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although its function has not been identified. PDZ-domain-contain-
ing scaffolds also have a role in the dynamic trafficking of synaptic
proteins by assembling cargo complexes for transport by molecular
motors.® Although the level of FRMPD4 could not be
identified because of its low expression in LCL, it is possible that
the duplication of disrupted FRMPD4 caused the mild MR and
autistic features in our case.

In family MR494, an ~542-kb duplication at Xq21.1 included
HDX encoding a protein containing 2 homeobox DNA-binding
domains whose function is unknown (Supplementary Figure S4f).
In humans, mutations of homeobox genes, shown as ARX (OMIM
300382), PAX6 (OMIM 607108) and NKX2-1 (OMIM 600635),
expressed in the forebrain have been shown to result in MR, epilepsy
or movement disorder.*” Although this duplication was not detected
in the oldest brother showing borderline MR and the affected
localization-related epilepsy as well as other siblings, the HDX may
be relevant to MR. The distal breakpoint located in the genomic
region within segmental duplications according to the database
(Supplementary Figure S4f), suggesting segmental duplications to be
involved in the generation of the duplication.

In family MR86B, we detected an ~215-kb deletion at Xq24
containing no protein-coding gene but eight human expression
sequence tags whose sequence is conserved in only primates (UCSC
genome browser) (Supplementary Figure $4g), suggesting that a defect
of them may contribute to the disease. In addition, CUL4B (OMIM
300304) and GRIA3 {OMIM 305915), which were reported as XLMR-
associated genes,*"*2 are located around the region involved (Supple-
mentary Figure S4g). It is possible that the deletion alters expression
levels through some mechanism, such as a defect in binding of
transcription factor(s) and alteration of the chromatin structure.

In this study, we detected nine benign CNVs thought not to be
associated with MR on the basis of our flowchart (Supplementary
Table S1). Among them, two CNVs were ruled out because of no
segregation with MR in the family, although one contains PCDH19, a
known XLMR gene, and another has not been recorded in the DGV,
Therefore, if MR is caused by environmental factors in affected family
members not having CNVs, it is possible that these CNV's are relevant
to MR. Interestingly, mutation in PCDH19 caused MR in females, but
not in males,?? and a duplication of PCDH19 was detected in male
patients in our study, suggesting that this duplication may contribute
to MR in males. Recently, Girirajan et al.** hypothesized that genomic
alterations, such as large CNVs observed second alterations other than
the risk CNVs, serve as ‘second hits’ that convert the risk CNV from a
risk factor to a determinant or modifier of the developmental
phenotype. Therefore, it is possible that nine CNVs, which we
considered as benign CNV, may be risk CNVs, which need second-
site genomic events to produce a severe phenotype. Further detailed
analyses including whole-genome sequencing will be needed to clarify
this possibility.
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Chromosomal deletion including 3q31 is rare and only a few
patients have been reported to date. We report here on the first
two patients with a submicroscopic deletion of 5g31.3 identitied
by microarray-based comparative genomic hvbridization. The
common chinical features of both patients were marked hypo-
tonia, leeding difficolty in infancy. severe developmental
delay, and epileptic/nonepileptic encephalopathy associated
with delaved myelination. Both patients also shared characteris
tic facial features, including narvow forchead, low-set and
abnonmal aaricles, bilateral plosis, anteverted nares, long phil-
trum, tented upper vermilion, edematons checks, and high
palate. The deleted region contains clustered PCDHs, including
and PCDHG, which are highly expressed in the brain wheee they

funchion to g

uide neurons during brain development, nenronal

ditfferentiation. and synaptogenesis. The common deletion also
contains nepregulin 2 INRG2S, a major gene for neuredevelop-
ment. We suggest that 5q31.3 deletion is responsible for severe
brain developmental delay and distinctive tactal features, and
that the convnon hadings tn these two patients representing a
new microdeletion sundrome, We need further investigations
to determine which genes are responsible for the patients

characteristic features. Y Widev favs, Ing.

Key words:

INTRODUCTION

Interstitial deletions of the long arm of chromosome 5 are rare,
exceptin the 5q35.2935.2 region that includes the 2-Mb NSD1 locus
which is associated with Sotos syndrome [Visser and Matsumoto,
2003]. Although patients with proximal deletions that encompass
the 515 to q22 region experience mild developmental delays, those
with distal deletions that encompass the 522 to 31 region are
more severely handicapped, fail to thrive, and present with signifi-
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cant craniofacial dysmorphism and joint dislocations or contrac-
tures [Garcia-Minaur et al., 2005]. Furthermore, there are only a
few reports of patients with deletions encompassing the 5¢31.3
region [Felding and Kristoffersson, 1980; Kramer et al., 1999; Arens
et al., 2004].

Recently, we encountered 2 patients with severe developmental
delay and distinctive facial features. Microarray-based comparative
genomic hybridization (aCGH) analyses identified a common
microdeletion of 5g31 in both patients. Radiological examination
yielded characteristic finding with delayed myelination in both
patients. The details of these cases are discussed in this report. Data
on the patients were deposited in the DECIPHER database
(Database of Chromosomal Imbalances and Phenotype in Humans
using Ensembl Resources, https://decipher.sanger.ac.uk), and the
corresponding DECIPHER number is given.
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SHIMOJIMA ET AL.

A Japanese boy was born at 40 weeks 5 days gestation by caesarean
when labor had failed to begin. He is the first child of a 30-year-old
father and a 26-year-old mother at the time of his birth. His birth
weight was 2,925 ¢ (—0.3 SD), length 50 cm (+0.5SD), and head
circumference 35 cm (+1.3 SD). Postaxial polydactyly of the right
hand was noted. Patent ductus arteriosus (PDA) and a small
ventricular septal defect (VSD) were revealed by echocardiography;
PDA was surgically treated when he was 52 days old, and the small
VSD was observed but not treated. He showed failure to thrive due
to severe hypotonia and feeding difficulty, and aspiration was
suspected because of recurrent pneumonia. Tube feeding was
initiated at 6 months of age. Although he had no epileptic episodes,
his electroencephalography showed spike waves on the right side of
the posterior and occipital regions during natural sleep. Auditory
brainstem response revealed obscure Il waves in both sides, and the
threshold was 40 dB. His median nerve conductive velocity (NCV)
showed a delay with 32.5m/s (=2.1SD) on the left and 30.5m/s
(—2.5SD) ontheright. His posterior tibial NCV was also revealed to
be delayed with 27.6 m/s (—3.2 SD) on both sides. These findings
indicated peripheral neuropathy.

At 18 months of age, he showed delayed growth and microceph-
aly with height 76.4 cm (—1.6 SD), weight 8.7kg (—1.7SD), and
head circumference 42.8cm (—3.08D). He showed distinctive
features including narrow forehead, low-set and abnormal auricles,
bilateral ptosis, epicanthic folds, depressed nasal bridge, anteverted
nares, long philtrum, tented upper vermilion, edematous cheeks,
and high palate (Fig. 1A). His developmental milestones were
markedly delayed with no contact eye movements, no smile re-
sponse, and no head control. Brain magnetic resonance imaging
(MRI) revealed reduced volume of the cerebrum and severely
delayed myelination (brain appearance was that of an 8-month-
old child) in T2-weighted imaging (Fig. 2A). Chromosomal
G-banding showed a normal male karyotype.

FIG. 1. Patient facial features. [A] Patient 1 at 18 months old. (B)
Patient 2 at 6 years old.
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FIG. 2. Brain MRI findings with T1-weighted images (A, D} and
T2-weighted images (B, C, E}. Patient 1 at 4 months (A, B} and
18 months old (C]. Patient 2 at her age of 4 years.and 4 months old
{D, E]. Both patients showed reduced volume of the cerebrum
associated with hypomyelination.
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An 8-year-old French girl had no family history and no consan-
guinity in her parents. There was no complication during pregnan-
cy. Shewas born with a birth weight of 3,700 g (+0.5 SD), a length of
52¢m (+1.0SD), and a head circumference of 36 cm (+1.0SD).
Since early infancy, she showed feeding difficulties due to severe
hypotonia. She had severe developmental delay with sitting at
11 months. Since the age of 12 months, she suffered epileptic
seizures which were drug-resistant (hydrocortisone, clonazepam,
topitamate, lamotrigine). Her epileptic status was diagnosed as
Lennox—Gastaut syndrome.

She was of relatively small stature at a height of 121cm
(—1.55D), had a weight of 16.7 kg (—2.5 SD), and head circumfer-
ence of 50 cm (—1.5 SD). She was not able to walk unassisted and
was apraxic for speech. Her features were distinctive with narrow
forehead, low-set ears, bilateral ptosis, downslanting palpebral
fissures, anteverted nares, long philtrum, tented upper vermilion,
edematous cheeks, and high palate (Fig, 1B). Strabismus was also
noted. Brain MRI examination showed ventriculomegaly with
reduced volume of the cerebrum, particularly in the frontoparietal
regions, and marked hypomyelination (Fig. 2B). Conventional
chromosome analysis showed a normal female karyotype.

For further evaluation, microarray-based comparative genomic
hybridization (aCGH) analyses, using Human Genome CGH Mi-
croarray 105A for Patient 1 and 44A for Patient 2 (Agilent Tech-
nologies, Santa Clara, CA), were performed according to the
manufacturer’s protocol, with genomic DNAs extracted from
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peripheral blood samples. The identified aberrations were con-
firmed by fluorescence in situ hybridization (FISH) analyses, and
both patients were also analyzed by FISH. Parental origin of the
deletion in Patient 1 was determined using the microsatellite
marker D581979 according to methods described elsewhere
[Komoike et al., 2010]. Information regarding the primers used
for the marker was obtained from the in-silico library (http://
genome.ucsc.edu/).

RESULTS

Losses of genomic copies of 5g31.3 were identified in both patients.
Patient 1 showed a 5.0-Mb deletion with molecular karyotyping as
arr chr5q31.2q31.3(137,538,788~142,574,719)(hg18)x1 and Pa-
tient 2 showed a 2.6-Mb deletion with molecular karyotyping as
arr chr5q31.331.3(139,117,448-141,682,547)(hg18)x1 (Fig. 3).
FISH analyses with only one signal for the targeted probe confirmed
the deletion (Fig. 4), and subsequent parental FISH analyses using
the same probe showed no abnormality in their parents (data
not shown), indicating de novo occurrence. Patient 1 shared
the D551979 allele with his mother but not with his father
(Fig. 4). This indicated that the deletion was paternally derived,
and the final karyotype wasish del(5)(g31.2q31.3)(RP11-678N8x1)
dn pat.

DISCUSSION
Both the patients in the present study showed an overlapping
deletion of the region that included 5q31.3. The clinical features
that were common for both patients were marked hypotonia,
feeding difficulties in infancy, severe developmental delay, and
epileptic/nonepileptic encephalopathy. Both patients also showed
similar characteristic facial features, including a narrow forehead,
low-set and abnormal auricles, bilateral ptosis, anteverted nares,
long philtrum, tented vermilion of the upper lip, edematous
cheeks, and high palate. Another characteristic finding was delayed
myelination of the white matter, as identified by MRI examination.
Thus, these findings are consistent, recognizable, and clinical
features of 5q31.3 deletion.

To the best of our knowledge, five reports on patients with
chromosome 5q31 deletions are available in the literature (Fig. 5).
The first patient reported by Felding and Kristoffersson had man-
ifestations similar to those of our patients [Felding and Kristof-
fersson, 1980]. Kramer et al. [1999] reported on a patient with
531933 deletion whose condition was severely impaired; this
patient showed congenital anomalies and died in the neonatal
petiod. Arens et al. [2004] reported a patient with 5q22.1q31.3
deletion whose clinical findings included growth retardation,
moderate psychomotor retardation, and mild facial dysmorphisms
were similar to those of our patients. However, the severity of
the developmental delay was milder than that of our patients,
because she could walk without support and could speak a few
words. These three patients were suspected to carry deletions of
5g31.3, but the deletion regions were ambiguous in conventional
G-banding examination, and no neuroimaging test was available.
We were thus unable to compare these patients with ours.
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FIG. 3. The results of aCGH for chromosome 5. The aberrant areas
of chromosome 5¢31.2q31.3 are expanded in “Gene View” using
CGH Analytics version 4.0 {Agilent] with the ADM-2 algorithm at a
threshold of 6.0. The vertical axis indicates gain or ioss of genome
copy number and the horizontal axis indicates the physical
position on chromosome 5. The aberrant areas are indicated by
biue and red rectangles. Dots indicate the positions of the probes
and green dots indicate log; ratio under —0.5. Physical map
carresponding to the highlighted area is depicted below the aCGH
- data. Rectangles indicate the positions of the UCSC genes [hg18).
Colored rectangles indicate the genes included in the overiapped
deletion region, and the genes showing high expression in the
brain are indicated in red. italic symbols indicate gene names.

Tzschach etal. [2006) reported on a patient with failure to thrive,
psychomotor retardation, and mild facial dysmorphic features who
carried a de novo deletion of 5q23.3q31.2, which did not overlap
with those of our patients [ Tzschach et al., 2006]. Moscaetal. [ 2007}
reported a girl presenting with an abnormal cry, upslanting palpe-
bral fissures, hypertelorism, anteverted nostrils, microretrognathia,
growth retardation, and an adenoid cyst at the base of the tongue
[Mosca et al., 2007]; the chromosomal deletion in this girl partially
overlapped with that in Patient 1 of the present study, but the
deletion did not involve the 5q31.3 band (Fig. 5).

In the present study, the common 2.6-Mb deletion region within
the chromosomal band 5q31.3 is gene rich, containing 40 genes
(UCSC Human genome browser, March 2006; http://genome.
ucsc.edu/). The most intriguing finding is that the deleted region
contained 5 genes classified as the protocadherin (PCDH) family
which can be further divided into two main categories including
clustered and non-clustered [Morishita and Yagi, 2007]. The
clustered PCDHs including PCDHA, PCDHB, and PCDHG, which
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FIG. 4. Molecular cytogenetic validations for Patient 1. Two-color
FISH analysis for patient 1 [left) using a combination of the BAC
clones RP11-94J21 (red) and RP11-678N8 (green] as probes
according to methods described alsewhers. A single green signal
indicates the deletion of this region on the chromosome 5 [arrow].
Microsatellite marker analysis of D551979 (right] separated on
a polyacrylamide gel and visualized by staining with ethidium
bromide. The bands for this patient are common only with those of
the mother. m, molecular size marker; P, patient; F, father; M,
mother. BAC clones RP11-94J21 and RP11-67BNB were selected
from UCSC Human genome browser build 2006 [http//
genome.ucsc.edu/cgi-bin/hgGateway).

are sequentially organized on the 5q31.3 region (Fig. 3) [Yagi,
2008]. The other non-clustered PCDHs, PCDHI and PCDHI2,
were also included in this region. PCDHs are highly expressed
in the brain where they play roles in directing neurons during brain
development, neuronal differentiation, and synaptogenesis | Akins
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FiG. 5. Physical maps of the 5q31.3 region depict the regions
deleted in the previously reported patients. Black rectangles
indicate the range of the deletion, and the rectangles with diagonal
lines indicate the suspected deletion region basad on G-banded
karyotyping. The reference author names are also indicated.
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and Biederer, 2006]. Although clustered PCDHs are suspected to
have more important roles than non-clustered PCDHs in neuronal
development, human diseases that are associated with clustered
PCDHs have not yet been reported. The genomic organization of
PCDHA and PCDHG includes multiple variable exons and a set of
constant exons, similar to the gene encoding immunoglobulins and
T-cell receptors [Morishita and Yagi, 2007; Takeichi, 2007]. These
exons are combined by cis-splicing of the mRNA, leading to the
production of alarge number of isoforms and generating more than
50 transcripts from each gene, with various extracellular domain
sequences [Morishita and Yagi, 2007; Takeichi, 2007]. Because of
these characteristics, PCDHA and PCDHG are classified as clustered
PCDHs. The expression mechanism of clustered PCDHs is also
unique; different mouse neurons were found to express different
sets of Pedhaand Pcdhg, indicating monoallelic gene expression that
is unique to the clustered PCDHs [ Esumi et al., 2005; Hirayama and
Yagi, 2006].

Although mutations of human PCDHA, PCDHB, and PCDHG
have not been reported, hypomorphic Pcdha mutant mice
exhibit enhanced contextual fear conditioning and abnormal
spatial learning [ Fukuda et al., 2008]. Morpholino-based reduction
in levels of full-length Pcdh la protein results ina dramatic increase
in the extent of neuronal programmed cell death [Emond
and Jontes, 2008]. These observations are similar to those in
Pcdhg—/— mice that exhibit a loss of spinal interneurons [Wang
etal., 2002]. Heterozygous mice of both Pedha and Pedhg have not
been reported to show any neurological pathologies [Wang et al.,
2002; Fukuda et al., 2008 ; however, functional relevance of both
PCDHA and PCDHG to human disorders cannot be denied,
because mice heterozygous for the knockout alleles such as
Nsdl and Foxcl show no manifestations [Rayasam et al., 2003;
Aldinger et al., 2009]. Hemi-allelic deletions of the human
homogues, NSD! and FOXCI, are associated with human
disorders, i.e., Sotos syndrome and Dandy—Walker malformation,
respectively. These findings suggest the biological difference
between mice and human.

Another study showed that myelination functions as a trigger
for the decline in Pcdha expression [Morishita et al., 2004].
Delayed myelination was another characteristic of our patients
and may be associated with the deletions of PCDHA. Furthermore,
PCDHA and PCDHG exhibit monoallelic expression [Esumi et al.,
2005]. Thus, partial monosomy of 5q31.3 may affect the function of
PCDHA and/or PCDHG.

By use of the UCSC genome browser, 6 genes other than PCDHA
and PCDHG were found to be highly expressed in the brain
among the 40 genes included in the common deletion region
(Supplemental Table SI online). Neuregulin 2 gene (NRG2) was
one of the 6 genes. NRG2 is a member of the neuregulin family of
signaling proteins that mediate cell—cell interactions in the nervous
system and other organs [Rimer, 2007]. Recent genetic, transgenic,
and postmortem brain studies support a potential contribution of
NRG1-erbB4 signaling in schizophrenia [Banerjee et al., 2010].
Furthermore, NRG2 is predominantly expressed by neurons in the
central nervous system and exerts its effects on the perisynaptic
Schwann cells at the neuromuscular junction |Longart et al., 2004;
Rimer, 2007], suggesting a possible association of NRG2 with
neurological diseases. The findings of histological examinations of
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the brain of Nrg2 transgenic mice did not differ from those of the
wild-type or heterozygous mice; however, homozygous knockout
mice showed severe growth retardation, increased morbidity,
and reduced reproductive capacity [Britto et al., 2004]. Thus, the
peripheral neuropathy in Patient 1 may be attributable to NRG2
deletion.

In this study, we reported the first two patients with deletions of
the 5931.3 region. We suggest that the deletion of 5q31.3, including
clustered PCDHs and NRG2, lead to severe developmental delays,
distinctive facial features, and delayed myelination. These charac-
teristic manifestations comprise a new recognizable microdeletion
syndrome, Although many genes in this region are highly expressed
in the brain, the genes that specifically contributed to the unique
characteristics of our patients could not be determined, because the
crucial functions of the genes involved in the deletion region remain
to be elucidated. Further studies need to be conducted to identify
the genes that were associated with the characteristic features
of our patients. Microcephaly was observed in Patient 1, but the
head circumference of Patient 2 was within normal limit. Therefore,
the gene associated with microcephaly in Patient 1 might be
excluded from the deletion region that was common to both
patients.
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Immunohistochemical expression of fibroblast
growth factor-2 in developing human cerebrum
and epilepsy-associated malformations of
cortical development

Manami Ueda,' Chitose Sugiura,” Kousaku Ohno,? Akiyoshi Kakita,> Akira Hori,"” Eisaku Ohama,’
Harry V. Vinters®® and Hajime Miyata®

Divisions of 'Neuropathology and *Child Neurology, Department of Neurological Sciences, Graduate School of Medical
Sciences, Tottori University, Yonago, *Department of Pathological Neuroscience, Resource Branch for Brain Disease
Research, CBBR, Brain Research Institute, Niigata University, Niigata, *‘Research Institute for Longevity Medicine,
Fukushimura Hospital, Toyohashi, ’Kurashiki Heisei Hospital, Kurashiki, *Department of Neuropathology, Research

Institute for Brain and Blood Vessels — Akita, Akita, Japan, "Department of Pathology, Medizinische Hochschule
Hannover, Hannover, Germany, Departments of *Pathology and Laboratory Medicine (Neuropathology) and *Neurology,
David Geffen School of Medicine and UCLA Medical Center, Los Angeles, California, USA

To elucidate the biological significance of fibroblast growth neurons. Astrocytes and ependymal cells were positive for
factor-2 (FGF-2) expression in epilepsy-associated malfor- FGF-2 in the postnatal brains. Choroid plexus epithelium
mations of cortical development, immunohistochemical was strongly positive for FGF-2 in all cases examined.
expression of FGF-2 was investigated in the developing Among the corticectomy specimens, the cytoplasms and/or
human cerebral mantles obtained from 30 autopsy cases of nuclei of dysmorphic neurons (DNs) and BCs in groups I
fetuses, stillborn infants and children ranging from 12 weeks and II were variably positive for FGF-2. The proportions
gestation to 15 years old, and 70 surgically-resected corti- of FGF-2 immunoreactive cells (FGF-2-IR%) was signifi-

cectomy specimens from patients with medically intractable cantly higher in groups I (36.9 + 9.6) and II (45.1 £ 7.0) than
epilepsy, including: group I, 12 tubers of tuberous sclerosis; in groups 111 (21.0 £ 5.7),IV (144 £ 4.7) and V (24.3 £ 10.3),
group II, 24 cases of focal cortical dysplasia (FCD) and that in group V was higher than in group IV (P < 0.01).
with balloon cells (BC); group III, 11 FCD without BC; These results indicate that FGF-2 upregulation in DNs and

group IV, 23 histologically normal-appearing neocortices BCsis an important feature common to groups I and II, and
from patients with Rasmussen encephalitis, cystic-gliotic suggest that BCs and DNs in these groups represent dis-
encephalopathy, temporal lobe epilepsy; and group V, 14 turbed gliogenesis from matrix cells and disturbed matura-
normal-appearing neocortices adjacent to dysplastic lesions tion of cortical neurons from migrating neuroblasts,
from groups I and II. FGF-2 expression was detected ina  respectively.

population of matrix cells and/or neuroblasts within the

ventricular zone in fetuses younger than 19 weeks gestation. Key words: astrocyte, epilepsy, FGF-2, immunohistochem-
Nuclei of glioblasts and immature astrocytes were also posi- istry, malformation of cortical development (MCD).

tive for FGF-2in cases older than 18 weeks gestation. FGF-2
expression was not detected in immature cortical plate

INTRODUCTION

Malformations of cortical development (MCDs) constitute
Correspondence: Hajime Miyata, MD, PhD, Department of Neuropa- a family of disorders characterized by an abnormal cytoar-
thology, Research Institute for Brain and Blood Vessels — Akita, 6-10 . .
Senshu-Kubota-Machi, Akita 010-0874, Japan. Email: hmiyatansu@ ~ Critecture of the cerebral cortex, presumably resulting
umin.acp from deranged migration of neuroblasts from ventricular
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the cortical plate during early stages of intrauterine life.!
Focal cortical dysplasia (FCD),? a subset of MCDs, is char-
acterized by cortical laminar disorganization, the presence
of dysmorphic neurons (DNs) and characteristic large
gemistocytic astrocyte-like “balloon cells” (BCs), histologi-
cally classified as FCD type IIB? or FCD type IIb* in recent
proposals. These histological features are very similar to
those seen in cortical tubers of tuberous sclerosis complex
(TSC-tubers),>® despite different clinical presentations.
TSC-tubers and FCD type IIb are presumed to be disor-
ders of cell differentiation in early stages of the developing
brain” Recent evidence has suggested several factors
significant in morphogenesis of BCs, including aberrant
expression of cytoskeletal proteins®® stem cell markers
such as nestin,” and CD34 class IL," and altered signaling
pathways.”»” However, the origin of BCs is largely
unknown,

The fibroblast growth factor (FGF) family consists of
at least 23 different members, having two highly con-
served core-domain regions.*® Ten of 23 classes of the
FGF family along with four receptors are expressed in the
developing brain in animals.* Among them FGF-2 has
been suggested to play several important roles not only
in neuroprotection following brain insults such as
ischemia,'®" traumatic injury,”® and epilepsy,2* but also
in neurogenesis®® and neuronal and glial differentia-
tion®? in the developing CNS. Our previous study using a
relatively small number of cases has demonstrated that
FGF-2 is expressed in the nuclei of astrocytes in normal-
appearing neocortex, and DNs and BCs in TSC-tubers
and FCD with BC but not in FCD without BC, and that
higher proportions of FGF-2 immunoreactive cells (FGF-
2-IR%) in TSC-tubers and FCD with BC than FCD
without BC may reflect the likely timing of insults under-
lying the pathogenesis of each disorder.® However, the
spatial and temporal alterations of FGF-2 expression in
the developing human brain have not yet been fully
described in the literature. One study has demonstrated
FGF-2 expression in both neuroblasts and glioblasts in the
cortical plate using human fetal brains of 12 to 16 weeks
gestation.” In rat brain, FGF-2 expression has been shown
in VZ, SVZ and cerebral cortex at the embryonic day
(E18),” and subsequently in astrocytes but not neurons,
except those in the hippocampus and cingulate cortex in
the postnatal period. ¥

In the present study, immunchistochemical expression
of FGF-2 was investigated in 30 autopsy cases of the
developing human cerebrum and 70 surgically resected
corticectomy specimens from patients with medically
intractable epilepsy using tissue microarray for the
quantitative evaluation of FGF-2-IR% to elucidate the
biological significance of FGF-2 expression in epilepsy-
associated MCDs.

107

M Ueda et al.

MATERIALS AND METHODS

Population characteristics
Autopsied human developing brains

Archival paraffin blocks from 30 autopsy brains of human
fetuses, stillborn infants and children ranging from 12
weeks gestation to 15 years old were retrospectively
chosen for this study. Histologically normal areas of the
cerebral mantle were selected for immunohistochemical
assessment (Table 1). The term “histologically normal”
refers to histologically normal-appearing tissue, regardless
of its functional state, in which there are no histological
changes observed by HE staining in a given case.

Epilepsy-associated brain lesions

Seventy surgically-resected specimens from patients
(M:F=3535; age at time of surgery ranging from 10
weeks to 49 years; mean, 14.9 + 14.3 years) with medically
intractable epilepsy or infantile spasms were retrospec-
tively chosen for this study from archival paraffin blocks.
These include tissue in the following group categories: (1)
cortical tuber of tuberous sclerosis complex (TSC-tuber)
(n=12; M : F=5.7; age range, 1-27 years; mean, 10.3 + 9.7
years); (II) focal cortical dysplasia (FCD) with balloon cell
(BC) (n=24;M : F = 12:12; age range, 11 weeks to 45 years;
mean, 12.2 +14.5 years); (III) FCD without BC (n=11;
M : F = 6:5; age range, 10 weeks to 25 years; mean, 6.9 + 9.6
years); (IV) 23 cases of histologically normal neocortex
(N-CTX) obtained from pathologically confirmed (IV-1)
Rasmussen encephalitis (n=35; M : F = 2:3; age range, 3-9
years; mean, 6.0 £ 2.5 years), (IV-2) cystic-gliotic encepha-
lopathy (n=2, M :F=0:2; age range, 8-10 years; mean,
9 £ 1.4 years), (IV-3) mesial temporal lobe epilepsy with or
without hippocampal sclerosis (n=16; M: F=10:6; age
range, 9-49 years;mean, 31.3 + 12.1 years); and (V) 14 cases
of normal-appearing neocortex adjacent to dysplastic
lesions (Ad-CTX) obtained from eight and six specimens
in categories I and II, respectively (n=14; M : F = 8:6; age
range, 9 months to 42 years; mean, 14.8 + 12.4 years). All
patients in group I fulfilled the diagnostic criteria for clini-
cally definite TSC.® The pathological diagnosis of FCD
with BC was made on specimens from patients who had no
signs or systemic manifestations of TSC (so-called isolated
CD), and represent “severe” FCD in the previously
described classification and proposed grading system,*
equivalent to FCD type IIB? and FCD type IIb. The diag-
nosis of CD without BC also represents isolated CD, but no
BCs were observed even by extensive sampling of resected
tissue, that include FCD type IB (n=3) and IIA (n=8)in
this study.? The term “histologically normal” cortex refers
to histologically normal-appearing cortex, regardless of its

© 2011 Japanese Society of Neuropathology



FGF-2 in developing human brain and MCD

Table 1 Clinicopathological summary of the 30 autopsy cases

Case no. Age Sex Clinical diagnosis Pathological diagnosis
1 12w U Thoracoomphalopagus Complete agenesis of the corpus callosum
2 12w U Thoracoomphalopagus Complete agenesis of the corpus callosum
3 13w F Not described Normal brain for age
4 16w F Trisomy 18 syndrome Trisomy 18 syndrome
5 18w M Meckel-Gruber syndrome Meckel-Gruber syndrome
6 19w M Trisomy 18 syndrome Trisomy 18 syndrome
7 20w F Abortion due to uterus bicornis Normal brain for age
8 20w F Abortion due to uterus bicornis Normal brain for age
9 20w F Hunter syndrome Hunter syndrome
10 21w U Defect of lower limbs Focal cortical dysplasia
11 21w F Cardiac abnormality Normal brain for age
12 24w F Cystic hygroma colli Dysplasia of the cerebral and cerebellar cortices
13 24w M Hypophosphatasia Normal brain for age
14 30w M Fetal hydrops Fresh multiple periventricular hemorrhages
15 Bw F 69XXX Dysgenesis of the central nervous system
16 34w M Trisomy 18 syndrome Trisomy 18 syndrome
17 38w U Asphyxia due to rotation abnormality Congestive brain
18 Bw F Congenital cardiac disease Congestive brain, dysplasia of the hippocampus
19 7m F Sudden infant death syndrome Congenital cytomegalovirus infection
20 10m F Hemophagocytic syndrome Infiltration of histiocytes in the subarachnoid space
21 12m M Sudden infant death syndrome Dysplasia of the brain
22 15m F Hydrencephalus after brain hemorrhage Hydrencephalus, old subependymal hemorrhage
23 4y F Developmental disorder . Developmental disorder
24 S5y F Developmental disorder, sudden death Dysplasia of the brain
25 6y F Ependymoma in the fourth ventricle Anaplastic ependymoma, Grade II1
26 6y M Menkes kinky hair disease Menkes kinky hair disease
27 9y F Holoprosencephaly Holoprosencephaly
28 10y F Medulloblastoma Medulloblastoma
29 12y F Death by drowning Dysplastic brain
30 15y M Status epilepticus Hepatic encephalopathy

F, female; M, male; m, month(s) old; U, unknown; w, weeks gestation; y, year(s) old.

functional state, in which there are no histological changes
observed by HE staining that presented adjacent to the
specific lesion. No two specimens came from the same
individual except those in Group V. Tissues of 62 cases are
already included in a tissue microarray paraffin block origi-
nally containing 63 cases used in the previous study,” with
one case of cystic-gliotic encephalopathy excluded due to
insufficient amount of tissue remaining within the block.
Paraffin blocks of eight cases (4 TSC-tubers, 2 FCD with
BC, 2 FCD without BC) not allowed to be incorporated
into the tissue microarray were also included in this study
by defining a region of interest in each case throughout the
study.

Histological and immunohistochemical
procedures

Paraffin blocks were cut at 5 wm thickness, subjected to HE
and KB staining as routine procedures. Adjacent serial
sections were subjected to immunohistochemistry for
FGF-2 and GFAP. For FGF-2 immunostaining, deparaf-
finized sections were subjected to autoclave boiling in
0.015 mol sodium citrate buffer solution (pH 6.0) for
10 min at 121°C as an antigen retrieval procedure before
incubation with 3%H,0, diluted in distilled water for

© 2011 Japanese Society of Neuropathology

30 min followed by blocking with 5% normal goat serum.
Sections were incubated with rabbit polyclonal antibodies
for FGF-2 (dilution 1:50, Santa Cruz Biotechnology, Santa
Cruz, CA, USA) or rabbit polyclonal antibodies for GFAP
(dilution 1:300, Dako, Glostrup, Denmark) overnight at
4°C, followed by incubation with goat anti-rabbit immuno-
globulins conjugated to peroxidase labeled-dextran
polymer (EnVision+ System-HRP, Dako, Carpinteria, CA,
USA) for 45 min at 37°C. Immunoreaction was visualized
by 3-3’diaminobenzidine tetrahydrochloride (DAB, Dako,
Carpinteria, CA, USA). Sections were counterstained with
hematoxylin. Immunostaining with omission of primary
antibodies was used as a negative control. Fibroblasts

 in human leptomeninges were used as built-in positive
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control for FGF-2.

Semi-quantitative analysis of FGF-2
immunoreactivity in MCDs

The histology of all cores in tissue microarray was verified
on HE-stained sections to confirm that a region of interest
from a donor block appeared in a given core (round tissue
with 600 um diameter, approximately 0.28 mm?). Cores lost
or severely damaged during staining were excluded from
the study. Inmunoreactivity was judged as positive regard-



less of staining intensity, when DAB signal in a given cell
was higher than the background. Any cells within blood
vessels or their walls, for example, vascular endothelial and
smooth muscle cells, were excluded from the study. Only
cells with the nucleus in the plane of the section were
counted. The computer-assisted semi-quantitative analysis
of FGF-2 immunoreactivity on tissue microarray was per-
formed according to the previously described protocol.”
For another eight cases that are not included in the tissue
microarray, seven consecutive areas of interest (AOIs)
were determined using a 40X objective lens (approxi-
mately 1.58 mm?) based on the HE stained sections in each
case for the semi-quantitative evaluation of FGF-2 expres-
sion.® The proportion of FGF-2 immunoreactive cells
(FGF-IR%) in a given specimen was measured by count-
ing all FGF-2 immunoreactive neuroglial cells divided by
total number of cells in each core and AOIL The mean
values of the positive ratio from each group were statisti-
cally compared by analysis of variance (ANOVA) followed
by a post hoc Scheffe’s test for multiple comparisons. The
statistical difference was considered to be significant when
P <0.01.

RESULTS

FGF-2 expression in developing human brain

Weak or faint FGF-2 immunoreaction was observed and
almost confined to a population of what appeared to be
matrix cells and/or neuroblasts within the VZ in all five
fetuses from 12 to 18 weeks gestation (Fig. 1A). In fetuses
of 19 weeks gestation or older, nuclei of what seemed to be
glioblasts and immature astrocytes within SVZ and inter-
mediate zone (IMZ) as well as immature cells within the
VZ and ependymal layer were variably immunoreactive
for FGF-2 (Fig. 1B,C). Fetal immature ependymal cells
were strongly immunoreactive for FGF-2 in their cyto-
plasm (Fig. 1C), while mature ependymal cells with ciliated
cuboidal morphology, particularly in the postnatal brains,
showed FGF-2 expression more localized in the apical
brush border (Fig.1D). The spatial and temporal alter-
ations of FGF-2 expression in these developing human
brains were almost parallel with those of GFAP expres-
sion, except the cortical plate and choroid plexus; that is, no
FGF-2 immunoreactivity was observed in astrocytes and
immature neurons in the cortical plate in all fetal cases
(Fig. 1E), despite few GFAP-positive astrocytes scattered
in the cortical plate in fetal brains of 19 weeks gestation or
older. However, in 8/12 postnatal brains from infants and
children, faint immunoreactivity of FGF-2 was observed in
a population of cortical astrocytes, and nuclei and/or cyto-
plasm of GFAP-positive astrocytes in the subependymal
layer and white matter were variably immunoreactive
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for FGF-2 (Fig. 1F). FGF-2 immunoreactivity was not
detected in the neocortical neurons in any of the autopsy
cases examined in the present study. Cytoplasm of choroid
plexus epithelium was strongly positive for FGF-2 in all
cases examined (Fig. 1D) (Table 2).

FGF-2 immunoreactivity in MCDs and the
proportions of FGF-2 immunoreactive cells

In cases from groups I (TSC-tubers) and II (FCD with
BC), abnormal neuroglial cells including DNs and BCs
were variably immunoreactive for FGF-2 (Fig. 2A,B). In
contrast, no or very subtle, if any, FGF-2 immunoreactivity
was detected in the neuronal component including, DNs in
cases from group III (FCD without BC) (Fig. 2C). The
cytoplasm and/or nuclei of both normal-appearing and
reactive astrocytes was positive for FGF-2 in all cases
(Fig. 2C,D) from all groups including group V (Ad-CTX).
All of these findings were consistent with our previous
study.® FGF-2 immunoreactivity was not detected in
normal and normal-appearing neurons in cases from
groups IV and V. The proportions of FGF-2-IR% were
significantly higher in groups I (mean + SD:36.9 + 9.6) and
II (45.1 £ 7.0) than in groups III (21.0 £ 5.7),IV (14.4 £ 4.7)
and V (24.3 £ 10.3) with statistical significance (P < 0.0017)
(Fig. 3), and that in group V was higher than in group IV
with statistical significance (P = 0.0062) (Fig. 3). There was
no significant difference in the FGF-2-IR% between
groups I and IT (P = 0.0534), 11T and IV (P = 0.2181) and III
and V (P =0.8726).

DISCUSSION

FGF-2 expression is associated with gliogenesis
from matrix cells to astrocytes

The observations in the present study indicate the transi-
tion of FGF-2 expression from matrix cells to glioblasts
and astrocytes during human brain development. FGF-2
immunoreactive cells in VZ and SVZ before 19 weeks
gestation may represent matrix cells and/or neuroblasts
when glioblasts are not yet generated, although there are
no specific immunohistochemical markers applicable to
formalin-fixed paraffin-embedded human autopsy brain
tissue to identify matrix cells, neuroblasts and glioblasts.
However, FGF-2 immunoreactivity was not observed in
neuroblasts and/or immature neurons in the cortical plate
migrated from VZ/SVZ in the present study, although
FGF-2 expression has also been demonstrated in both neu-
roblasts and glioblasts in the cortical plate using frozen
sections from human fetal brains of 12-16 weeks gesta-
tion.” On the other hand, FGF-2 expression was observed
in nuclei of GFAP-expressing astrocytes in IMZ or white
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Fig.1 Fibroblast growth factor (FGF)-2 expression in developing human cerebrum. (A) Weak or faint FGF-2 immunoreactivity almost
confined to a population of what appeared to be matrix cells and/or neuroblasts within the ventricular zone (VZ: arrow) in a fetal brain
of 12 weeks gestation. Note scattered mitotic figures within the VZ (arrowhead). (B) Nuclei of what seem to be glioblasts and immature
astrocytes (arrows) within the subventricular zone (SVZ) as well as immature cells within the VZ and ependymal layer (arrowhead) are
variably immunoreactive for FGF-2. A fetal brain of 21 weeks gestation. (C) In addition to the positive reaction for FGF-2 in glioblasts
(arrows), immature ependymal cells are strongly immunoreactive for FGF-2 in their cytoplasm (arrowhead). A 21 weeks gestation fetus.
(D) Cytoplasm of the choroid plexus epithelium is strongly positive for FGF-2 in all cases examined (arrow). Mature ependymal cells with
ciliated cuboidal morphology, particularly in the postnatal brains showed FGF-2 expression more localized in the apical brush border
(arrowhead). A 7-month-old infant. (E) No FGF-2 immunoreactivity was observed in the cortical plate in all fetal cases. A 12 weeks
gestation fetus. (F) Nuclei and/or cytoplasm of reactive astrocytes in the white matter are positive for FGF-2 (arrows). A 7-month-old
infant. All panels were photographed at the same magnification. Bar = 50 um.
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Table 2 Summary of FGF-2 immunoreactivity in developing human cerebra
Case No. Age VZ/EL SVZ/SEL IMZ/WM CP/NCTX CPE
1 12w + - - - ++
2 12w + - - - -
3 13w + - - - +H+
4 16w ++ - - - ++
5 18w + - - - —
6 19w ++ + + - ++
7 20w e - - - -
8 20w ++ R + - =+
9 20w ++ e - - et
10 21w ++ ++ + - +H+
11 21w ++ ++ + - +H+
12 24w + - - - ++
13 24w + + + - ++
14 30w + + + - A+t
15 3NBw + + + - et
16 34w + + + - e
17 38w + - 4+ - —t
18 38w + ++ ++ - ++
19 7m A+ + — + +H+
20 10 m ++ 4+ -+ + +
21 12m + + + + -
22 15m +F ++ + - e
23 4y ++ ++ =+ + ++
24 Sy +H+ ++ + - ++
25 6y ++ ++ ++ - ++
26 6y + ++ ++ + e
27 9y + —+ + + ++
28 10y + R e + i
29 12y + + ++ = +H+
30 15y ++ ++ -+ + At

Immunoreactivity: —, negative; +, faintly positive; ++, positive; +++, strongly positive. CP, cortical plate; CPE, choroid plexus epithelium; EL,
ependymal layer; IMZ, intermediate zone; NCTX, neocortex; SEL, subependymal layer; SVZ, subventricular zone; VZ, ventricular zone; WM, white

matter.

matter as well as VZ/SVZ in fetal brains of 19 weeks ges-
tation or older. In postnatal brains, FGF-2 expression was
mainly observed in the astrocytes in the white matter and
faint FGF-2 expression was also observed in a population
of neocortical astrocytes. These observations, together with
the previous study showing FGF-2 expression mainly in
astrocytes in histologically normal cerebral neocortex and
white matter in adults,”® suggest that FGF-2 is a develop-
mentally regulated protein and its expression is associated
with gliogenesis from matrix cells in human brain develop-
ment. Although human autopsy brains younger than 9
weeks gestation consisting entirely of matrix cells were not
available in this study, FGF-2 mRNA expression has been
observed in cells in neural tubes at embryonic day E10 in
mice, when neural crest precursors proliferate. In fact,
FGF-2 has been detected in astrocytes but not neurons,
except those in CA2 of the hippocampus in normal
postnatal and adult rat brains.**2 Hence, FGF-2 expression
in abnormal neuroglial cells, particularly DNs in cases of
MCD with BC (groups I and II), in the present study
appears to represent one immature feature of these cells,!
and reflects the putative perturbations of developmental
events in the early fetal period underlying the pathogenesis

of these dysplastic lesions.?® Accordingly MCD with BC
may differ from FCD without BC (group III) in the likely
timing of insults underlying the pathogenesis of each dis-
order, despite the presence of morphologically identical
DN in these lesions. Although the presence of BCs is one
histological hallmark of groups I and II, BCs may not
always intermingle with DNs but also can exist as isolated
small aggregates within the adjacent normal-appearing
cortex and white matter.*>" In such situation, the presence
of FGF-2 immunoreactive DNs may therefore even indi-
cate the presence of potentially “hidden” BCs in a given
specimen, and could be one supplemental immunohis-
tochemical feature for accurate and differential diagnosis
of FCD type IIb from FCD type Ila.

Possible role of FGF-2 in the pathogenesis
of BCs

The present study has updated our preliminary report® on
FGF-2-IR% in epilepsy-associated MCDs, demonstrating
that FGF-2-IR% in BC-containing cortical dysplasia, that
is, TSC-tubers and FCD with BC, is significantly higher
than that in FCD without BC, and that FGF-2 upregulation
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Fig.2 Tissue microarray immunohistochemistry for fibroblast growth factor (FGF)-2. Abnormal neuroglial cells are immunoreactive for
FGF-2 in tuberous sclerosis complex (TSC)-tuber (panel A, arrows) and focal cortical dysplasia (FCD) with balloon cells (BC) (panel B,
arrows). FGF-2 expression is observed in reactive astrocytes (arrow in-panel C) but not in neuronal component including dysmorphic
neurons in FCD without BC (arrowheads in panel C). In normal cerebral neocortex, nuclei and/or cytoplasm of astrocytes are positive for
FGF-2 (panel D, arrows). All panels were photographed at the same magnification. Bar = 100 pm.

appears to be an important feature common to TSC-tubers
and FCD with BC. In addition, FGF-2-IR% in group V
(Ad-CTX) was significantly higher than that in group IV
(N-CTX), indicating that Ad-CTX is also abnormal in
terms of FGF-2 expression. This difference appears to be
mainly due to the difference in the proportion of FGF-2
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immunoreactive normal and reactive astrocytes, since
there were no DNs or neuronal expression of FGF-2
observed in these groups.

Previous studies have demonstrated the upregulation
of FGF-2 mRNA following bicuculline- or kainic acid-
induced seizure mainly in the hippocampus,?? and the
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Fig.3 The ratios of fibroblast growth factor-2 (FGF-2) immu-
noreactive cells (FGF-2-IR%). *P < 0.01.

upregulation of both FGF-2 mRNA and FGF-2 protein in
astrocytes by kainate-mediated excitotoxicity, indicating
that FGF-2 is upregulated in response to seizure activity.*
Furthermore, there have also been several reports suggest-
ing a role for FGF-2 in the development of the cerebral
cortex using FGF-2 knockout mice showing deranged
cortical laminar structures.”>? Accordingly, a possible
hypothesis is that FGF-2 protein is upregulated in the dis-
organized cerebral cortex of MCDs secondary to the
upregulation of FGF receptors in response to possible
FGF-2 deficiency during an early stage of intrauterine life.
However, our results indicated that the FGF-2-IR% was
significantly higher in groups I (TSC-tubers) and II (FCD
with BC) than groups III (FCD without BC) and IV
(N-CTX), suggesting a strong relationship between FGF-2
and BC. BCs show morphological and immunohistochemi-
cal features of both neurons and astrocytes, suggesting a
failure of commitment in neuroglial differentiation.>1%

Extrinsic FGF-2 has also been suggested to regulate the
differentiation of cortical stem cells into mature neurons
and glia.” Moreover, a higher concentration of exogenous
FGF-2 can induce abnormal differentiation of neural pre-
cursor cells into balloon-like cells expressing both GFAP
and neurofilament.® Hence studies on the expressions of
FGFR and FGF-2 mRNA in BCs would be helpful to
further elucidate the histogenesis of BCs.

Biological significance of FGF-2
immunoreactivity in choroid plexus epithelium

We demonstrated constant and strong immunoreactivity
of FGF-2 in the choroid plexus epithelium (CPE) and
moderate immunoreactivity in ependymal cells in all cases
examined in the present study. The choroid plexuses (CPs)
are specialized secretory tissues within the ventricle of the
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brain involved in the production of CSF and the mainte-
nance of the blood—CSF barrier. For these reasons, some
have hypothesized that CPE is involved in the synthesis
and secretion of FGF-2 into the CSF*® and that FGF-2
immunoreactive ependymal cells function to transport
FGF-2 from the VZ into brain parenchyma.* However,
there have been no reports to date demonstrating the
expression of FGF-2 mRNA in CPs. Some previous studies
have shown expression of FGFR1 mRNA and FGFR2
mRNA but no expression of FGF-2 mRNA in CPE.®# In
addition, expression of FGFR mRNA has been shown in
the CPE of developing murine and adult rat brains,”* and
FGFR2 mRNA is highly expressed in the CPs in rats.*
These results imply that strong immunoreactivity of FGF-2
in CPE represents the reception but not production of
FGF-2 through FGFR on CPE. However, the functional
role and effect of FGF-2 on CPE is yet to be elucidated.
Parallel analysis of FGF-2 expression and cell proliferation
have suggested that FGF-2 is not involved in CPE prolif-
eration, and that transthyretin, a marker of secretory activ-
ity, is not affected by FGF-2 treatment using murine CPE,
indicating that FGF-2 is not involved in CSF production.®
Furthermore, infusion of FGF-2 into the lateral ventricle
can induce hydrocephalus by increased resistance to CSF
absorption, conceivably due, at least in part, to enhanced
fibrosis and collagen deposits in the arachnoid villi.*
Hence CPE may absorb excess amounts of FGF-2 within
CSF via FGFRs. Further study is needed to elucidate a
biological significance for FGF-2 in CNS development and
MCD:s as well as in CSF.

In conclusion, the present study demonstrates FGF-2
expression in the developing human cerebrum and
epilepsy-associated MCDs. Upregulation of FGF-2 is an
important feature common to TSC-tubers and FCD with
BC, and the transition of FGF-2 expression in our devel-
opmental study suggests that BC and DN in these MCDs
represent disturbed gliogenesis from matrix cells and dis-
turbed maturation of cortical neurons from migrating
neuroblasts, respectively. FGF-2-IR% is associated with
histological subtypes of MCD, particularly depending on
whether a given lesion is accompanied by BC pathology or
not, reflecting the likely timing of insults underlying the
pathogenesis of each disorder.
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Parkinson’s disease (PD) is a neurodegenerative disorder characterized by the selective loss of
dopaminergic neurons and the presence of Lewy bodies. a-Synuclein is a major component of Lewy
bodies. Recently, many studies have focused on the interaction between a-synuclein and catecholamine
in the pathogenesis of PD. However, no detailed relationship between cathecholamine and a-synuclein
cytotoxicity has been elucidated. Therefore, this study established PC12 cell lines which overexpress
human a-synuclein in a tetracycline-inducible manner. The overexpression of human a-synuclein

5:‘: :;s;zsr;.s disease increased the number of apoptotic cells in a long-term culture. Moreover, human a-synuclein expressing
a-Synuclein PC12 cells demonstrated an increased vulnerability to several stressors in a short culture period.
Catecholamine Thapsigargin increased the SDS soluble oligomers of a-synuclein associated with catecholamine-
Quinone quinone. The unfolded protein response (UPR) study showed that thapsigargin increased elF2a
Unfolded protein response phosphorylation and nuclear GADD153/CHOP induction under a-synuclein overexpressed conditions.
ER stress The activities of the ATF6a and IREla pathways decreased. These findings suggest that an

overexpression of a-synuclein partly inactivates the UPR. a-Methyltyrosine inhibited the dysfunction
of the UPR caused by an overexpression of human a-synuclein. Therefore, these findings suggest that the
coexistence of human a-synuclein with catecholamine enhances the endoplasmic reticulum stress-
related toxicity in PD pathogenesis.

© 2009 Elsevier Ireland Ltd and the Japan Neuroscience Society. All rights reserved.

These data show that storage of a-syn may be involved in the
pathogenesis of PD. Recent studies have shown that an over-
expression of a-syn can induce a mitochondrial deficit (Hsu et al,,
2000), enhanced vulnerability to oxidative stress (Hsu et al., 2000;
Prasad et al., 2004) and inhibition of endoplasmic reticulum (ER)-
Golgi trafficking (Cooper et al., 2006; Sugeno et al., 2008). Moreover,

1. Introduction

Parkinson’s disease (PD)is the most common movement disorder
and is pathologically characterized by selective dopaminergic
neuronal death. Abundant evidence points to a causative role for
the presynaptic protein a-synuclein (a-syn) in the pathogenesis of

PD (Spillantini et al., 1998; Mizuno et al., 2008). a-Syn is a major
component of Lewy Bodies, cellular inclusion bodies that are the
hallmark pathological feature of PD (Spillantini et al.,, 1998). The
duplication and triplication of the a-syn gene appears to be the
cause of PD in rare cases of familial forms of PD (Singleton et al.,
2003; Chartier-Harlin et al., 2004; Ibafiez et al., 2004). An
overexpression of a-syn leads to neurodegeneration in mouse,
rat, fly, and nematode models of PD (Cooper et al., 2006; Aulucket al.,
2002; Lo Bianco et al., 2002; Masliah et al., 2000; Cao et al., 2005).

Abbreviations: DMEM, Dulbecco's Modified Eagle Medium: SDS, sodium dodecyl
sulfate.
* Corresponding author at: 36-1, Nishicho, Yonago 683-8504, Japan.
Tel.: +81 859 38 6757; fax: +81 859 38 6759.
E-mail address: s-itou@med.tottori-u.ac.jp (S. Ito).

other reports suggest that catecholamine (CA) such as dopamine
(DA) and DOPA can stabilize the protofibrillar form of o-syn
(Conway et al., 2001) and endogenous DA enhances cell death
associated with soluble a-syn protein (Xu et al,, 2002). However, the
association of endogenous CA with a-syn toxicity is still unclear.

Numerous studies of PD rely on drug models using 1-methyl-4-
phenyl-pyrisinium (MPP+), rotenone and 6-hydroxydopamine (6-
OHDA). These agents cause a DA-neuronal death and PD-like
phenotype in animal models. These agents also induce the
unfolded protein response (UPR) in ER (Holtz and O'Malley,
2003; Ryu et al, 2002). Dysfunction of Parkin, a gene product
responsible for autosomal recessive juvenile Parkinsonism (AR-JP),
is linked to ER stress and the UPR (Imai et al., 2002, 2001).
Accumulating genetic and molecular evidence suggests that
defects in the ER contribute to the pathogenesis of PD.
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Previous studies have demonstrated that UPR plays an
important role in the pathogenesis of PD, and a-syn relates to a
part of UPR. However, it is unclear whether CA is involved in the a-
syn pathogenesis in response to ER stress. A human «-syn
overexpressing PC12 cell line that could be controlled in
tetracycline dependent manner was established to investigate
how ER stress and CA enhance the pathogenesis of human a-syn.

2. Materials and methods
2.1. Chemicals and antibodies

Nerve growth factor (NGF) was purchased from Invitrogen
(Carlsbad, CA, USA). a-Methyltyrosine (a-MT) was purchased
from PFALTZ&BAUER (Waterbury, CT, USA). Thapsigargin and 2-
melcaptoethanol were obtained from Wako (Osaka, Japan).
Tunicamycin and rotenone were purchased from Sigma (Tauf-
kirchen, Germany) and Calbiochem (Darmstadt, Germany),
respectively. Mouse monaclonal antibody against human a-
syn and B-syn are purchased from BD Transduction laboratory
(clone 42; Lexington, KY, USA). Anti-GRP78 (H-129), anti-ATF6«
(H-280), anti-IRElex (H-190) and anti-GADD153/CHOP (B-3)
antibodies were purchased from Santa Cruz (CA, USA). Anti-
elF2q, anti-phospho elF2a (Ser51) and anti-R-actin antibodies
were obtained from Cell Signaling Technology (Beverly, MA,
USA). Mouse monoclonal antibody against phosphoserine was
purchased from Sigma (PSR-45; St. Louis, MO, USA). Horse-
radish-peroxidase (HRP)-linked anti-goat IgG and FITC- or TR-
conjugated secondary antibodies for immunohistochemistry
were obtained from Santa Cruz. HRP-linked anti-mouse IgG
and anti-rabbit IgG were from Amersham Biosciences {Buck-
inghamshire, UK).

2.2. Cloning of human a-syn and human B-syn cDNA

Total RNA was purified from human brain tissue using a Total
RNA purification kit (Promega, Tokyo, Japan), and reverse
transcription was carried out by the usual method. ¢cDNA of
buman a-syn was amplified from brain cDNAs by PCR using the
primers; 5'-ATGGATGTATTCATGAAAGGACTTTCA-3' and 5'-
TTAGGCTTCAGGTTCGTAGTCTTG-3'. cDNA of human B-synuclein
(B-syn) was also amplified by PCR using the primers; 5'-
AAGCTTAGGATGGACGTGTTC-3' and  5-ACTACGCCTCTGGCT-
CATA-3'. The PCR products were subcloned into the TA cloning
vector (pGEM easy, Promega), and the sequences were confirmed.
Thereafter, the cDNA of human a-syn or human B-syn was
transferred into a pTRE2 vector (Clontech, Palo Alto, CA, USA) for
this experiment.

2.3. Preparation of PC12 cell lines

PC12 cells containing the pTet-Off regulator plasmid (PC12 Tet-
Off) were purchased from Clontech. The cells were maintained at
37 °Cin 5% CO in DMEM/F12 medium, supplemented with 5% fetal
bovine serum, 10,000 unit/ml penicillin and 100 mg/ml strepto-
mycin. The pTRE2 vector encoding the human wild-type (WT) a-
syn gene and pTK-hygromycin encoding a hygromycin resistant
gene, were transfected into PC12 Tet-Off cells. The transfection of
these vectors was carried out using TransFast™ Transfection
Reagent (Promega) following the manufacturer’s protocol. Clones
were selected after hygromycin treatment (400 pg/ml), and used
to generate monoclonal cell lines. Screening of clones for a-syn
overexpression was performed by Western blotting. For this
experiment, cells were cultured using doxicycline (Dox) containing
medium, and lysates were collected 72 h after withdrawing Dox.
The same procedure was carried out to establish the cell line of WT
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B-syn. In addition, PC12 cells were treated with NGF (5 ng/ml) in
each process of the current study.

2.4. Detection of apoptotic cells

Hoechst 33342 (Sigma, St. Louis, MO, USA) was prepared as a
2 mM stock solution. A 1:500 dilution of the stock solution in PBS
was prepared freshly. After washing with PBS, the cells were
incubated with the diluted Hoechst dye solution for 2 h at room
temperature. The number of apoptotic cells that had condensed or
fragmented nuclei was counted using fluoroscopy.

2.5. Immunoblot analysis

NGF-treated PC12 cells were harvested from 6-well culture
plates, and lysed in SDS-sample buffer (50 mM Tris-HCl, pH 6.8, 2%
SDS, 10% glycerol, 1 mM PMSF, 2 mM EDTA). The nuclear fraction
was prepared by centrifugation (15,000 x g, 10 min) after lysis in
NP40 buffer (0.5% NP40, 1mM Tris-HCl, pH 7.9, 500 uM
dithiothreitol, 100 wM EDTA), followed by lysis in SDS-sample
buffer. Aliquots (10-20 p.g) were separated by size on 7.5-12.5%
acrylamide gels. Immunoblotting was performed as described
previously (Yoshimoto et al., 2005).

2.6. Immunofliorescent staining

PC12 cells were fixed in 4% paraformaldehyde, washed with
PBS, and incubated with ice-cold solution containing 95% ethyl
alcohol and 1% acetic acid for 5 min. After washing with PBS twice,
the cells were incubated with antibodies overnight at 4 °C. Next,
the cells were washed with PBS twice, and incubated with FITC- or
TR-conjugated secondary antibody at room temperature for 4 h.
Thereafter, the cells were washed with PBS several times, and,
finally, the slides were covered using a Vectashield (Vector Lab Inc.,
Burlingame, CA, USA).

2.7. Immunoprecipitation

The cells for immunoprecipitation were harvested and lysed in
IP-lysis buffer (20 mM Hepes, pH 7.5, 150 mM Nacl, 1 mM EDTA,
10 pg/ml leupeptin, 1 mM PMSF, 1% Triton X-100, and 0.1% SDS).
The lysates were centrifuged at 12,000 x g for 10 min and the
supernatant was transferred to another tube containing prepared
Agarose - Protein A/G (Santa Cruz) - anti-IRElae antibody
conjugate. The mixture was incubated at 4 °C for 12 h with gentle
rotation, centrifuged at 5000 x g for 30 s, and the supernatant was
discarded. The Protein A/G-agarose was washed five times with [P-
lysis buffer and, finally, with IP-final washing buffer (20 mM
Hepes, pH 7.5, 150 mM NacCl). The washed preparation was
analyzed by Western blotting using an anti-phosphoserine anti-
body.

2.8. Statistical analysis
Differences among treatment groups were tested by an analysis
of variance (ANOVA) using the SPSS software system. Any
differences in which the Pvalue was less than 0.05 were considered
to be statistically significant.
3. Resuits
3.1. Overexpression of human a-syn causes dopaminergic cell death
The PC12 cells expressed a-syn in a Dox dose and time

dependent manner (Fig. 1A and B). The overexpressicn of human
a-syn induced cell death significantly at 7 days (Fig. 1C). @-MT, a
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Fig. 1. Characterization of the PC12 cell line which expresses human a-syn in a tetracycline dependent manner. (A) Neural differentiated PC12 cells were cultured and
analyzed by Western blotting using anti-ca-syn antibodies. The induced protein levels of c-syn are observed in a dose dependent manner 3 days after a-syn induction (upper
lane). Withdrawal of Dox induces overexpression of a-syn in a time dependent manner (lower lane). (B) There is a high level of a-syn expression in PC12 cells cultured under
induced conditions (Dox(-)) for 5 days. (C) The overexpression of human a-syn induces cell death significantly at 7 days. (D) The number of apoptotic cells was decreased by
the simultaneous administration of a-MT (100 pM) at 7 days. The scale bar represents 10 pm.

specific inhibitor of tyrosine hydroxylase, was used to evaluate the
association with CA. This reduced the number of apoptotic cells in
response to o-syn overexpression in 7 days (Fig. 1D). Conse-
quently, endogenous CA metabolites were thus suggested to
enhance the cytotoxicity of a-syn.

3.2. Overexpression of human a-syn enhances cell vulnerability
relating to CA

The overexpression of human a-syn induced cell death was
observed at 7 days after the induction of human a-syn (Fig. 1C).
Therefore, the cell vulnerability at 3 days after human «-syn
induction was investigated in the preclinical state of PD. An
adequate amount of human «-syn protein was observed at 3 days
after human a-syn induction, and a-MT did not influence the
expression level of human «-syn (Fig. 2A). ER stressors,
mitochondrial toxins and genotoxin were added into the cell
medium and cultured for 20 h with or without 100 M «-MT. The
addition of 300 nM thapsigargin, 1 p.g/m! tunicamycin, 750 .M
MPP* and 1 uM rotenone increased the number of apoptotic cells
with the expression of human a-syn (64.7%, 82.3%, 57.1%, 37.5%
increase, respectively; Fig. 2B). However, the administration of
25 puM etoposide showed no significant difference between the
repressed and induced conditions. The inhibition of the CA
metabolism by «-MT revealed a decrease in the apoptotic cells
in response to thapsigargin, tunicamycin, MPP* and rotenone
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Fig. 2. Cell viability assay after induction of human «a-syn overexpression. Neural
differentiated PC12 cells were incubated under repressed (Dox(+)) or induced
(Dox(—)) conditions for 3 days. Another induced cell plate is treated with 100 uM
a-MT. (A) A Western blot analysis shows the expression level of a-syn. (B) After 3
days of a-syn induction, neuronal PC12 cells were exposed to 300 nM thapsigargin
(Thapsi), 1 pg/ml tunicamycin (Tunica), 750 .M MPP*, 1 wM rotenone (Rote) and
25 wM etoposide (Etopo) for 20 h. The number of apoptotic cells was counted under
fluorescent microscopy. The histogram represents the ratio of apoptotic cells
(apoptotic cells)/(total cells). Data are presented as the mean + SD. P < 0.05.



