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Abstract Bilateral periventricular nodular heterotopia
(BPNH) is a neuronal migration disorder that is character-
ized by subependymal nodules of gray matter. Recently, a
causative gene for BPNH, filamin 1, has been identified,
and possible roles of the translated protein in cell migra-
tion and blood vessel development have been proposed.
We report here the histopathological features of an au-
topsy case of BPNH with widespread glomeruloid mi-
crovascular anomaly and dysplastic cytoarchitecture in
the cerebral cortex, in whom we found a novel exon 11
(Val528Met) filamin 1 mutation. Within the periventricu-
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lar nodules, well-differentiated pyramidal neurons were
randomly oriented. A small proportion of neurons were
immunolabeled with antibodies raised against calbindin
D-28k, parvalbumin, or calretinin. We used a carbocya-
nine dye (Dil) tracing technique to investigate the extent
of fiber projections within and outside the nodules. The
labeled fibers formed bundles that extended into the sur-
rounding white matter. Connections between adjacent
nodules were evident. Connections between the nodules
and the cerebral cortex were also seen, with a small num-
ber of labeled fibers reaching the cortex. In the cerebral
cortex, small closely packed vessels ran in a parallel fash-
ion throughout all of the layers. Immunohistochemically,
the inner rim of individual vessel lumina was labeled by
an antibody against factor VIII, and the vessel walls were
labeled by antibodies against actin and laminin. Astrocyte
processes, labeled with an antibody to glial fibrillary acidic
protein, invaded these vascular channels. Ultrastructurally,
a network of basal lamina-like materials lined with endothe-
lial cells was evident. The cytoarchitecture of the cerebral
cortex was disturbed, in that the columnar neuronal ar-
rangement was distorted around the malformed vessels. This
case appears to represent an example of BPNH manifesting
widespread developmental anomalies within the blood ves-
sels and the cortical cytoarchitecture in the cerebrum.

Keywords Filamin I - Migration disorder - Epilepsy -
Vascular anomaly - Subependymal heterotopia

Introduction

Bilateral periventricular nodular heterotopia (BPNH) is
a neuronal migration disorder that is characterized by
subependymal gray matter nodules. The X-linked domi-
nant inheritance pattern for BPNH is one of the most char-
acterized syndromes, where the majority of patients with
BPNH are female [2, 11, 12, 27, 28, 36, 37] and most
males with the underlying gene mutations die during early
embryogenesis [11]. A large proportion of patients suffer
from seizures that begin in the second or third decade of
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life [2, 8, 12, 27, 36, 37] and some suffer strokes at a
young age [16]. In addition to BPNH, other anomalies,
within and outside the CNS, have been observed in pa-
tients, including hypoplasia of the corpus callosum [2, 7, 8,
9, 16, 36], mild cerebellar hypoplasia [2, 9, 16, 33], and
patent ductus arteriosus [16, 36].

Linkage analysis for BPNH mapped this disorder to
Xq28 [12], and the gene was subsequently identified as
the filamin I gene [16]. The encoded protein, FLN1, is
also known as actin-binding protein 280 (ABP-280) [19,
21, 22, 23], which is known to play a critical role in the
control of cell shape, migration, filopodia formation, and
chemotaxis [30]. A high level of FLN1 expression has
been found in neurons of the developing cortex, and it is
subsequently down-regulated in the adult, implying a role
in neuronal migration [12, 16].

Several neuroimaging studies have been performed to
investigate BPNH, and its characteristics have been reported
[2, 36, 43]. On the other hand, there are few histological
descriptions of the tissue [11, 12, 43] and no histopatho-
logical description of a genetically proven FLN1 muta-
tion. Recently, we studied an autopsy case of a female with
BPNH, in whom widespread glomeruloid microvascular
anomalies and associated dysplastic cytoarchitecture in the
cerebral cortex were evident. Here we describe the histo-
pathological features, and report the fiber extensions within
and outside the nodules as examined using a carbocyanine
dye (Dil) tracing technique. Furthermore, we carried out
single-strand conformation polymorphism (SSCP) mutation
analysis of the FLNI gene, and identified a novel exon 11
(Val528Met) mutation.

Patient and methods
Clinical history and autopsy findings

The patient, a Japanese woman, was born at full term with a patent
ductus arteriosus that was surgically corrected at the age of 14 years.
Her first seizure was noted at 16 years of age and was character-
ized by unsteadiness and consciousness impairment. This was fol-
lowed by frequent simple and complex partial seizures, despite
treatment with anti-epileptic drugs. Her interictal electroencephalo-
gram showed bilateral frontotemporal polyspikes, sharp waves and
bursts of high-voltage slow waves. A brain MRI study revealed
heterotopic gray matter lining the walls of the lateral ventricles
(Fig.1A) and hypoplasia of the splenium of the corpus callosum
(Fig. 1B). Although formal psychometric tests were not performed,
she had been judged as mildly mentally retarded. She was a junior
high school graduate, and was unemployed and unmarried. She
had no family history of neurological disease.

At the age of 48 years, she was unfortunately struck by a motor-
bike. On admission to hospital, she was alert and showed no neu-
rological symptoms. X-ray examination indicated fractures of the
right tibia, fibula, and the fifth metatarsus. However, the next morn-
ing she showed sudden and severe disturbances of consciousness
without seizure activity, after which tetraplegia and respiratory
disturbance developed. On the 3rd day after sustaining the injury
the patient died.

At autopsy, the fresh brain weighed 1,540 g, showing severe
swelling with uncal and tonsillar herniations. Fresh ischemic changes
were observed throughout the brain. The brain, spinal cord, and vis-
ceral organs were fixed with 20% phosphate-buffered formalin for
histological examination. In the histology sections, staining with
Sudan-III lipid stain revealed the presence of fat droplets within

Fig.1A, B T1-weighted magnetic resonance images of the brain.
A An axial image demonstrates multiple nodules of heterotopic gray
matter lining the walls of both lateral ventricles. B A sagittal image
shows hypoplasia of the splenium of the corpus callosum (arrow)

the lumen of multiple blood vessels in both lungs, and in the liver
and brain: the cause of her death was considered to be fat embolism.

Histological procedures

The cerebral hemispheres were sectioned coronally, and the brain
stem, cerebellum, and spinal cord were sectioned transversely. We
identified periventricular nodules in the cerebrum (described below).
From the paraffin-embedded block samples, serial 4-um-thick sec-
tions were cut and stained with hematoxylin and eosin, Kliiver-Bar-
rera method, Bodian’s method, and the van Gieson stain for elastin.

Immunohistochemical studies were performed on the formalin-
fixed, paraffin-embedded sections using the avidin-biotin-peroxi-
dase complex (ABC) method, with the Vectastain ABC kit (Vector,
Burlingame, Calif.). The following primary antibodies were used:
rabbit polyclonal antibodies against glial fibrillary acidic protein
(GFAP; Dako, Glostrup, Denmark; diluted 1:1,000); actin (Advance,
Tokyo, Japan; 1:400); calretinin (Chemicon, Temecula, Calif.;
1:200); and laminin (Dako; 1:1,600), and mouse monoclonal anti-
bodies against the phosphorylated epitope of neurofilament (SMI-31;
Sternberger Monoclonal, Lutherville, Md.; 1:5,000); type IV colla-
gen (Advance; 1:100); factor VIII (Dako; 1:250); calbindin D-28k
(Sigma Chemical, St. Louis, Mo.; 1:400); and parvalbumin (Sigma;
1:500). The chromogen reaction was developed with 0.02% di-
aminobenzidine (Wako Chemical, Tokyo, Japan) and 0.05% H,O,
in 0.05 M TRIS-HCI buffer, pH 7.6, for 10 min.

For electron microscopy, formalin-fixed tissue fragments from
the frontal cortex were used. The fragments were post-fixed with
1% osmium tetroxide, dehydrated through a graded ethanol series
and embedded in Epon 812 resin. Ultrathin sections were cut and
stained with uranyl acetate and lead citrate, and examined with a
Hitachi H7100 electron microscope at 75 kV.

Dil tracing study

To investigate the connectivity between heterotopic nodules and to
trace fiber projection from the nodules, we applied a Dil tracing
technique using formalin-fixed, 1-cm-thick coronal slices taken at
the level of the thalamus. A small number of Dil crystals [DilC,g
(3), Molecular Probes, Eugene, Ore.] were placed on the cut-surface
of the periventricular nodules on two slices; on another two slices,
we put the Dil on the white matter adjacent to the nodules. The
slices were left in a humidified dark chamber at 37°C for 5 months.
Serial semithin sections, 100 pm thick, were then cut on a Vibratome
(Leica VT1000S, Nussloch, Germany), and collected in PBS. The
lipophilic tracer-labeled fibers were viewed using an Olympus
AXB80T (Tokyo, Japan) microscope equipped with epifluorescence
optics. The images were captured by a digital camera (DP50; Olym-
pus), and then transferred onto a Power Macintosh G4, and processed
using Adobe Photoshop 6.0 software.



Fig.2A-1 Periventricular nodular heterotopia. A A coronal sec-
tion of the right cerebral hemisphere through the basal ganglia,
showing heterotopic nodules of gray matter at the lateral angle of
the lateral ventricle. B Higher magnification view of the hetero-
topic nests. A few linear bundles of myelinated fibers of the white
matter are seen within the nest. C The same area as indicated by an
asterisk in B. Argyrophilic axon fibers are evident in the bundles.
D The border between the heterotopic nodule (upper part) and the
caudate nucleus (lower part), as indicated by an arrow in A. A thin
white matter bundle separates the nodule and the caudate nucleus,
and reaches to the ventricular surface. E Within the nodules, well-
differentiated pyramidal neurons showing variable orientations of
the apical dendrites are seen. F, G Examples of neurons within the
nodules. Relatively large nuclei with prominent nucleoli, and pyra-
midal-shaped cell bodies with some dendrites are seen. H The cy-
toplasm of two neurons is labeled by anti-calbindin antibody. I The
cytoplasm and processes of two neurons are labeled by anti-calre-
tinin antibody. A, B, E, F Kliiver-Barrera (K-B) stain; C Bodian’s
method; D, G hematoxylin and eosin (H&E) stain; H, I immuno-
staining and counterstaining with hematoxylin. Bar A 7.5 mm;
B 1.3 mm; C 100 wm; D 220 um, E 50 um, F 15 um, G-I 20 um
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Mutational analysis

For gene analysis, we took a piece of the fresh spinal cord at au-
topsy and stored it at —80°C before performing SSCP analysis of
all 48 coding exons of FLNI gene as described elsewhere [32]. In
brief, genomic DNA was extracted from the frozen tissue; each
exon was then amplified by polymerase chain reaction (PCR) and
purified using the QIAquick PCR purification kit (QIAGEN spa,
Milan, Italy). The PCR products were run on the SSCP gels, and
analyzed by direct sequencing using BigDye Terminator chemistry
(ABI PRISM 310; Applied Biosystem, Foster City, Calif.).

Results
Periventricular heterotopia

The histological features of periventricular heterotopia were
studied in several coronal slices. The heterotopia were
discontinuous in the rostrocaudal axis, showing multiple
nodules of variable size. They were located bilaterally, ad-
jacent to the frontal horns, trigones, bodies, and occipital
horns of the lateral ventricles, and just dorsal to the caudate
nucleus (Fig.2A). The boundaries between the nodules
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Fig.3A-L Dil labeling of fibers within and outside the hetero-
topic nodules. A A schematic drawing of an example of slices used
in the Dil tracing study. Two stars indicate the approximate posi-
tions of crystal placement on the surface of the nodules (¢ caudate
nucleus, th thalamus). B A detailed schematic drawing of the area
indicated by square I in A. There are two relatively large nodules
(upper and lower) separated by a thin white matter bundle, and a
small island (right) (v lateral ventricle). C A position of crystal
placement showing intense labeling, from which radially oriented
labeled fibers extend. D Within nodules the individual fibers run in
an undirected manner. E Around the blood vessels (dark, elongated
circles), the fibers are curved. F A part close to the white matter
where fibers run in a parallel fashion. G The area indicated by
square 4 in B. The fibers extend from the nodule (/ef?) into the white
matter (wm) through a linear indentation of myelinated fibers.
H The area indicated by square 5 in B. Some fibers extend across
the margin of the nodule (#) into the surrounding white matter (wm).
I The area indicated by square 6 in B. A small number of labeled
fibers penetrate another heterotopic nodule in a parallel fashion
through a linear indentation (arrow). After getting into the nodule,
they run in a random manner (upper). J The area indicated by
square 2 in A. A single, labeled fiber is seen in the deep white mat-
ter. K The area indicated by square 3 in A. A single, labeled fiber
is seen in the cortex. L Fibers in another slice, with crystals placed
on the white matter rather than within the nodules. The fibers ex-
tend from the white matter (wm) into the nodule (7). Bar C 1.2 mm;
D 45 pm; E 20 um; F 25 um; G 120 um; H 300 pm; I 600 pum;
J, K 18 um; L 500 um

and the adjacent white matter were clear, but some linear
bundles of myelinated fibers invaded the nodules (Fig.2B).
The myelinated bundles contained argyrophilic axon fibers
(Fig.2C), which were labeled by an antibody against the
phosphorylated epitope of neurofilament (SMI-31, data not
shown). At the border between the heterotopic nodules
and the caudate nucleus, a thin line of myelinated fibers
ran into the nodules and reached the ventricular surface
(Fig.2D). The heterotopic nodules contained well-differ-
entiated neurons with variable orientations of the apical
dendrites (Fig.2E). Medium to large pyramidal neurons,
with large pale-staining nuclei, prominent nucleoli, and api-
cal and basal dendrites, were mainly observed (Fig.2F, G).
A few small neurons were also seen scattered throughout
the nodules. The histological character of the neurons were
more similar to those of the cerebral cortical neurons,
rather than neurons in the caudate nucleus. Immunohisto-
chemically, a small proportion of small neurons within the
nodules were labeled by antibodies against calbindin
D-28k (Fig.2H), parvalbumin, or calretinin (Fig.2I), where
estimated percentages of the immunolabeled neurons by
any of the three antibodies were less than 1% of the total
neuron population within the nodules. Astrocytes and



Fig.4A-1 Glomeruloid microvascular changes in the cerebral cor-
tex. A A widespread distribution of the abnormal vessels is demon-
strated by laminin immunohistochemistry. Black dots in the cortex
represent the immunolabeled glomeruloid vessels. B Longitudi-
nally cut vessels within the Virchow-Robin space lie in the cortex,
indicating an increased number of cellular elements. C A cluster of
longitudinally cut vessels. The individual vessel runs in a parallel
fashion. D In a cross-section, the cluster is seen as a tufted collec-
tion of capillary-like small vessels. E Immunohistochemistry using
an antibody against factor VIII demonstrates a thin immunopositive
rim covering the inner surface of individual lumina of the vessels.
F The walls of the vessels are labeled by an anti-actin antibody, with
variable intensity. G The walls are strongly labeled by an anti-
laminin antibody. H GFAP-labeled processes of astrocytes are seen
within the channels of vessel walls. I An electron micrograph of the
vessels demonstrates a network of basal lamina-like electron-dense
material. Endothelial cells bounding the lumen, and pericytes (p)
are seen. A—I Frontal cortex. A, E-H Immunostaining and coun-
terstaining with hematoxylin; B K-B stain; C, D H&E stain. Bar
A 1.2 mm; B 500 um; C 25 um; D 20 um; E-H 40 um; I 2.5 um

oligodendroglia were also evident within the nodules. Sev-
eral abnormal vessels showing glomeruloid changes (de-
scribed below) were observed within the nodules.

The size of the ventricles was normal. We did not ob-
serve changes consistent with mesial temporal sclerosis,
which includes loss of pyramidal neurons and astrocytosis
in the hippocampal formation, and has been reported in
patients with intractable epilepsy [47] or with periventric-
ular heterotopia [37, 41].

Using the Dil tracing technique, we investigated the
extent of fiber projection within and outside the nodules.
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Small amounts of Dil crystal were placed onto the surface
of the heterotopic nodules (Fig. 3A), which consisted of two
relatively large nodules separated by a thin white matter
bundle and a small island of heterotopic gray matter in the
overlying white matter (Fig.3B). At the locations of the
crystal the labeling was intense, and from there the labeled
fibers extended radially (Fig.3C). In most fields within
the nodules, the individual fibers ran in an undirected
manner (Fig.3D), and they curved close to blood vessels
(Fig.3E). In some regions they tended to run in a parallel
fashion (Fig.3F), forming bundles that extended into the
surrounding white matter (Fig.3G). At the boundaries of
the nodules and the white matter, some fibers extended di-
rectly across the margin of the nodules rather than through
the white matter bundles (Fig.3H). Some of these fibers
entered other nodules in a parallel fashion via myelinated
indentations of the white matter, and ran randomly after en-
tering the nodule (Fig. 3I). We also identified a small num-
ber of labeled fibers in the deep white matter separate from
the nodules (Fig. 3J), and in the cortex lateral to the nodules
(Fig.3K), indicating that some of the fibers that originated
in the nodules run through the white matter to reach to the
cortex. We did not encounter labeled fibers within the white
matter or the cortex (dorsal to the nodules), or in the inter-
nal capsule. We also confirmed fiber connections between
the white matter and the nodules by applying Dil crystals
onto the surrounding white matter, rather than within the
nodules, in other slices. In these slices some labeled fibers
were also found within the nodules (Fig. 3L).
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Abnormal vessels and cortical dysplasia

Anomalies of the blood vessels were widespread and found
both within and outside the periventricular nodules. Out-
side the nodules the vessels exhibited features of glomeru-
loid microvascular anomalies, and were seen mainly in
the cerebral cortex where they were distributed through all
layers (Fig.4A). Most arteries in the subarachnoid space
looked normal, but several longitudinally cut vessels within
the Virchow-Robin space showed abnormal features, with
some closely packed, small vessels running in a parallel
fashion (Fig.4B, C). Red blood cells were observed within
many of the individual lumina (Fig.4C). In cross-sections,
the vessels were arranged as a tufted collection of multiple
small lumina separated by circular walls (Fig.4D). The
elastic lamellae or tunica media proper were not observed.
The diameter of the vessel lumina was small as for capil-
laries, but the walls were thicker than those of normal cap-
illaries. Immunohistochemically, an antibody against factor
VIII demonstrated a thin immunopositive rim of endothe-
lial cells covering the inner surface of each lumen (Fig.4E).
The walls of vessels were labeled by anti-actin antibody
with variable intensity (Fig.4F). The walls of the vessel
channels were also labeled by anti-laminin (Fig.4G) and
anti-collagen type IV antibodies. Processes of the astro-
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Fig.5 Light micrograph of all of the layers of the frontal cortex.
The cytoarchitecture of the cortex seems to be disturbed around the
glomeruloid vessels. K-B stain. Bar 250 um

cytes, labeled by a GFAP antibody, invaded irregularly
into the channels (Fig.4H). Ultrastructurally, a network of
basal lamina-like electron-dense materials of variable
thickness encircled the vessel lumina (Fig.41). There were
endothelial cells with relatively pale nuclei bounding the
lumen. Some pericytes with elongated, dark nuclei were
also observed close to the walls. In the cerebrum, the ab-
normal vessels were frequently observed in the frontal
and occipital cortices, and less frequently in the temporal
cortex. Such vessels were rarely encountered in the white
matter. Within the periventricular heterotopic nodules, many
vessels showed similar features. We also observed a small
number of abnormal vessels in the basal ganglia, thalamus,
brain stem, and cerebellum, although they occurred less
frequently than in the cerebral cortex.

The thickness of the cerebral cortex, both dorsal and
lateral to the periventricular nodules, did not appear to be
reduced. The cortex showed widespread disturbance of the
cytoarchitecture; notably the columnar arrangement of neu-
rons was distorted around the vessels so that the neurons
appeared to be distributed irregularly (Fig.5). This feature
was most evident in the frontal cortex. We considered these
features as a form of dysplasia associated with the micro-
vascular anomaly.

Mutation of FLNI gene exon 11
SSCP and DNA sequence analysis of the FLN/ gene re-

vealed a heterozygous base pair change in one allele at
nucleotide 1582 (G to A) in exon 11, resulting in a Val to

wt
GAGAGGAGCGCGTGAAGC AGA AG

patient
CAGAGGAGCGCNTGAAGCAGAAG

Fig.6 FLNI gene mutation in the patient. Electropherogram of the
genomic PCR products corresponding to exon 11 taken from a
normal control (wf) and the patient. A heterozygous mutation is
detected at cDNA position 1582 G to A (GTG to ATG), resulting
in the amino acid change V528M. Sequencing was performed us-
ing a sense primer



Met substitution at amino acid position 528 in the protein
(Fig.6). This change was located within the third repeat of
the ROD domain. This substitution was not found in the
100 unrelated control individuals (data not shown).

Discussion

Neuronal migration defects are manifested in a variety of
ways, which may result in heterotopia at variable loca-
tions along the migration pathways [3, 17]. Periventricu-
lar heterotopia is seen in several conditions, and there are
likely to be multiple causative genes [2] or other etiologi-
cal factors. A few male individuals with bilateral or uni-
lateral periventricular heterotopia have been reported [4,
8, 10, 11, 13, 27, 29, 41, 42, 43]. However, mutations in
the FLN1 gene appear to be the most common cause of fa-
milial BPNH [15], and protein truncations or splicing mu-
tations tend to affect the N terminus of the protein encoded
by the first 6 of the 48 coding exons (numbered as exons
2-8) [16, 40]. Recently, SSCP analysis of FLNI through-
out its entire coding region has revealed mutations in the
gene in sporadic female and male patients with BPNH [40]
and familiar cases [32]. In the sporadic case presented
here, we performed SSCP analysis using the frozen tissue
obtained at autopsy, and identified a novel point mutation
at exon 11 of FLNI. This G to A substitution changes a
Val to Met at amino acid 528, in the ROD domain. It is
unknown whether this mutation results in a stable, mutated
protein or whether the mutation disrupts mRNA or protein
stability and behaves as a null allele. Although some other
missense mutations (for example, an exon 13 mutation
causing a L656F substitution in a male [40]) appear to be-
have as partial loss of function mutations, the clinical and
radiological characteristics of our patient, including the in-
tractable epilepsy, patent ductus arteriosus, and hypopla-
sia of the splenium of the corpus callosum resemble the fea-
tures of other females with severe loss of function muta-
tions. Since our patient had no known pregnancies, it is not
known whether the V528M substitution would be lethal to
males. However, this case represents the first autopsy re-
port of a BPNH patient with FLN/ gene mutation.

We observed many well-differentiated pyramidal neu-
rons distributed randomly throughout the periventricular
nodules (Fig.2F, G). This morphology is similar to that
of neurons in the cerebral cortex, rather than to those in
the striatum, and this observation is consistent with that of
Eksioglu et al. [12]. We found that only a few small neu-
rons showed immunoreactivity to the antibodies against
the calcium-binding proteins calbindin, parvalbumin, and
calretinin (Fig.2H, I). Staining for the calcium-binding
proteins identifies putative y-aminobutyric acid (GABA )er-
gic neurons. It has been speculated that the epileptogenic-
ity in cortical dysplasia, in some cases, is related to a de-
crease of the GABAergic interneurons and subsequent
imbalance of excitation and inhibition in the foci of in-
tractable epilepsy [44]. It is unclear whether seizure activ-
ity in our patient originated from the nodules in the deep
cerebrum, and/or whether the number or function of the
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inhibitory neurons was deficient. It seems more plausible
that abnormal axonal connectivity (described below) might
be associated with epileptogenesis. However, several other
cellular and physiological aspects of cortical dysplasia
that may be associated with epilepsy are known [46]. In the
present case, precise mechanisms underlying epilepsy re-
main unclear.

We examined the characteristics of the fiber projec-
tions within and outside the nodules using Dil (Fig. 3). Dil
[DilIC,4(3)] is one of the lipophilic carbocyanine dyes that
can incorporate into cell membranes. Transfer of the dye
between intact membranes is usually negligible. Therefore,
Dil has been used in a variety of tracing applications, in-
cluding anterograde and retrograde axonal projection study.
We detected an apparent connection between the nodules
and the surrounding white matter. The fibers exited through
the myelinated indentation of the white matter (Fig.2B) to
form bundles (Fig.3G), or extended directly across the
margin of the nodule (Fig. 3H). We also demonstrated the
possibility of a projection from the nodules to the cerebral
cortex (Fig.3K), although we failed to trace the whole
length of the fiber path, and it is unclear whether the labeled
axons were originating from (i.e., anterogradely labeled)
or reached to (retrogradely labeled) the nodules. Hannan
et al. [20] examined fiber projections using a similar Dil
tracing technique in the brain tissues of four children with
subcortical or periventricular nodular heterotopia. The cases
were etiologically distinct from the BPNH cases, in that
they all showed more severe malformation complexes in
the brain. The connection between the nodules and the sur-
rounding white matter is limited [20], and the profiles of
fiber projection may differ according to the etiology. In this
case, abnormal axonal circuits may have existed between
the adjacent nodules and between the nodules and cerebral
cortex. Studies using orthograde and retrograde tracers have
revealed that heterotopic neurons in the tish rat, a neuro-
logical mutant exhibiting bilateral subcortical band het-
erotopia, project to appropriate subcortical sites and es-
tablish connections with the thalamus [39].

In the present case, a relatively a large number of neu-
rons were located close to the ventricle to form multiple
nodules (Fig.2B). On the other hand, the cortex on the con-
vex and lateral sides appeared to be of normal thickness,
and the number of cortical neurons did not appear to be re-
duced. This implies that a subset of young neurons failed
to migrate completely, with the remainder migrating nor-
mally into the cortical plate. We did not observe an in-
creased number of single heterotopic neurons within the
white matter along the route taken by the migrating neu-
rons. A cell-autonomous mosaic phenotype, with random
activation/inactivation of the X chromosome, may regulate
the behavior of the individual neurons and may also explain
the morphological phenotype. Alternatively, the gene prod-
uct might be involved in the regulation of neuron produc-
tion or in the initial steps of the neurons propagating from
the proliferating zones. In cross-sections of the cerebrum,
we identified a border between the periventricular nodules
and the caudate nucleus, where myelinated bundles from the
white matter reached the ventricular surface (Fig.2A, D).
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Based on the location of the nodules, they appeared to have
developed from the dorsolateral portion of the ventricular
and subventricular zones, rather than from the ganglionic
eminences. Disruption of the radial glial organization has
been suggested to be responsible for some of the neuronal
migration abnormalities observed in some autopsied fe-
tuses with periventricular heterotopia [38] and neocortical
tubers [35].

Filamin 1 protein promotes orthogonal branching of
actin filaments [18, 19] and is important in coagulation
and vascular development. Furthermore, Filamin 1 binds
the intracellular domain of tissue factor, the protease re-
ceptor for coagulation factor VII, in association with actin
filament reorganization [34]. The tissue factor has multiple
roles in vascular development and angiogenesis [5, 34].
Mutation of the FLNI gene may, therefore, induce vascu-
lar anomalies. The high incidence of patent ductus arte-
riosus in these patients may relate to the role of Filamin 1
in vascular remodeling [16]. In the present case, widespread
microvascular anomalies were present in the cerebral cor-
tex (Fig.4). In the development of the blood vessels, the ar-
teries may have sprouted in a parallel manner. They lacked
a properly configured tunica media (Fig.4C, D, I), while
the walls were labeled by the actin antibody with a vari-
able intensity (Fig.4F). This profile may be related to the
presence of pericytes close to the walls (Fig.41I), since this
cell type possesses both muscle and non-muscle actins
[26]. A network of basal lamina bounded by endothelial
cells was seen in many lumina (Fig.4E, G, I). Red blood
cells were seen within many individual lumina (Fig.4C),
indicating blood circulation through them. We also found
GFAP-labeled processes within the channels of vessel walls
(Fig.4H). The gliogenic period coincides with rapid growth
of the blood vessels [6]. We speculate that processes of as-
trocytes invaded the channel during the courses of devel-
opment of the blood vessels. They might have formed glia
limitans that covered each individual vessel.

Widespread glomeruloid vascular changes were noted
throughout the brain and spinal cord of fetal siblings with
congenital hydrocephalus-hydrencephaly [14]. The features
of the abnormal vessels in the hydrocephalic fetuses seem
to be somewhat similar to those of glomeruloid vessels in
the present case, but intracytoplasmic inclusions were ob-
served in pericytes of the glomeruloids in the fetal brain.
The etiology and pathological features of the brain are ap-
parently distinct from those of the present case. Similar
vascular alterations (namely glomerular-loop formations,
vascular bundles, and vascular wickerworks) were also
observed in a proportion of arterioles and precapillaries in
many senile brains [1, 24, 25], and that may be associated
with certain processes of aging. In the present case, it seems
likely that a large proportion of parenchymal arteries
branched off at the Virchow-Robin space and ran parallel
throughout the cortex. The diameter of individual lumina
of the glomeruloid vessels seems to be much smaller than
that observed in the senile brains [24].

In addition to the microvascular anomaly, we noticed
dysplastic cytoarchitecture in the cerebral cortex (Fig.5).
The distorted locations of neurons appeared to be associ-

ated with the malformed vessels. Even though our patient
also suffered from intractable epilepsy, the characteristic
features of the dysplastic cortex were distinct from those
of cortical dysplasia observed in surgical specimens of a
subset of patients with intractable epilepsy, which include
increased cellularity of the molecular layer, persistent rem-
nants of the subpial granular cell layer, marginal glioneu-
ronal heterotopia, neuronal cytomegaly, and ballooned cells
[31, 45]. The features of microvascular anomaly and dys-
plastic cortex are not likely to be common in patients with
periventricular heterotopia; other autopsy cases with BPNH
have not shown such changes [12, 38]. However, there is
a possibility that a subset of patients with periventricular
heterotopia suffer from vascular anomaly. The majority of
patients with BPNH have normal intelligence [2, 11, 12,
36, 43], with only some being retarded [2]. Our patient
was mentally retarded, which might be related to the ob-
served widespread cortical dysplasia that was most appar-
ent in the frontal cortex.
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