 2003; Kimura et al., 2005; Nabbout
et al., 2003; Ohmori et al., 2002; Sugawara et al., 2001,
2002; Wallace et al., 2003), and the gene encoding the
a2 subunit of the neuronal voltage-gated sodium channel,
SCN2A (Shi et al., 2009; Kamiva et al., 2004; Sugawara
et al., 2001). Most of the mutations initially identified in
Dravet syndrome were truncation mutations (Claes et al.,
2001; Sugawara et al., 2002). On the other hand, mutations
identified in GEFS+ were exclusively missense mutations
(Abou-Khalil et al., 2001; Escayg et al., 2000; Sugawara
et al., 2001). Based on these studies and the more malig-
nant nature of Dravet syndrome, it has been since postulated
that mutations found in Dravet syndrome are associated
with the more severe phenotypes due to a more significant
genetic loss compared to the usually milder effects of mis-
sense mutations. Intriguingly, subsequent analysis revealed
that missense mutations are also associated with Dravet syn-
drome (Fujiwara et al., 2003; Fukuma et al., 2004; Gennaro
et al., 2003; Ohmori et al., 2002).

Since most of the nonsense mutations are located in
the 5 end of SCN1A, the mutant transcripts go through a

nonsense-mediated decay (NMD) pathway (Holbrook et al.,
2004). Thus, NMD processing underlies the distinct phen-
otypes resulting from truncation mutations and, further,
may explain the variety of phenotypes associated with
different mutations in the same gene. However, the
evidence that GEFS+ and Dravet syndrome occupy the
same spectrum of disorders or are allelic variants is not
compelling.

In this study, we identified a nonsense mutation
(c.118C>T, p.Q40X) in the GABRGZ gene in individuals with
Dravet syndrome. To specify the molecular mechanisms
underlying the phenotypes of GEFS+ and Dravet syndrome
resulting from allelic GABRGZ truncation mutations, we
focused on intracellular trafficking since several mutants are
retained in the endoplasmic reticulum (ER) (Hirose, 2006;
Gallagher et al., 2005; Hales et al., 2005; Harkin et al., 200Z;
Kang and Macdonald, 2004; Macdonald et al., 2004).

Materials and methods

Ethics standards

The study methodologies conformed to the standards set
by the Declaration of Helsinki; and the study methodologies
were approved by the Ethics Review Committees of Fukuoka
University. The parents of patient and her sibling provided
signed informed consent with the understanding before the
study.

Patients

We studied a Japanese family, including dizygotic twin
girls with the epilepsy phenotype of Dravet syndrome. The
twins had experienced seizures from 2 months of age, and
one of the twins died in bed at 3 years and 5 months
of age. The twins had a novel nonsense mutation of the
gene encoding the GABA, receptor y2 subunit. We found
the same mutation in their father, who did not have any
seizure episodes. In contrast, their mother did not have
the mutation, but had several seizure episodes in early
childhood.
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