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out of 10). Following the treatment with 0.1 pg/ml of MPTP, the
skin became darkly pigmented as in the MPTP-treated zebrafish
(Fig. 3A and B), presumably due to the impairment of peripheral
catecholaminergic nerves (Bretaud et al,, 2004). However there
was no significant decrease in the number of TH* cells in the
diencephalon and medulla oblongata, nor in the level of
spontaneous swimming movement of the MPTP-treated adult
medaka at 0.1 pg/ml (data not shown). Prolonged exposure of up
to 3 weeks also did not alter the number of TH* neurons nor the
spontaneous movement (Fig. 3C, data not shown).

Next, we sought to determine the effect of MPTP on medakalarvae
since higher sensitivity of TH" neurons to MPTP has been reported in
zebrafish larvae compared to the adult (McKinley et al,, 2005). When
medaka larvae were treated with 0.2 pug/mlof MPTP for 2 days, 35 out
of 50(70%) fish survived, while only 1 out 10(10%) survived after the
treatment with 0.3 pug/ml of MPTP. The cytotoxic effect of MPTP on
dopaminergic neurons in larvae was then determined by the whole
mount immunohistochemistry 3 days after the end of exposure to
0.2 pg/ml of MPTP. In contrast to the fish exposed to MPTP at the
adult stage, the TH" signal in the diencephalon was markedly
decreased inthe fish exposed to MPTP at the larval stage (Fig. 4C). The
quantitative analysis showed 84% decrease in the TH" signal in the
MPTP-treated fish compared to the non-treated control (Fig. 4E).
These results indicate that the MPTP elicits the reduction of TH*
neurons in medaka larvae, but not in the adult fish.

Since the histological analysis showed that MPTP impaired
dopaminergic neurons, we monitored the spontaneous swimming
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movement of larvae exposed to 0.2 pug/ml of MPTP using the
automated tracking system. Starting immediately after the end of
exposure, MPTP-treated fish showed marked decrease in the total
swimming distance (Fig, 5A). Additionally, the MPTP treatment
significantly diminished the frequency and velocity of swimming
(Fig. 5B and C). Although 0.2 p.g/ml of MPTP is much lower than the
concentration used in previous reports in zebrafish (5-45 wg/ml)
(McKinley et al,, 2005; Wen et al., 2008; Bretaud et al., 2004), even
lower concentration of MPTP (0.02 p.g/ml) showed the reduction
in both the number of TH' neurons and the spontaneous
movement (Fig. 5A-D). The group treated with 0.02 pg/ml of
MPTP exhibited the intermediate phenotype between the control
and the group treated with 0.2 pg/ml of MPTP, suggesting the
dose-response relationship. To exclude the possibility of symp-
toms other than PD, we forced the fish to swim by giving them a
touch or sound stimulus, We found that MPTP-treated fish and
their untreated controls displayed comparable quick response to
these stimuli (data not shown), suggesting that MPTP affects the
spontaneous movement of medaka without associating with
muscle weakness, paralysis and sensory defect.

3.3. Persistent loss of dopaminergic neurons in the brain of medaka
exposed to MPTP at the larval stage

Not a few studies have revealed the cytotoxic effect of MPTP on

TH* cellsinteleost fish (Pollard et al,, 1992; Anichtchik et al., 2004;
Wen et al,, 2008; Bretaud et al,, 2004; Lam et al,, 2005; McKinley
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Fig. 4. Whole mount TH staining of medaka larvae following exposure to MPTP. White squares indicated diencephalic dopamine neurons. Images were taken 5 days after the
first exposure (15-dpf) (A: control, B: MPTP 0.02 pg/fml and C: MPTP 0.2 p.g/ml), and were used quantitative analysis. (D) Showed simple atlas of the images. (E) Quantitative
comparisons of the fluorescence of TH" neurons. The region of interest was set as a minimal square including TH* neurons in the diencephalon. 0.2 p.g/ml MPTP treatment
markedly reduced TH* signals in the diencephalon (C and E). **p < 0.01 vs. control. n =4 for each group.
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et al,, 2005). However, it is important to investigate the long-term
effect of MPTP-induced depletion of dopaminergic neurons
because it has been known that the fish has a strong regenerative
capacity of the brain structures (Zupanc, 2008). To this end, we
exposed 10-dpf larvae to 0.2 pg/ml MPTP for 2 days, and
measured the amounts of both dopamine and 3,4-dihydroxyphe-
nylacetic acid (DOPAC), a metabolite of dopamine, in the whole
brain at 3 months after the MPTP treatment. We verified that both
dopamine and DOPAC of the whole brain significantly decreased
in MPTP-treated fish in comparison with non-treated control fish
(Fig. 6A and B). DOPAC/dopamine ration was increased signifi-
cantly and this was consistent with other MPTP models (Fig. 6D)
(Irwin et al.,, 1990). The reduction of dopamine and DOPAC may
not reflect general toxicity of MPTP towards the whole neurons,
because MPTP did not diminish the level of norepinephrine
(Fig. 6C).
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To confirm whether MPTP injured the cluster of the dience-
phalic TH* neurons, leading to the decline of dopamine content in
the brain, we counted the number of TH" cells in the brain. The
number of TH* dopaminergic neurons in the middle diencephalon
was significantly less in the MPTP-treated group than that in the
non-treated control group (Fig. 7A-C). In contrast to the
dopaminergic neurons in the middle diencephalon, the TH* signal
intensity of dopaminergic fibers in the telencephalon were scarcely
affected by MPTP possibly reflecting the recovery of these fibers
after MPTP exposure at their larval stage (data not shown). The
number of TH* neurons in the rostro-ventral and the caudal part of
the diencephalon, and in the medulla oblongata also did not show
statistically significant differences (Fig. 7C). Western blot analysis
of whole brain extract disclosed a slight, albeit not statistically
significant, decrease in the level of TH protein in the MPTP-treated
groups (Fig. 7D). These data suggest that MPTP imposed on the
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Fig. 5. Spontaneous movement analysis of MPTP-treated medaka. (A) Total swimming distance (cm/min), (B} swimming velocity {(cm/s), (C) frequency of swimming
movement (%), (D) representative swimming track immediately after the 2 days exposure of MPTP. Total swimming distance and swimming velocity of 0.2 pg/ml MPTP-
treated fish decreased significantly 2, 7 and 30 days after the first exposure (12, 17 and 40-dpf)(A, B and D). The frequency of swimming movement also decreased 2 days after
the first exposure (12-dpf) (C). The MPTP-treated fish showed gradual recovery from the defective movement and all the parameters did not differ among the groups 90 days
after the first exposure (100-dpf) (A-C). *p < 0.05, **p < 0.01, ***p < 0.001 vs. control. n = 10 for each group.
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Fig. 6. HPLC analysis of neuro-transmitters in MPTP-treated medaka. Dopamine (A), DOPAC (B) and norepinephrine (C) amount in the whole brain of adult (100-dpf) medaka
treated with water (control), 0.02 p.g/ml MPTP and 0.2 pg/ml MPTP at the larval stage. All values are presented as the amount (ng) per protein weight (mg). Dopamine and
DOPAC were decreased in 0.2 p.g/fml MPTP-treated fish (A and B). Norepinephrine did not differ among the groups (C). (D) Showed DOPAC/dopamine ratio. *p < 0.05,

***p < 0.001 vs. control. n= 8 for each group.

larval stage causes selective and persistent loss of the middle
diencephalic TH* neurons after 3 months of exposure,

Next, we investigated a long-term effect of MPTP on neurolo-
gical function by monitoring the spontaneous swimming move-
ment of medaka over time. One month after the exposure, the
frequency of swimming movement in MPTP-treated group
completely recovered to the level of non-treated fish (Fig. 5C),
although the total swimming distance and the velocity of
swimming still decreased in MPTP-treated group (Fig. 5A and
B). Three months after the exposure, the MPTP-treated group
displayed the complete recovery of all the parameters of
swimming movement tested (Fig. 5A-C). In summary, although
MPTP treatment at the larval stage may irreversibly damage
specific cluster of diencephalic TH* neurons and thereby decrease
the amount of dopamine in the whole brain, the suppressive effect
of MPTP on the spontaneous movement is observed only
transiently and disappears 3 months after the exposure to MPTP,

4. Discussion

We here identified TH* dopaminergic neurons and noradre-
nergic neurons in the medaka brain, The larvae exposed to MPTP
showed dopaminergic cell loss and reduced spontaneous move-
ment. When these fish reached to an adult stage, they still
displayed the loss of dopaminergic neurons associated with
reduced amounts of dopamine in the whole brain, although the
movement deficit gradually recovered to the normal level.
Remarkably, MPTP-induced neuronal loss was restricted to the
middle diencephalic clusters, which may include substantia nigra-
like structure in teleosts. Therefore, we reasoned that the MPTP
treatment at the larval stage allows the establishment of a medaka
model of PD.

We demonstrated the specific toxicity of MPTP towards TH*
neurons in the middle diencephalon. Other TH* neurons including
diencephalic neurons outside this region and the neurons in
medulla oblongata did not show the reduction in number. The
vulnerability of the neurons in the paraventricular area of the
middle diencephalon to MPTP, together with their anatomical
features, supports the idea that these cells are the bona fide an
equivalent of the substantia nigra in mammals. Toxic effect of
MPTP specific to diencephalic TH™ neurons was also reported in
zebrafish (McKinley et al., 2005; Wen et al,, 2008; Bretaud et al.,
2004). By contrast, several other reports showed the reduction of
not only dopaminergic but also norepinephrinergic neurons in
MPTP-treated zebrafish and goldfish (Pollard et al, 1992;
Anichtchik et al, 2004). The differential toxic effects of MPTP on
norepinephrinergic neurons may depend on the routes of drug
administration, as we noticed that in these reports the injection of
MPTP into adult fish led to the injury of norepinephrinergic
neurons, whereas submerging the fish in the water containing
MPTP affected only dopaminergic neurons. We speculate that the
pharmacodynamics is quite different between these two methods,
with injection leading to a very high concentration in various
tissues. Recent report showed the broad toxicity of MPTP not only
on dopaminergic neurons but also on noradrenergic and histami-
nergic neurons even though they exposed zebrafish to the water
containing MPTP (Sallinen et al.,, 2009). Because the amount of
MPTP they used is much higher than our report, we speculate that
this may be due to the broader spectrum injury of MPTP,

It is also an intriguing question whether the peripheral tissue is
damaged by MPP" generated by peripheral MAO-B as suggested by
MPTP-induced skin color change (Fig. 3A and B). The metabolic
pathway and distribution of MPTP and MPP* in medaka should be
investigated in the future,
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Fig. 7. TH immunohistochemistry and western blotting of adult medaka treated with MPTP at their Jarval stage. Samples were fixed 90 days after the first exposure ( 100-dpf).
Coronal sections taken from the diencephalon level showed TH* neurons in control fish (A) and 0.2 pg/ml MPTP-treated fish (B). The numbers of TH" neurons in the middle
diencephalon decreased significantly in MPTP-treated medaka (C). The numbers of TH* neurons in the rostro-ventral and caudal diencephalon, and the medulla oblongata did
not show significant differences (C). ***p < 0.001 vs.control.n=8 for each group. (D) The protein amount of TH in the whole brain of the control, 0.02 p.g/ml MPTP-treated and
0.2 p.gfml MPTP-treated fish is examined by western blotting and then normalized by B-actin (loading control). The graph shows the ratio of TH/B-actin amount in each
genotype (the average amount of control fish = 1). The amount of TH protein did not differ significantly among the groups. n = 4 for each group.

Previous studies of zebrafish and goldfish did not follow the
long time course of MPTP toxicity, but continuous observation is
important for the model animal because of the following reasons.
First, PD is a late-onset and long-lasting neurodegenerative
disorder. Second, the brains of teleost fish show widespread adult
neurogenesis and new TH” cells are added in the olfactory bulband

diencephalon (Grandel et al,, 2006). We here show the gradual
functional recovery of dopaminergic neurons in the fish transiently
exposed to MPTP at the larval stage, as evidenced by increases in
spontaneous movement. Such behavioral recovery has been
reported in several mammalian species after MPIP treatment
(Rose et al., 1989; Elsworth et al., 1990, 2000; Kurlan et al, 1991).
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The degree of the recovery is variable and may be dependent on
several factors, including the protocol of MPTP treatment, the
species, and the method of behavioral evaluation. Interestingly, the
functional recovery observed in medaka was not accompanied by
the restoration of the number of TH* cells or by increase in the
amount of dopamine to a normal level in the adult stage. The
striatum of MPTP-treated medaka did not show robust denerva-
tion of the TH* neurons, and this may explain the behavioral
recovery observed in our medaka. Such complete behavioral
recovery despite the incomplete return of the amount of dopamine
may take place as in squirrel monkeys, possibly due to alteration in
dopamine metabolism and neuronal sprouting (Petzinger et al,
2006).

In summary we have generated a medaka PD model by treating
larval fish with MPTP, and established reliable assays from the
larval stage to the adult. Our protocol of inducing PD-like
phenotypes and our assay described in this study provides
invaluable tools to investigate medaka model of familial PD
retrieved from the TILLING library or medaka treated by other
toxins or drugs.
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SUMMARY

Autosomal dominant lateral temporal lobe epilepsy
(ADLTE) caused by LGI! (leucine-rich gene, glioma-
inactivated-1) mutations is a rare familial epileptic syn-
drome characterized by the auditory ictal manifestation
and rare nocturnal generalized seizures. We have
examined the sequence of the LGII gene in four )Japa-
nese families with lateral temporal lobe epilepsy having
characteristic auditory features, and identified one
novel (1421G>A), and one reported (1418C>T) point

mutation each in two families. These two mutations
were 3 bp apart in the LGI] gene and caused adjoining
amino acid substitutions. The two families presented
different clinical phenotypes and seizure control to drug
treatment. These findings suggest that LGI! mutations
in Japanese ADLTE families may not be uncommon,
and that diverse clinical phenotypes make adequate
diagnosis of ADLTE difficult when only based on clinical
information.

KEY WORDS: ADLTE, LGII, Mutation, Psychiatric
symptoms, Panic attack-like symptoms.

Autosomal dominant lateral temporal lobe epilepsy (AD-
LTE, MIM 600512) is a rare form of lateral temporal lobe
epilepsy with characteristic manifestations such as auditory
and visual auras, seizures triggered by auditory stimuli, and
rare nocturnal generalized seizures (Gu et al., 2005). The
majority of hereditary idiopathic epileptic disorders are
caused by mutations of genes encoding ion channel compo-
nents. The only exception in human so far is ADLTE, which
is caused by mutations in LGI1, leucine-rich glioma inacti-
vated-1, a gene encoding a secreted neuronal protein (Fukat-
aet al., 2006).

In 1995, the linkage analysis of a large family with par-
tial epilepsy showed strong evidence for localization of a
gene for partial epilepsy on 10g22-24 (Ottman et al,,
1995). In 2002 the LGII was identified as a causative gene,
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and its mutations in five families with ADLTE were
reported (Kalachikov et al., 2002). To date more than 13
point mutations with amino acid substitutions and one
insertion, five deletions, three point mutations resulting in
premature truncations, and one point mutation resulting in
skipping two exons have been reported (Morante-Redolat
et al., 2002; Fertig et al., 2003; Gu et al., 2005; Chabrol
et al., 2007). No pathologic polymorphism was found in
the promoter region of LGII (Bovo et al., 2008). Clinical
semiology seems to vary among families, but no analyses
with regard to the different ethnics were done because of
absence of reports of ADLTE from Asian countries. Herein
we report the first, non-Caucasian ADLTE families with
LGI1 mutations. The content of this article has not
appeared elsewhere except for in abstract form (Ikeda
et al., 2007).

SUBJECTS AND METHODS

Subjects

In 2005 and 2006, we had four families who were clini-
cally consistent with a diagnosis of ADLTE. They were
treated for their seizure disorders at Kyoto University Hos-
pital and resided in Kyoto province. Two families of four
carried different heterozygous mutations in the LGII gene,
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the family “O” and the family “U” (Figs. 1 and 2). Two
patients in the family “O” and three patients in the family
“U” were treated for their seizure disorders and psychiatric
symptoms at Kyoto University Hospital. The detailed clini-
cal manifestation of the two families is described in the
Results.

Gene analysis

Genetic analysis of ADLTE was approved by the Kyoto
University Graduate School of Medicine Ethical Commit-
tee, and written informed consent was obtained from all
the patients and the control participants investigated in the
present study. DNA from the five patients in the four fami-
lies were analyzed in this study. The control sample con-
sisted of DNA from 50 healthy Japanese volunteers who
gave informed consent. Using primers previously reported,
eight exons of the LGII gene were amplified and subse-
quently sequenced on an ABI310 sequencer (Applied Bio-
systems, Foster City, CA, US.A) (Michelucci et al.,
2003). Mutations in the LGII gene were confirmed by Nrul
restriction enzyme digestion.

ResuLTs

Clinical manifestation

Family “O” had a history of epilepsy in nine members in
five generations (Fig. 1). A proband, IV-5, a 27-year-old-
woman, had the first generalized tonic—clonic seizure
(GTCS) at the age of 10 years while asleep. Currently she
has GTCSs every 1-2 months, almost daily auras, and
weekly complex partial seizure (CPS), despite high-dose
polytherapy such as carbamazepine, zonisamide, and
clonazepam. The patient had several types of auras as
follows. Auditory auras consisted of high-pitched sound,

becoming gradually louder, resulting in inability to under-
stand the spoken language (aphasic state). Visual auras were
elementary, flashing light, and metamorphopsia. The
patient also had déja vu, jamais vu, and autonomic auras
(i.e., palpitation, cold sweat, and pale face). All of the auras
occurred in various combinations and also occurred inde-
pendently. Those auras, especially the latter ones, were fre-
quently followed by panic attack-like symptoms (i.e.,
sudden onset of fear and anxiety). The patient also con-
fessed that she had auditory hallucination that she should
throw her child out of the window. This occurred indepen-
dent of the ordinary auras described above. Electroencepha-
lography (EEG) showed no clear epileptiform discharges,
despite repetitive sleep EEGs, and magnetic resonance
imaging (MRT) showed the small volume of the left superior
temporal gyrus. Fluorodeoxyglucose—positron emission
tomography (FDG-PET) by statistical parametric mapping
(SPM) analysis revealed decreased glucose metabolism in
the left lateral temporal area.

The younger sister of the proband, IV-7, a 26-year-old-
woman, also had the first GTCS while asleep at the age of
11 years, and currently has GTCSs once a year, and auditory
auras (high-pitched sound) and déja vu, each several times
per week. The patient had no visual auras, jamais vu, auto-
nomic auras, or psychiatric symptoms such as anxiety
attacks. It was reported that EEG showed no clear epilepti-
form discharges.

Among their family members, four had apparent psychi-
atric symptoms such as an outrage of emotion and extraordi-
nary explosive violent behaviors. One of them (I1-12) was
admitted to the psychiatric hospital for several months, and
two of them (II-9 and I1-12) had sudden death. Five had both
psychiatric symptoms and seizures like the proband. For sei-
zure disorders, at least five (II-12, 1-2, TI-3, IV-5, and IV-7)
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Figure 2.

Pedigree of a two-generation family “U” with autosomal domi-
nant lateral temporal lobe epilepsy (ADLTE). The proband case
is indicated by the arrow. The DNA sample from I-1 (the father
of the proband) carries 1421G>A mutation in the LGll gene
(cited from lkeda et al., 2000, with permission).
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had both GTCS and partial seizures. Auditory auras were
observed in at least two members (III-3 and IV-1).

.The phenotype of the family “U” was already reported in
detail before the LGII gene was identified as a causative
gene of ADLTE in 2002 (Ikeda et al., 2000), and was
relatively uniform (Fig. 2). Briefly, I-1, the father of the
proband (II-3) was a 51-year-old, full-time employee with a
past history of febrile convulsion. At the age of 16 years, his
first nocturnal GTCS occurred. His habitual seizures also

started with a high-pitched buzzing sound, followed by loss

of awareness. The patient often noticed that his seizures
were triggered by the telephone bell. His seizures were com-
pletely controlled after adding carbamazepine to valproic
acid. Two children (II-3 was the proband in Ikeda et al.,
2000) also had first GTCS and partial seizures since the sec-
ond decade, and the seizures were completely controlled by
carbamazepine. All of them had normal MRI, and EEG
showed sharp transients in the left frontotemporal areas only
inI-1, but no clear epileptiform discharges were recorded.

Gene analysis

Sequence analysis of eight exons of LGI/ in the two
patients in family “O” (IV-5 and IV-7 in Fig. 1) revealed
point mutation (1418C>T, numbering from the first
nucleotide of the initiator codon) resulting in amino-acid
substitution of serine to leucine at the 473rd residue.
Sequence analysis of DNA from the patient in family “U”
(-1 in Fig. 2) also revealed point mutation (1421G>A)
resulting in amino acid substitution of arginine to glutamine
at the 474th residue. Each of the two mutations disrupts the
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Figure 3.

Multiple amino acid sequence alignment of human LGIl and
other species. The substituted amino acids, serine at the 473rd
and arginine at the 474th, are highly conserved throughout
other species as well as other subtypes of LGl families.
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restriction enzyme site of Nrul. Digesting polymerase chain
reaction (PCR) product of exon 8 with Nrul using buffer
provided by a manufacturer (New England BioLabos, MA,
U.S.A.), the two mutations were screened in control partici-
pants. There was neither 1418C>T nor 1421G>A mutation
in 50 control participants, suggesting that these base
changes could be regarded as mutations, but not polymor--
phisms.

The serine at residue 473 and arginine at residue 474 of
LGI1 were highly conserved between species and its
homologs, 1.GI2, 3, and 4 (Fig. 3). The serine at the 473rd
residue was considered to be phosphorylated, and the muta-
tion might disrupt it.

With regard to the clinical features, the reported symptoms
in family “O” were consistent with previous reports of AD-
LTE, except that the degree and incidence of psychiatric
symptoms were rather high. Symptoms in family “U” were
almost common among pedigrees, except that only II-1 had
déja vu, suggestive of mesial temporal involvement. The two
patients in family “O” also had déja vu; however, other clini-
cal features differed between them.

DiscussionN

Because all reported ADLTE families with LGI] muta-
tions were Caucasians, we presumed that patients with
LGlI-related epilepsy in Japan were rather rare, or that some
genetic backgrounds may lower penetrance rates so that
clinically they seem to be sporadic cases even though some
families have LGII mutations. In the present study, how-
ever, we documented that two independent families in
Kyoto province had different LGII mutations.

Clinical manifestations of family *“O” were divided into
two groups: one had seizures with auditory features and
the other with psychiatric symptoms such as explosive

Epilepsia, ¥*(*):1-4, 2009
doi: 10.1111/j.1528-1167.2009.02309.x
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violent behaviors and panic attack-like symptoms. The
proband also had apparently nonepileptic auditory halluci-
nation and one member was admitted to the psychiatric
hospital. The psychiatric symptoms in ADLTE were also
described in the previous reports, but they were much
milder. When attention was paid only to seizures with
auditory features in this family, epileptic symptoms
appeared after skipping two consecutive generations.
Therefore, it is most likely that psychiatric symptoms are
one of constellations of LGII-related ADLTE. The clinical
manifestations of family “O” with S473L mutation were
different from ones of the British decedent family in Aus-
tralia, even though they had a mutation identical to our
patients (Berkovic et al., 2004).

On the other hand, clinical symptoms of family *“U” were
nearly uniform, being consistent with previously reported,
typical ADLTE. Mutation at the same codon was reported in
Spanish family results in premature truncation, and their clin-
ical symptoms were also mild and had the common features
of ADLTE (Morante-Redolatet al.,2002).

Recently it was reported that ADAM?2?2 served as a recep-
tor for LGI1, the mutated form of LGI1 failed to bind to
ADAM?22, and LGI1 enhances «-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid receptor-mediated syn-
aptic transmission in rat hippocampal slices. (Fukata et al.,
2006). Schulte et al. (2006) reported that LGI1 protein
assembled into the presynaptic Kv1 channels and inhibited
inactivation by Kvbetal. These findings may suggest that
the underlying pathogenetic mechanism of ADLTE would
be “loss of function” like other numerous familial epilep-
sies classified into “channelopathy.” However, the diversity
of clinical phenotype probably depends on the mutated resi-
due could be explained better by “gain of function” rather
than “‘loss of function” mechanism, which would be result-
ing in homogenous phenotype. Further genotype—phenotype
analyses in patients of different ethnic backgrounds may
elucidate a part of the mechanisms.
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Objective: Lateralization of functionally abnormal cortical area in autosomal dominant lateral temporal
lobe epilepsy (ADLTE).

Methods: A sound pulse of pure tone was delivered monaurally to the ears alternately. Auditory evoked
magnetic fields (AEF) were measured by using whole-head magnetoencephalography (MEG) system.
Results: Significantly large N100m signals (a magnetic counterpart of N1/N100 in EEG) were detected in
three out of five patients, either in the left or in the right hemisphere, contralateral to the auditory stim-
ulation. The peak latency, location and orientation of distinct N100m exhibited no clear difference from
those of normal controls.

Conclusions: Unilateral cortical abnormality exists in some of the patients in ADLTE. Patients with abnor-
mally large N100m had seizures apparently provoked by auditory stimuli, suggesting that the appearance
of significantly large N100m is associated with the epileptogenicity. Based on the detailed examination
using MRI and FDG-PET for two of the patients, the authors hypothesize hyperexcitability caused by
the decreased inhibitory functions, larger number of synchronously activated neurons, or the elongation
of neuronal firing in the pathological temporal cortex in ADLTE.

Significance: The present study revealed clear abnormalities in the auditory cortex that have not been
well detected by conventional EEG in patients with ADLTE.

© 2009 International Federation of Clinical Neurophysiology. Published by Elsevier Ireland Ltd. All rights

reserved.

1. Introduction

Direct evidence that the seizures originate from a specific re-
gion is obtained only when epileptic cortical activities are recorded
in that particular region. Epileptic seizures usually occur sporadi-
cally and, in most cases, little neurological deficit is found during
the interictal period. EEG is useful to find the abnormal cortical
activities during seizures. In the interictal period, however, abnor-
mal activities are sometimes not found in EEG. Evoked potentials
(EPs) have been used to evaluate abnormality in various neurolog-
ical diseases. In epileptic syndromes, if is known that somatosen-
sory evoked potentials (SEPs) or their magnetic counterparts are
extremely large in patients with progressive myoclonic epilepsy
(Dawson, 1946; Watson and Denny-Brown, 1955; Halliday, 1967;

* Corresponding author. Address: Department of Neurology, Kyoto University
Graduate School of Medicine, Shogoin, Sakyo-ku, Kyoto 606-8507, Japan. Tel.; +81
75 751 3772; fax: +81 75 751 9416.

E-mail address: akio@kuhp.kyoto-u.ac,jp (A. Ikeda).

Chadwick et al,, 1977; Shibasaki et al,, 1978; Hallett et al,, 1979;
Karhu et al,, 1994). In other types of epilepsy, however, EPs have
rarely been used to investigate latent cortical abnormality.

Autosomal dominant lateral temporal lobe epilepsy (ADLTE) is
one of the rare genetic epilepsies that exhibit partial seizures (Ott-
man et al,, 1995; Ikeda et al., 2000, 2007; Michelucci et al., 2003),
Since ADLTE is characterized by recurrent auditory auras, it is as-
sumed that the seizure onset or the irritative zone is on the lateral
temporal lobe, and that the auditory cortex or its association areas
are involved in the epileptic activities. Functionally abnormal cor-
tical area, however, has not yet been clearly localized due to the
fact that ictal EEG is scarcely recorded in the cases of ADLTE, and
that interictal abnormality observed in EEG is also rare (Ikeda
et al., 2000, 2007; Michelucci et al,, 2003).

In the present study, we employed evoked magnetic field (AEF)
measured by using magnetoencephalography (MEG), a magnetic
version of evoked potential technique, for the investigation of
interictal abnormality in the cortex in ADLTE. We investigated
interictal abnormality in the cortex in ADLTE. MEG picks up

1388-2457/$36.00 ® 2009 International Federation of Clinical Neurophysiology. Published by Elsevier Ireland Ltd. All rights reserved.

doi:10.1016/j.clinph.2009.08.020
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cortical activities right beneath the magnetic sensors with high
spatial and temporal resolutions, and thus enabled us to evaluate
the cortical function of the left and right temporal lobes separately
(Hari, 1990). The content of this paper did not appear elsewhere
except for an abstract (Ikeda et al., 2007)

1.1. Subjects and methods

1.1.1. Subjects

Five right-handed patients from three families with ADLTE par-
ticipated in the present study. Table 1 shows their clinical profile.
The clinical details of the patients, have been reported elsewhere
(Ikeda et al., 2000, 2007; Kawamata et al., in press; Fujita et al,
2009). Families U and O were genetically diagnosed as ADLTE (lke-
da et al., 2007: Kawamata et al,, in press; Fujita et al., 2009). All pa-
tients had auditory auras and three of them (Patients 2, 4 and 5)
had seizures triggered by specific sound. In interictal period, no
neurological deficits and hearing disturbance were observed. In
all patient EEG showed no definite epileptic discharges in interictal
period.

3-Tesla or 1.5-Tesla MR images were taken in all patients. MRI
showed volume reduction in unilateral temporal lobe in two pa-
tients (Patients 4 and 5) and the left hippocampal sclerosis in
one patient (Patient 3). [F-18]fluorodeoxyglucose-positron emis-
sion tomography (FDG-PET) showed glucose-hypometabolism in
the same temporal lobes with MRI abnormality in Patients 3, 4
and 5.

Ten healthy volunteers (2 females) of the age between 20 and
43 y.o. (mean {SD), 30.9(6.1)) with no neurological deficits and
hearing disturbance were recruited in the study as normal control.
All the procedures were approved by Kyoto University Graduate
School and Faculty of Medicine, Ethics Committee and written in-
formed consent was obtained from all patients and normal
volunteers.

1.1.2. MEG measurement and analysis

AEFs were measured by using a 306-channel whole-head sys-
tem (VectorView, Elekta Neuromag, Finland). It was confirmed that
the patients with ADLTE had no seizures within 12 hours before
the AFF recording. No seizure occurred during the recording. A
sound pulse of pure tone of 1000 Hz was delivered through ear
tubes monaurally to the right and left ears alternately. Level of
the sound pulses was controlled so that both patients and normal
volunteers were given auditory stimuli at SL (sensation level) of
50 dB above his or her hearing threshold. Output of the sound
pulse generator was individually set at SL (sensation level) of
50 dB above the hearing threshold of each subject or normal con-
trols. The duration of the pulse was 130 ms (the rise and fall time
of 10 ms each) with 1000 = 70-ms intervals,

Table 1
Clinical profile of patients with ADLTE.

K. Usui et al,/Clinical Neurophysiology 120 (2009) 1923-1926

MEG were recorded with bandpass filter of 0.1-330 Hz and with
sampling rate of 997 Hz. Epochs for on-line averaging started
100 ms before the onset of each stimuli and terminated 400 ms
after the onset. Each stimulus given to the right or left ear were
averaged separately. Epochs containing blinks and/or other arti-
facts were automatically excluded from averaging. More than
100 epochs for each right- and left ear stimulation were averaged
in one measurement. Two or three measurements were performed
in each subject in order to confirm that auditory magnetic re-
sponses were reproduced.

N100m, a magnetic counterpart of N1/N100 in EEG, which is the
most prominent component of AEFs (Pantev et al., 1995; Lutkenh-
oner and Steinstrater, 1998), were analyzed. The activated brain
areas were modeled as equivalent current dipoles (ECDs) (Hama-
lainen et al,, 1993). A spherical model, which is made from each
subject’s anatomical 0.5-Tesla 3-dimensional MR images (Signa,
General Electric, USA), was used for describing the conductivity
profile of the brain. The ECDs were estimated from at least 27
channels (=9 set of sensors), that covered the field pattern of
100 ms component in auditory magnetic fields over each hemi-
sphere. The ECDs with goodness of fit (GOF) more than 80% and
confidence volume (CV) less than 1000 mm? were used for further
analysis.

The mean and standard deviation (SD) of ECD moment and peak
latency of N100m were obtained from the control subjects. The
data of patients and of control group were compared, and the val-
ues that surpassed the mean + 2.5 SD of those obtained from con-
trol group were regarded as significantly large.

2. Results

Fig. 1 shows representative magnetic responses of a patient (Pa-
tient 4) to the auditory stimuli given to the left and right ears.
Shown in this figure are waveforms in 306 channels (A and D),
largest responses detected by planar gradiometer in the contralat-
eral hemisphere to the stimuli (insets of A and D), magnetic field
maps and estimated ECDs at 97 ms from stimulus onset in the con-
tralateral hemisphere (B and E), and the ECDs superimposed on the
patient’s anatomical MR images (C and F). The latency and esti-
mated ECD moment (strength) of N100m peak in each patient
are shown in Table 2 in comparison with the mean (SD) of those
in normal controls. In all patients, the peak latency of N100m
showed no significant difference from those of the control group.
The sources of N100m were localized in the temporal plane in each
hemisphere of both patients and control subjects, and no signifi-
cant difference in the location and orientation of sources was
identified.

As for the ECD moment, significantly large response was re-
corded in three patients either in the left (Patients 2 and 4) or in
the right (Patient 5) hemisphere, contralateral to the auditory

Patient  Age Sex Family Types of aura Seizure types  Inducing factors of Findings in MRI andjor FDG-PET
seizures
1 31 M u Auditory, deja  SPS, CPS, None No abnormal findings
vu n-GTCS

2 56 M u Auditory SPS, CPS, Ringing of phone No abnormai findings

n-GICS
3 27 F U Auditory SPS, CPS, None Left hippocampus: sclerosis suspected

n-GTCS Left temporal lobe: mild hypometabolism suspected
4 27 F o Auditory, deja  SPS, CPS Specific sound, Left superior temporal gyrus: small in volume

’ vu conversation Left temporal lobe: hypometabolism

5 36 F H Auditory, deja  SPS, CPS Specific music Right inferior horn of lateral ventricle: enlargement

vu

Right temporal lobe: hypometabolism

SPS, simple partial seizures; CPS, complex partial seizures; n-GTCS, nocturnal generalized tonic-clonic seizures.
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Fig. 1. Auditory evoked magnetic fields of Patient 4. Magnetic responses to the left ear stimulation are shown in the left and the responses to the right ear stimuiation in the
right, Upper panels (A and D) show responses in all channels. The traces show a 500 ms time period starting 100 ms before the stimulus onset, The insets show the magnified
largest responses in the contralateral hemisphere to the stimuli. Lower panels show field map and ECD of N100m. Field patterns in the contralateral hemisphere to the stimuli
at the peak latency (97 ms from stimulus onset) are shown in panels (B) and (E). The maps were drawn over the helmet-shaped sensor array. The step between the isocontour
lines is 20 fT. The areas with black lines indicate the magnetic field out of the head and the areas with gray lines indicate the field into the head. The arrows show the
estimated location of the ECDs projected onto the subject’s head surface. Panels (C) and (F) show the ECD location superimposed on the subject’s 3-dimensional MR images.

Table 2

Peak latency and ECD moment of N100m in the contralateral and ipsilateral hemispheres to unilateral auditory stimuli.

Subject Lt ear stimulation Rt ear stimlation
Contralateral (Rt) Ipsilateral (Lt) Contralateral (Lt) Ipsilateral (Rt)
Latency Moment Latency Moment Latency Moment Latency Moment
(ms) (nAm) {(ms) (nAm) (ms) (nAm) (ms) (nAm)
P1 98 40.8 112 13.0 103 12.2 108 275
P2 106 51.2 127 37.7° 114 88.0° 114 45.5
P3 94 21.2 104 13.8 98 17.7 118 24.8
P4 97 18.5 96 30.6 97 44.2° 104 13.1
P5 97 83.7" 111 7.6 105 15.8 114 42.3
Control Latency(SD) Moment(SD) Latency(SD) Moment{SD) Latency(SD) Moment(SD) Latency(SD) Moment(SD)
(n=10) 973 (5.7) 354 (14.1) 108.9 (11.8) 18.5 (6.6) 98.2 (10.5) 23.6 (7.3) 105.7 (8.6} 275 (12.0)

P, patient; Lt, left; Rt, right. The data of control group are shown as the mean (SD).

* >The mean + 2.5 SD of contrel group.

stimulation. In the left hemispheres of Patients 2 and 4 and the
right hemisphere of Patient 5, large N100m was also evoked in re-
sponse to the ipsilateral stimuli and the ECD moment was signifi-
cantly large for Patient 2. In the remaining patients (Patients 1 and
3) the ECD moment of N100m was not different from those of the
control group.

3. Discussion

Morphological and/or functional abnormality in ADLTE has
been reported predominantly on the left hemisphere in the litera-
ture so far. In one study, for example, it was reported that morpho-
logical abnormality lateralized on the left hemisphere existed in

45% of 22 patients with ADLTE (Kobayashi et al,, 2003). Another
study reported abnormality in auditory evoked potentials (AEPs)
lateralized on the left (Brodtkorb et al., 2005).

Epileptogenicity and functional deficit, however, are caused not
only by visually detectable malformations but also by some other
abnormalities. In addition, AEP evaluation using EEG and binaural
sound presentation are not appropriate to distinguish left and right
auditory responses separately. It is, therefore, uncertain how much
the causes of ADLTE is associated with morphological abnormality
that is localized on the left hemisphere.

In this study using AEF, ECD moment of N100m can be classified
into two groups: one with the values larger than +2.5 SD, and the
other with the values smaller than +2.5 SD. For brevity, we call
the former “large signal” and the latter “small signal”. N100m
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signals of three patients were clearly larger than those of other pa-
tients. The results of these three exhibit unique features that
should be mentioned. First noticeable feature is that these larger
signals were observed in the left hemisphere for two patients
and in the right for the other patient.

Second noticeable and striking feature is that the N100m in the
right hemisphere of the two patients who exhibited large signals in
the left was small. It is also found that the N100m in the left hemi-
sphere of the other patient who exhibited large signal in the right
was small. The fact that the significantly large N100m signals were
detected in either left or right hemisphere in three patients, and
that the N100m in the opposite hemisphere of all these three pa-
tients were small is a clear indication that unilateral cortical abnor-
mality exists, at least in some patients, in ADLTE.

Third noticeable feature is that, as compared with the normal
subjects, the latency of large N100m showed no distinct difference
in the case of ADLTE patients. This result strongly suggests that no
disturbance in both peripheral and central auditory pathways.

Fourth feature is that, although the ECD moment of N100m was
distinctively large in the patients, the location and orientation was
similar to those in control subjects. The similar location and orien-
tation of the ECD suggested that the center of neuronal populations
underlying N100m response are supposed to be the same, or, at
least, very close in the giant and normal AEFs. (For detailed mech-
anism see Eggermont and Ponton, 2002 and references therein)

Further detailed examination for two of the patients using MRI
and FDG-PET showed the. anatomical and functional deficit local-
ized in the temporal lobes. The volume of the temporal lobe which
generated the giant N100m was reduced (possibly due to malfor-
mation or atrophy) and glucose-hypometabolism was detected.
Volume reduction and hypometabolism usually suggest cortical
hypofunction, which is supposed to lead weak signals. The two pa-
tients with ADLTE, whose cortical area was reduced in volume, by
contrast, generated larger N100m than those with cortices of nor-
mal volume.

Since there is no way to reveal the underlying mechanism of the
distinctively large ECD moment or the strength of MEG response
with concrete experimental evidence in our study so far, we pres-
ent the hypotheses. One possible explanation is the hyperexcitabil-
ity of the neurons: the amount of the neurons is the same but the
neurons of the patients are hyperreactive. If the neuronal popula-
tion producing N100m is hyperexcited, the signals would be appar-
ently larger than those of normal activity. Large dipole moment
may also indicate highly coordinated activity. If the amount of syn-
chronously activated neurons is larger in the patients with ADLTE
than in the normal controls, the signals would be apparently larger.
Other possible explanation may be the elongation of neuronal fir-
ing. To clearly distinguish the factors affecting the N100m signal,
microscopic invasive study using depth or subdural electrodes is
needed.

Our investigation found that three patients exhibited distinc-
tively large N100m and the remaining two patients exhibited com-
paratively small N100m. The difference observed between two
groups of patients was that the former had seizures apparently
provoked by auditory stimuli, such as specific sound or music,
while the latter did not. These facts suggest that the appearance
of significantly large N100m in the auditory cortex, which indicates
abnormally large response to sound, may be closely associated
with the epileptogenicity in these patients, just as giant SEPs in pa-
tients with progressive myoclonic epilepsy.

In summary, the present study using auditory magnetic fields
showed that significantly large N100m signals are supposed to
be an indication of auditory induced seizures. Our result is also a
clear demonstration of significant usefulness of AEF in the detailed
studies to address the issue of whether unilateral or bilateral tem-

poral lobes are involved. This technique enables these evaluations
even for the interictal period.
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Abstract

Glial cytoplasmic inclusions (GCls) are a pathologic hallmark of
multiple system atrophy (MSA), but their pathogenetic roles need to
be clarified. To determine possible roles of GClIs in individual cells,
serial optical sections obtained by confocal microscopy were re-
constructed to yield 3-dimensional (3D) images of the nuclei to
quantify nuclear volume. Oligodendroglial nuclear volumes were de-
termined in the pons of 6 MSA and 7 control patients. The nuclear
volumes were significantly smaller in the MSA group as a whole
(135.81  60.83 pm®, mean = SD; n = 404) than in the control group
(188.05 £ 55.71 wm®; n = 308; p < 0.001). This difference was due to
a significantly smaller nuclear volume of oligodendrocytes without
GCIs (GCI™ group, 91.26 + 23.77 um®; n = 210) compared with the
control group (p < 0.001) and compared with the oligodendrocytes
with GCIs (GCI" group, 184.03 £ 51.18 wm®; n = 194; p < 0.001);
the difference between the latter GCT™ and control groups was not
significant (p > 0.05). This selective decrease in nuclear volume re-
stricted to the GCI™ group cannot be explained if nuclear shrinkage
was accelerated in the presence of GCIs. Conversely, GCI formation
might be linked, either directly or indirectly, to a mechanism that
counteracts rather than accelerates nuclear shrinkage. This novel 3-
dimensional strategy provides pivotal data that link GCI formation
and degeneration in MSA.

Key Words: Glial cytoplasmic inclusions, Multiple system atrophy,
Nuclear volume, Three-dimensional reconstruction.
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INTRODUCTION

Multiple system atrophy (MSA) (1) is characterized by
the distribution of degenerative lesions and the presence of
glial cytoplasmic inclusions (GCls) (2, 3). Because GCls
are a pathologic hallmark of MSA, they are believed to be
tightly linked to the pathogenic mechanism of MSA; nu-
merous studies have attempted to clarify possible relation-
ships between the presence of GCls and the extent and
severity of degeneration (4-7). Reported data are, however,
highly variable, and none of the previous neuropathologic
studies have established a pathogenetic role for GCls.
Although it has been reported that nuclei of GCI-bearing
oligodendrocytes (GCT") usually appear larger than those
of oligodendrocytes that do not harbor GCIs (GCI ") (8, 9),
it is unclear whether the presence of GCls is linked to
accelerated neurodegeneration. Because the degenerative
cascade of MSA leads both to GCI formation and cellular
degeneration, the morphologic parameters (e.g. nuclear vol-
ume) of an individual oligodendrocyte might be influenced
by the formation of GCIs. In this study, we focus on the
nuclear volume of oligodendrocytes with or without GCls.
Instead of using conventional indirect methods of volume
estimation (10-12), we measured the actual nuclear volume
of each oligodendrocyte reconstructed into a 3-dimensional
(3D) image from serial optical sections (~200 sections at
an interval of 0.1 pm) spanning the entire oligodendrocyte.
This straightforward method has been used mainly in the
field of diagnostic radiology and provides estimates of the
real volume regardless of the shape of the targets (13-15)
and is readily applicable to serial data obtained with confocal
microscopy (16). This is the first successful attempt to
measure directly the actual nuclear volume of oligodendro-
cytes. Because a decrease in nuclear volume relative to the
control was significant only in GCI™ oligodendrocytes but
not in GCI" oligodendrocytes, it is possible to conclude that
nuclear shrinkage is accelerated in the absence of GClIs.

MATERIALS AND METHODS
Six patients with the clinical and neuropathologic diagno-
sis of MSA (3 men, 3 women; age range at death, 54-74 years)
autopsied at the Department of Pathology, Tokyo Metropoli-
tan Neurological Hospital, Tokyo, Japan, and 7 control patients
(6 men, 1 women, age range at death, 47-84 years) with no

] Neuropathol Exp Neurol * Volume 68, Number 10, October 2009
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TABLE 1. Demographic Features of Patients With MSA and Controls

Case Age of Onset/Death, Years Sex* Cause of Death Brain Weight, g
MSA 1 47/54 F Sudden death 1,310
MSA 2 51/58 M Pneumonia 1,318
MSA 3 52/59 F Pulmonary insufficiency 1,230
MSA 4 57/61 F Pulmonary insufficiency 1,296
MSA S 63/69 M Cardiac insufficiency 1,225
MSA 6 70/74 M Pulmonary insufficiency 1,285
Mean £ SD 56.7 + 8.5/62.5 £ 7.5t 1,277.3 + 40.3%
Contro! 1 /47 M Guillan-Barré syndrome 1,390
Control 2 167 F Thymic anaplastic carcinoma 1,222
Control 3 /73 M Crow-Fukase syndrome 1,390
Control 4 /73 M Acute myocardial infarct 1,320
Control 5 /81 M Chronic constrictive pericarditis 1,282
Control 6 176 M CIDP 1,215
Control 7 ) /84 M Aortic dissection 1,225
Mean = SD /71,6 £ 12.2 1,292.0 £ 76.8

*No significant difference between control and MSA. groups (by Fisher exact test).
+p > 0.05 compared with control group (by Student t-test).
1p > 0.05 compared with control group (by Student r-test).
CIDP, chronic inflammatory demyelinating polyradiculoneuropathy; F, female; M,

male; MSA, multiple system atrophy.

disease involving the central nervous system were studied. The
durations of MSA ranged from 4 to 7 years (Table 1). The
diagnosis of MSA was confirmed postmortem on the basis of
neuronal loss and the presence of GCls in relevant regions,
including the putamen, cerebellar white matter, and motor
cortex (4). Oligodendrocytes in pontine transverse fibers
were chosen for analysis because the size and appearance of
oligodendroglial nuclei were relatively homogeneous, which
made it easier to quantify and interpret their morphologic
changes. Moreover, the high frequency of GCls in the pons
of MSA brains is another advantage in estimating their pos-
sible effects.

Formalin-fixed blocks were obtained from the midpons
of MSA and control brains, washed in 0.1 mol/L phosphate
buffer 3 times, then kept in 15% sucrose/0.1 mol/L phosphate
buffer solution until they sank. Free-floating sections 30 um
thick were prepared on a freezing microtome and kept at 4°C
until use. These sections were pretreated with 99% formic
acid for 5 minutes at room temperature. The sections were
blocked with 5% normal goat serum and incubated for 6 days
or mote at 4°C (17) with a polyclonal rabbit anti-human
ubiquitin (20458, 1:100, DakoCytomation, Glostrup, Den-
mark) diluted in 0.01 mol/L PBS containing 0.3% Triton X-
100 and 5% normal goat serum. The sections were washed

with PBS containing 0.3% Triton X-100 3 times for 10 min-
utes each between steps of the entire procedure. The sections
were then incubated with a polyclonal goat anti-rabbit immu-
noglobulin G conjugated with Alexa Fluor 546 (1:200;
Molecular Probes, Eugene, OR) for 4 hours at room temper-
ature. The sections were then immersed in 0.01 mol/L. PBS
containing 4’,6-diamidino-2-phenylindole, dihydrochloride
(D1306, 1:1500; Molecular Probes) for 5 minutes. After
washing, they were mounted with buffered glycerol containing
p-phenylenediamine to minimize photobleaching. The sections
were observed under a fluorescence microscope equipped witha
laser confocal system (FV-1000; Olympus, Tokyo, Japan). At
least 20 oligodendroglial nuclei from each case were selected
randomly by encompassing the entire pontine nucleus; 308
were counted in the control group, 194 in the GCI' group and
210 1inthe GCI™ group (Table 2). Oligodendroglial nuclei were
identified based on their round and small morphology with a
linear alignment in the stretch of 5 to 10 contiguous oligo-
dendrocytes along the long axis of nerve fibers. Larger nuclei
of astrocytes or small angular nuclei of microglia (18) (both
not in linear alignment) were easily distinguishable. Only
cells with round nuclei serially lined in proximity (within
twice the diameter of nuclei) along transverse fibers and with
comparatively uniform size in the stretches were identified as

TABLE 2. Nuclear Volume of Oligodendroglia in MSA and Control Cases

Control Cases,
n=17

Total Oligodendrocytes
in MSA Cases, n = 6

Oligodendrocytes in
MSA Cases With GCI

Oligodendrocytes in MSA
Cases Without GCI

No. oligodendrocytes evaluated 308
Oligodendrocyte

Volume {mean £ SD), pm® 188.05 £ 55.71

135.81 £ 60.83*

404 194 210

184.03 £ 51.18% 91.26 + 23.771§

*p < 0,001 compared with control group (by Mann-Whitney U test {Bonferroni correction]).

+p < 0.001 compared with control group (by 1-way analysis of variance [ANOVA]).

No significant difference compared with control group (by 1-way ANOVA).
§p < 6.001 compared with GCI" group (by 1-way ANOVA).
GCl, glial cytoplasmic inclusion; MSA multiple system atrophy.

© 2009 American Association of Neuropathologists, Inc.
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oligodendrocytes. Serial optical sections at an interval of 0.1
wm were obtained to encompass the entire structure of each
oligodendrocyte. Usually, 200 serial optical sections were
sufficient to encompass the entire structure of an oligoden-
drocyte, including GCIs when they were present. Each 3D
image data set consisted of a series of 2-dimensional (2D)
images (Fig. 1 and Video, Supplemental Digital Content 1,
http:/links.lww.com/NEN/A60). Each image frame had a
63.5-pm field of view with a 512 x 512-pixel array, yielding
0.124 x 0.124-pm/pixel dimensions. The data were recon-
structed for 3D observation and quantification by using
software (TRI/3D SRFII-64 Release 4, Ratoc, Tokyo, Japan)
running on the Windows platform on a 64-bit basis. To
estimate nuclear volume with this software, the 2D contour
of each nucleus, along the nuclear membrane labeled with
4’ ,6-diamidino-2-phenylindole, dihydrochloride, was traced
manually on some of the 2D images every 4 to 5 images.
The relative position of the manually defined contour and
the fluorescence intensity of 4’,6-diamidino-2-phenylindole,
dihydrochloride were used to calculate automatically the
nuclear contour in intervening optical sections; these were
later confirmed by inspection. This yielded the binary re-
presentation of the nuclear contour of an oligodendrocyte
on a 3D basis consisting of noncubic voxels (0.124 x 0.124
x 0.1 wm). Subsequently, after discarding spurious voxels
from the binary oligodendroglial nucleus representation,
these data sets were reconstructed for 3D observation
and quantification (Video, Supplemental Digital Content 2,
http://links.lww.com/NEN/A61), and the total number of

FIGURE 1. Pontine oligodendrocytes in control and MSA patients. (A) Oligodendrocytes in a control patient. DAPI stain (light

voxels, which substitute the nucleus, was obtained on the basis
of a known voxel size of 0.0015376 pm®, yielding the actual
volume size (13-16).

Statistical analyses were performed using Dr. SPSSII
for Windows software (SPSS Japan, Tokyo, Japan). Size
distributions according to nuclear volume were estimated by
the Kolmogorov-Smirnov method to determine whether they
were compatible with the normal distribution in each patient
or group (control, MSA total [GCI* and GCI™], GCI,
GCI ™). Because the size distribution of the MSA total group
did not exhibit normality, its comparison with that of the
control group was estimated using the Mann-Whitney U test
with Bonferroni correction. Otherwise, the 1-way analysis of
variance (ANOVA) was used to compare nuclear volume
among the different groups when nuclear sizes exhibited a
normal distribution.

RESULTS

There were no significant differences among groups
with respect to age or brain weight (by Student s-test) or sex
(by Fisher exact test; Table 1). The nuclear volume size
distributions are shown in Table 2 and Figures 2 and 3.
Because the size distributions showed normal distributions
(as determined by the Kolmogorov-Smirnov test when each
patient or each group was analyzed), our sampling and
volumetric analysis procedure yielded data representative of a
homogenous cell group not only in each patient but also in
each group. The quantile-quantile plots of data of the GCT",
GCI™, and control groups show almost linear distributions

blue). (B) Oligodendrocytes in an MSA patient. Double-flucrescence labeling for DAPI and ubiquitin (red). The contours of the
nucleus of each oligodendrocyte are traced in yellow (oligodendrocytes without glial cytoplasmic inclusions [GCls]) and in white
(oligodendrocyte with GCls in B). Bar = 10 um. DAPI, 4,6-diamidino-2-phenylindole, dihydrochloride.
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FIGURE 2. Histograms of size distribution of oligodendroglial
nuclei. The nuclear volumes in cubic microns are expressed on
the abscissa. The ordinate represents the relative frequency of
calculated nuclear size. The lower inverted histograms repre-
sent the controls (unfilled bars with black lines) and the
multiple system atrophy (MSA) group as a whole (MSA total
group, bars filled with gray); the latter shows neither unimodal
(single peak) nor bimodal (double peak) curves. The upper
histograms indicate the MSA group with glial cytoplasmic
inclusions (GCls) (GCI* group, bars filled with gray) or without
GCls (GCI™ group, unfilled bars with black lines).

along the lines representing the normal distribution (Fig. 4).
Although the control group exhibited a normal size distribu-
tion with a single peak, the data from the MSA total group
(consisting of GCI" and GCI™ groups) were not in a normal
distribution. The nuclear volumes were significantly smaller
in the MSA total group (135.81 + 60.83 pm’; mean + SD;
1 = 404) compared with the control group (188.05 + 55.71
pm®; n = 308; p < 0.001 by the Mann-Whitney U test with
Bonferroni correction). This difference was due to the
significantly smaller nuclear volume of the GCI  group
(91.26 + 23.77 wm?; n = 210) compared with the control
group (p < 0.001 by 1-way ANOVA) and compared with the
MSA GCI" group (184.03 £ 51.18 pwm®; n = 194; p < 0.001
by 1-way ANOVA). The nuclear volume of the GCI" group
was not significantly different from that of the control group
(p > 0.05 by 1-way ANOVA). Moreover, the nuclear volume
of the GCI" group was significantly larger than that of the

© 2009 American Association of Neuropathologists, Inc.

GCI™ group (p < 0.001 by 1-way ANOVA). Thus, there was
a selective decrease in nuclear volume that was restricted to
the GCI™ group.

DISCUSSION

This is the first study to demonstrate a decrease in the
actual nuclear volume of oligodendrocytes in the pons in
MSA. This volume decrease was due to the smaller nuclear
volume of GCI~ than of the control, whereas the nuclear
volume of GCI'" was equivalent to that of the control. The
technical novelty of this study includes 3D reconstruction of
target structures (nuclei), followed by direct quantification of
the entire structures.

Routine evaluation of histologic sections is usually
performed on 2D basis on thin-sample specimens in which
cell loss is perceived as a decrease in local density and
atrophy as the volume loss of the cell body. One-dimensional
indices such as diameter and perimeter are ready candidates
for representing structure sizes, but sophisticated 2D indices
such as cross-sectional area of the structures allow more
precise determinations of their size. Using 2D quantification
of neuronal size in the substantia nigra, Ma et al (19)
demonstrated a 3.2% decrease per decade, whereas Cruz-
Sanchez et al (20) reported progressive swelling with aging
by simple comparisons of images. Similar discrepancies

nuclear
volume
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*P<0.001
1P<0.001

§ P<0.001

=

300 A
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0

control GCl+ GCl- MSA total

FIGURE 3. Comparison of size distribution of oligodendroglial
nuclei from each group. Box plots show the nuclear volumes
for each group (control; giial cytoplasmic inclusion [GCI]",
oligodendrocytes with GCls from multiple system atrophy
[MSA] cases; GCI™, oligodendrocytes without GCls from MSA
cases, MSA total, all oligodendrocytes from MSA cases). The
boxes enclose the middle half of the values bounded by upper
and lower quartiles. The bold lines represent the medians. The
lower whisker indicates the smallest nonoutlier observation;
the upper whisker indicates the nonoutlier observation. *, p <
0.001 when compared with control group (by the Mann-
Whitney U test; Bonferroni correction); 1, p <0.001 when com-
pared with control group (by T-way analysis of variance
[ANOVAD); 1, NS, no significant difference when compared
with control group (by 1-way ANOVA); §, p < 0.001 when
compared with GCI* group (by 1-way ANOVA).
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FIGURE 4. Normal distribution of nuclear volumes. The Q-Q
plot shows the comparison of the distribution of a given
variable with the normal distribution (represented by straight
lines). The straight lines represent what the data would look
like if they were normally distributed. The actual data are
represented by the symbols plotted along this line; the closer
the points are to the line, the more normally distributed the
data appear. Most of the data points fall almost perfectly along
the line, indicating that the data are normally distributed.
Oligodendrocytes with glial cytoplasmic inclusions (GCI*),
open triangles; oligodendrocytes without GCls (GCI7) in
muitiple system atrophy (MSA), open squares; control, gray
crosses. Q-Q, quantile-quantile.

among the studies have also been observed in Parkinson
disease (21, 22), suggesting that 2D representation of 3D
reality into a single plane is not sufficient.

Various stereologic methods have been developed by
synthesizing 2D data sets to estimate volumes (10-12). These
methods essentially include 2 steps: theoretically unbiased
sampling of 2D raw data set and virtual estimation of the
volume. Although still indirect, these innovative strategies
made it possible to estimate the volume on a 3D basis. Even
with these 3D quantification methods, however, Rudow et al
(23) reported an -age-associated increase of neuronal size on
the substantia nigra using the nucleator method, whereas
Cabello et al (24) demonstrated no decrease by using the
rotator method; thus, there is similar disagreement as that
generated using 2D studies. Because each of these groups
was careful to ensure that the method of volume estimation
used was unbiased, these conflicting results may be related to
methodologic differences and their limitations.

Instead of using these indirect estimation methods, our
direct method quantified the actual volume of nuclei recon-
structed from serially obtained optical sections spanning the
entire structure of oligodendrocytes, including the nucleus
and GCIs when they were. To our knowledge, this is the first
successful attempt to quantify directly the volume of patho-
logic structures in the human brain on a 3D basis. Because this
strategy deals with the 3D reality and its direct measurement,
it is completely free from bias that may derive from both
sampling and estimation. The normal size distribution of the
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measured nuclear volumes in each case confirmed the
reliability of our method of sampling and volumetry,

Using this method, we demonstrated that the nuclear
volume of oligodendroglia in MSA is significantly smaller as
a whole than in the control group, and that, although the
nuclear volume of GCI" oligodendrocytes was equivalent to
that of the control group, the GCI™ oligodendrocytes are re-
sponsible for this volume reduction, that is, nuclear shrink-
age seems to be accelerated in the absence of GCIs (Table 2).

Because the absence of significant differences among
groups for age and sex might have been related to a limited
number of cases with wide ranges of age at death (Table 1),
statistical analyses were performed after omitting the young-
est patient (Control 1; 47 years at death) to determine
whether the exaggerated difference in age might give
alternative results. Omission of Control 1 (203.82 + 64.37
pwm?; n = 21) did not result in a significant change in nuclear
volume (new control group: 186.90 £ 54,97 um?3; n = 287 vs
entire control group, 188.05 + 55.71 um3; n =308, p> 0.05
or vs Control I, p > 0.05 by Student #-test). This replicated
the significant differences seen before the omission, that
is, the GCI" group and the new control group are larger than
the GCI™ group (p < 0.001 by l-way ANOVA), and the
GCI" and the new control group are not significantly
different (p > 0.05 by l-way ANOVA). Although this
study was not designed to identify age-related changes in
the nuclear volume of oligodendrocytes, the size distribu-
tions of each group (GCI', GCI~, and control) were com-
patible with the normal size distribution, suggesting that
our sampling and volumetric procedures were appropriate
to represent a single cell group corresponding to each category.
Thus, it is clear that reduction of nuclear volume is evident
exclusively in the GCI™ group even if there were potentially
confounding age-related changes.

It has been generally considered that the size/volume
of the nuclei, nucleoli, and cell body of neurons undergo

TABLE 3. Three-Dimensional Volume Estimates and Their
Changes in Relation to Aging and Degeneration

Overall Change, % Reference
Aging SN neuron, TH™* +39 in SN neuron, 23
+23 in TH*
SN m* neuront No decrease 24
NC neuront Decrease 25
PD SN neuron* Reduction 23
AD ACG, PCG, CALl, Hypertrophy in 26
PVC nucleolus, CA1/ACG of
nuclei, neuron*® asymptomatic AD
ALS MC nuclei, neuronf  No difference 27
TLE TC neuron* +28 in GM,+55 in WM 28
Alcoholics  Purkinje cell/nuclei,  —24 in cell body, 29
neurony —16 in nuclei

*The nucleator method and its modifications.

{The rotator method and its modifications.

ACG, anterior cingulate gyrus; AD, Alzheimer disease; ALS, amyotrophic lateral
sclerosis; CA1, Cornu ammonis 1; GM, gray matter; m*, melanin-positive; MC, motor
cortex; NC, neocortex; PCG, posterior cingulate gyrus; PD, Parkinson disease; PVC,
primary visual cortex; SN, substantia nigra; TC, temporal cortex; TH', tyrosine
hydroxylase~positive neuron; TLE, temporal lobe epilepsy; WM, white matter.
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shrinkage in aging and neurodegenerative processes. As
expected, therefore, we demonstrated that the nuclear
volumes of oligodendroglia in MSA cases as a whole are
significantly reduced. Table 3 shows the summary of indirect
3D estimation of the volume of the nucleoli/nuclei/cell and
their relation to aging and diseases; neurodegenerative
processes are not necessarily related to volume reduction of
neurons (26-28). Because these data were obtained without
distinguishing the presence or absence of pathologic inclu-
sions, however, how the disease-related changes identified
are linked to pathologic inclusions is unclear. Indeed, several
2D morphometric studies have focused on the size of
individual cells to identify cellular changes and their relation-
ships to pathologic inclusions (Table 4). For example,
transected nuclear areas of pontine neurons harboring nuclear
inclusions are uniformly larger than those not harboring
nuclear inclusions (32-34). Two-dimensional observations of
a thin histologic plane may, however, not identify inclusions
within the cell that are not present in the histologic plane. Our
3D reconstruction analysis spans the entire target structure,
including pathologic inclusions, and therefore definitively
determines whether or not pathologic inclusions are present.
Although the relationships between disease-related changes
and inclusion-related changes remain to be clarified, it is now
possible to quantify 3D changes of each cell without bias
after definitively determining the presence or absence of
pathologic inclusions.

It is not surprising that the pathologic inclusions in
MSA are related to a larger cell/nuclear size or a lesser extent
of degeneration. There are similar examples in cell culture
models (36, 37), transgenic animals (38, 39), and a variety
of human conditions (30-35). It is not clear whether oli-
godendrocytes with and without GCI undergo completely
different degenerative processes or whether they represent
different aspects of a shared process. Because the distribution

TABLE 4. Two-Dimensional Area Quantification Studies and
Their Dependence on Index Lesions

Change of Area

Target + Index Dependent on the

Lesion/Area Index Lesion, % Reference

PD SN neuron No difference 30
LBs/nucleolus, neuron

AD Hippocampal neuron + No difference 31
NFTs/nucleolus, neuron

MID Pontine neuron + —21% with NAs, 32
NAs/nucleus —41% without NAs

NIID Pontine neuron + NIls/nucleus  +22% with Nlls, 33

~-14% without Nils

SCA1 Pontine neuron + Nls/nucleus No difference with NIs, 34
—12% without NIs
DRPLA  Cerebellar granule cell + Larger with Nlis 35

NlIs/nucleus

+, with/without; AD, Alzheimer disease; DRPLA, dentatorubral-pallidoluysian
atrophy; LBs, Lewy bodies; MJD, Machado-Joseph di NA, aggregate;
NFTs, neurofibrillary tangles; NI, nuclear inclusion; NII, neuronal intranuclear
inclusion; NIID, neuronal intranuclear inclusion disease; PD, Parkinson disease;
SCAI, spinocerebellar ataxia 1; SN, substantia nigra.

© 2009 American Association of Neuropathologists, Inc.

of the nuclear volume of MSA oligodendrocytes as a whole
was neither unimodal (single peak) nor bimodal (double
peaks; Fig. 2), it is likely that the GCI* and GCI™ groups
undergo some common mechanism of the degeneration. The
selective decrease in nuclear volume restricted to the GCI™
group cannot be explained if the nuclear shrinkage is ac-
celerated in the presence of GCls. Preserved nuclear volume
of GCI" oligodendrocytes does not necessarily imply that
they are free from the degenerative process.

Some studies have attempted to simulate the oligoden-
droglial pathology of MSA. For example, overexpression
of human a-synuclein leads to the cytotoxicity in cultured
oligodendrocytic progenitor cells (40), and transgenic mice
that overexpress human wild-type a-synuclein show pro-
gressive locomotor dysfunction; histologic analyses showed
the accumulation of detergent-insoluble o-synuclein similar
to GCIs (41, 42) and system-oriented degeneration but
with some differences from MSA (43, 44). Numerous studies
of MSA patient brains have attempted to find possible
correlations between GCls and degeneration. In MSA, GCls
show a “system-oriented distribution in the suprasegmental
motor systems (i.e. primary motor and higher motor areas
of the cerebral cortex, pyramidal, extrapyramidal, and
corticocerebellar systems) in the supraspinal autonomic
systems and in their targets” (4), and changes in neurons
follow a similar distribution pattern (2, 4, 6). Nevertheless,
the density of GCIs and the severity of neuronal loss and
their possible correlations claimed by previous studies are
highly conflicting (2, 4, 6, 7, 45). Apoptosis-related proteins,
including Bax (46) and activated caspase 3 (47), are
reportedly present mainly in oligodendrocytes, often showing
a-synuclein—positive inclusions (47). Interestingly, the cyto-
plasmic expression of Bcl-2, a putative anti-apoptotic protein,
has been reported in oligodendrocytes with o-synuclein
coexpression in approximately 25% of GCI' cells (46).
Although the major question of whether GCIs are cytotoxic
or cytoprotective temains to be answered, apoptosis with
the morphologic feature of nuclear shrinkage (48) is con-
sidered to account for at least some of the oligodendroglial
death in MSA (46, 47). In Parkinson disease and dementia
with Lewy bodies (other degenerative processes with a-
synuclein deposits [49, 50]), it is hypothesized that the
aggregation of a-synuclein prevents or delays neuronal
degeneration possibly by sequestering toxic protein species
(51, 52). It remains to be determined whether a similar sce-
nario may also explain the role of aggregation of a-synuclein
as GCIs in MSA. The relative preservation of nuclear vol-
ume with GCI and accelerated shrinkage in the absence of
GClIs in human brain are compatible with this possibility.

It is now possible to analyze the pathologic expression
of specific molecules in relation to nuclear size. Molecular
mechanisms bridging cellular/nuclear atrophy and GCI
formation or other pathologic deposits are now candidate
subjects for further study in a quantitative fashion rather than
a “black and white” dualism such as neuronal death versus
survival. The novel strategy for human brain studies used
herein provides a pivotal viewpoint regarding the pathologic
significance of GCIs and will be applicable to degenerative
processes other than MSA.
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