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Abstract Lissencephaly with agenesis of the corpus cal-
losum and rudimentary dysplastic cerebellum may repre-
sent a subset of lissencephaly with cerebellar hypoplasia
(LCH) of unknown etiology, one that is distinct from
other types of LCH. We present a detailed neuropatholog-
ical description of an autopsy brain from a 7-day-old neonate
born at 38-gestational weeks, presenting with this malfor-
mation. The brain was severely hydrocephalic and totally
agyric. The corpus callosum was absent and deep gray
matter structures indistinct. A rudimentary dysplastic cere-
bellum, dysplastic olivary nuclei and nearly complete ab-
sence of corticospinal tracts were also noted. Microscopic
examination revealed various types of dysplastic and mal-
formative features throughout the brain in addition to the
classic four-layered neocortical structure characteristic of
type I lissencephaly. Unique features in the present case
were (1) bilateral periventricular undulating cortical rib-
bon-like structures mimicking fused gyri and sulci, asso-
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ciated with aberrant reelin expression, (2) large dysplastic
neocortical neurons positive for phosphorylated neurofila-
ment, calbindin-D28K, tuberin, hamartin, doublecortin, LIS1,
reelin and Dabl, (3) derangement of radial glial fibers,
and (4) disorganized cerebellar cortex and heterotopic gray
matter composed exclusively of granule cells in the cere-
bellar deep white matter. The clinicopathological features
in the present case are suggestive of a distinct category of
lissencephaly with cerebellar involvement. We suggest a
possible classification of this unique case among the LCH
syndromes.

Keywords Lissencephaly with cerebellar hypoplasia -
Radial glia - Heterotopia - Dysplasia -
Immunohistochemistry

Introduction

Lissencephaly is a severe developmental brain malforma-
tion characterized by loss of the normal gyral pattern
(agyria and/or pachygyria) in the cerebrum, marked disor-
ganization of the cerebral cortical cytoarchitecture, and a
strong association with profound neurological deficits and
epilepsy. This type of malformation comprises a heteroge-
neous group of disorders sharing similar pathological fea-
tures that are caused by alterations in distinct genes. Over
the past decade, several genetic mutations responsible for
lissencephalic phenotypes have been identified (for re-
view see [7]): these include: (1) LISI on chromosome
17p13 for Miller-Dieker type lissencephaly [41], (2) double-
cortin (DCX) on chromosome Xq22 for X-linked lis-
sencephaly [9, 15, 16], (3) FCMD on chromosome 9q31
for Fukuyama congenital muscular dystrophy [26], (4)
POMGnTI (protein O-mannose 31,2-N-acetylglucosaminyl-
transferase) on chromosome 1p32 for muscle-eye-brain
disease (MEB) [49], and (5) reelin (RELN) on chromo-
some 7q22 for lissencephaly with cerebellar hypoplasia
(LCH) [19]. We describe the anatomical, histological and
immunohistochemical features observed in an autopsy case
of lissencephaly with agenesis of the corpus callosum and
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rudimentary dysplastic cerebellum as a distinct subset of
LCH, and discuss the pathogenesis of this disorder.

Materials and methods

Case history

This male infant was vaginally delivered after induction, following
38 weeks of gestation (by dates), to a 27-year-old, gravida 3, para
1 (2 spontaneous abortions), mother. There is no known history of
congenital abnormalities in the family. At 27 weeks of gestation,
an ultrasound examination of the fetus revealed dilatation of the
fourth ventricle and absence of the cerebellum. Subsequent ultra-
sound examinations at 30 and 36 weeks of gestation revealed in-
trauterine growth retardation consistent with 29 weeks gestation,
without further fetal growth, and a Dandy-Walker abnormality as
well as hydrocephalus. Prenatal laboratory testing of the mother
was unremarkable. At birth, the baby was intubated due to respira-
tory insufficiency. Birth weight was 2,100 g. The head was micro-
cephalic (circumference 27 cm) with small anterior and posterior
fontanelles and closed sutures. The baby moved all extremities
with appropriate muscle tone but had diminished reflexes in his
upper and lower extremities. On the second day of life, magnetic
resonance imaging (MRI) of the head (Fig. 1) confirmed severe
brain malformation. The infant died 7 days after birth. Chromoso-
mal analysis on the patient’s blood revealed a normal male karyo-
type (46, XY). Fluorescence in situ hybridization (FISH) chromo-
somal analysis did not detect deletions in the DiGeorge and Miller-
Dieker critical regions. Gene analysis of reelin (RELN) was not
available.

Histological and immunohistochemical procedures

Formalin-fixed paraffin-embedded tissue blocks were cut at 5-um
thickness, and subjected to hematoxylin and eosin (HE) staining,

Fig.1 MRI of the head con-
firming near total absence of
the cerebellum with prominent
cystic dilatation of the fourth
ventricle (A, B), consistent
with Dandy-Walker syndrome.
The cerebrum shows complete
lack of gyral formation (lissen-
cephaly), with a thin continu-
ous zone of T2 hypointensity
in what seems to be the sub-
cortical area (arrowheads in B,
arrows in D), bilaterally. Note
a thickened calvarium (asterisk
in A), hypoplastic cerebellum
(arrows in B), agenesis of the
corpus callosum (C), hypoplas-
tic brainstem (arrow in A),
basal ganglia and thalami (A,
C), and undulating ventricular
surface (arrowheads in C, D).
A: T1-weighted image, sagit-
tal, B,C: T2-weighted image,
coronal, D: T2-weighted im-
age, axial

Kliiver-Barrera, and modified Bielschowsky methods as routine
procedures. Consecutive serial sections were used for immunohis-
tochemical studies. Immunostaining was performed with the avidin-
biotin-peroxidase complex (ABC) (Vector, Burlingame, CA) and/or
the Labeled Polymer (goat anti-rabbit or anti-mouse immuno-
globulins conjugated to peroxidase labeled-dextran polymer,
EnVision+™, DAKO, Carpinteria, CA) method using 3,3’-diamino-
benzidine tetrahydrochloride (DAB) as chromogen. Antibodies and/or
antisera (Table 1) were used according to the commercial product
specification and previously published protocols [22, 23] with
appropriate positive and negative controls. Specimens were sub-
jected to microwave boiling, if needed, in a 0.015 M sodium citrate
buffer solution (pH 6.0) for 12 min as an antigen retrieval proce-
dure before blocking with appropriate normal animal serum. Sec-
tions were counterstained with hematoxylin. A combination of the
ABC method with DAB and alkaline phosphatase with 5-bromo-
4-chloro-3-indoxyl phosphate and nitro blue tetrazolium chloride
(BCIP/NBT; DAKO) was also employed for double-label immuno-
histochemistry.

Control cases

Formalin-fixed, paraffin-embedded cerebral hemispheres from
11 normal human fetuses (12, 16, 19, 20, 24, 26, 28, 30, 34, 39 and
41 weeks of gestation), and cerebella from 6 normal human fetuses
(24, 29, 30, 36, 39 and 41 weeks of gestation), all obtained at au-
topsy, were used for controls. All cases were stillborn infants with-
out any recorded abnormalities in the central nervous system.
Brains of 12, 16, 19 and 20 weeks of gestation were a generous gift
from Professor Eisaku Ohama (Department of Neuropathology,
Institute of Neurological Sciences, Faculty of Medicine, Tottori
University, Japan).




Table1 Primary antibodies used in this study
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Antibody Type (clone) Specificity Dilution = Source

GFAP Polyclonal Glial fibrillary acidic protein 1:300 DAKO

Vimentin Monoclonal (V9) Vimentin 1:40 DAKO
Neurofilament Monoclonal (2F11) NF-H (200 kDa), NF-M (160kDa), NF-L (70kDa) 1:75 DAKO
Synaptophysin Monoclonal (27G12) 38 kDa synaptic vesicle glycoprotein 1:150 Novocastra
Calbindin-D28K Monoclonal 28 kDa calbindin 1:150 Sigma

Ki-67 Monoclonal (MIB-1)  Ki-67 nuclear antigen 1:80 DAKO

Tuberin Polyclonal apl tuberin 1:1,000 Johnson et al. [22, 23]
Hamartin Polyclonal C termimus of hamartin 1:800 Johnson et al. [22, 23]
Doublecortin (DCX) Polyclonal doublecortin 1:1,000 Chemicon

LIS1 Polyclonal N terminus of human LIS1 1:100 Santa Cruz

Reelin Polyclonal C terminus of human reelin 1:50 Santa Cruz

Dabl Polyclonal C terminus of human Disabled 1 1:50 Santa Cruz

Fig.2 Gross appearance of
base of the brain (A) and con-
vexity (B) showing total ab-
sence of gyri and sulci. Note
hypoplastic brainstem and rudi-
mentary cerebellum (arrow).
Asterisk indicates tentorium
cerebelli

Neuropathological findings
Gross appearance

External examination of the head showed microcephaly,
mild hypertelorism and low-set ears. The palate was intact.
The external genitalia were normally formed for a male.
A closed or fused anterior fontanelle and a small posterior
fontanelle (1-cm diameter) were seen along with fused cra-
nial sutures. The skull showed a thickened calvarium sur-
rounding normal-appearing dura mater. The brain was of
extremely small size for its gestational age [14, 17], weigh-
ing 80 g after formalin fixation. It showed total absence of
gyri and sulci without a gradient of severity (Fig. 2). Coro-
nal sections of the cerebral hemispheres revealed hypoplas-
tic pallium with markedly enlarged lateral and third ven-
tricles (Fig. 3A—C), and an unusual undulation of the ependy-
mal surface of the lateral ventricles bilaterally (Fig.3B).
Corpus callosum was absent and Probst bundles were not
observed. Ammon’s horns were indistinct. The basal gan-
glia consisted of 1.1x1.0x1.0-cm masses of tissue without

distinctions between the lentiform nuclei and the dience-

phalon. The cerebellum was extremely hypoplastic (Fig. 2A)
with complete absence of the vermis. There was marked
cystic dilatation of the fourth ventricle consistent with
Dandy-Walker malformation. The pons and medulla ob-
longata were markedly flattened (Fig. 2A). There were no
discrete abnormalities in the spinal cord.

Microscopic observation
Cerebrum

Consistent with type I lissencephaly, a four-layered neo-
cortex was observed predominantly in the cerebral convex-
ities; this was composed of (1) a marginal layer, (2) su-
perficial cellular layer or outer neuronal layer, (3) sparsely
cellular or paucicellular layer with a few unmyelinated
fiber bundles, and (4) deep cellular layer or inner gray
matter (Fig. 3D). The gray-white matter ratio in this region
varied from 5:1 to 10:1. In addition, however, the greater
part of the pallium showed more complex malformative
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features (Fig. 3D-I). The thickness of the inner gray mat-
ter gradually tapered and eventually disappeared at the
medial aspect of the cerebral hemisphere, whereas the
cortical ribbon extended down from the outer neuronal
layer and showed undulations without accompanying sul-
cal or gyral formation, i.e., focal polymicrogyria (Fig. 3D).
Large dysplastic neurons (LDNs) were observed predom-
inantly in the posterior part of the cerebrum (Fig. 4A).

LDNs were strongly positive for phosphorylated neu-
rofilament (pNF) (Fig. 4B), and were observed throughout
the thickness of the cortex; 50-60% of them were also
positive for calbindin-D28K (CB) (Fig.4C, E). These
CB-positive cells were scattered throughout the cortex with
a slight accentuation in the superficial marginal and super-
ficial cellular layers (Fig. 4C), as opposed to those in a nor-
mal age-matched control brain, where they predominate in
deeper layers, around layer IV of the neocortex (Fig. 4D, F).
Most LDNs were also positive for tuberin (Fig. 5A) and
hamartin (Fig.5B). Some were positive for doublecortin
(DCX) (Fig.5C), LIS1 (Fig. 5D), reelin (Fig. 5SE) and Dab1
(Fig. 5F) in their cytoplasm. In addition to abundant ex-
pression of DCX in germinal matrix, some pyramidal neu-
rons in the superficial cellular layer were also positive for
DCX (Fig.5C). DCX expression in normal developing
neocortex was observed only in younger individuals (12,
16, 19 weeks), but not in age-matched controls as previ-
ously described [40]. LIS1 immunohistochemistry failed
to detect cells that would normally be positive in normal
developing brain, including Cajal-Retzius (C-R) cells,
subplate neurons and others [6, 42].

There was a thin horizontal band consisting of pNF-pos-
itive fibers and/or neurites beneath the pial surface (Fig. 5G)
in the present case but not in any of the control brains
(Fig. 5H). Strong reelin expression was observed in what
appeared to be C-R cells (Fig. 51) in both the present and
control cases. Diffuse neuropil staining of reelin was ob-
served in layer I of cerebral cortex in 12-39 week control
fetal brains, whereas this pattern of reelin-labeling was less
prominent in the present case. However, a thin horizontal
band consisting of reelin-positive C-R cells and their neu-
rites and/or diffuse neuropil staining of reelin (Fig. 51) was

<4 Fig.3 Coronal sections of the cerebral hemispheres (A—C) reveal

hypoplastic pallium with markedly enlarged lateral ventricles, and
an unusual undulation of the ependymal surface of the lateral ven-
tricles bilaterally (B). D demonstrates a four-layered structure
(/—4) of neocortex observed in the right parietal convexity (section
is from the slice shown in C). Note a hypocellular lamina (arrow-
head) splitting the outer neuronal layer, a thick cord of neurons
running across the pallium (arrow), and focal polymicrogyria
(double arrowheads). The superficial and deep neuronal layers are
often associated with acellular islands or glomeruli (asterisks in E)
that are accentuated by synaptophysin immunoreactivity (asterisks
in F). Note some pyramidal neurons strongly positive for cytoplas-
mic synaptophysin (arrows and inset). G A heterotopic cluster of
germinal matrix cells (arrow). H Abnormally directed fiber bundle
formations within the subpial marginal layer (arrowheads). I Focal
heterotopic clusters of granule type neurons in the subpial mar-
ginal layer of the frontal lobe (arrows). Bars A—C 1 cm. D Kliiver-
Barrera, x6; E HE, x100; F synaptophysin immunostaining, x100;
G Kliiver-Barrera, X3; H, I HE, x40
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observed in the subpial area anatomically corresponding
to the subpial pNF-positive band. This structure predomi-
nated in dorso- and ventro-medial aspects of the cerebral
hemisphere.

There were periventricular undulating cortical ribbon-
like structures (PUC) mimicking fused gyri and sulci ob-
served bilaterally and symmetrically in the area adjacent
to the germinal matrix (Fig. 6A). PUC consisted of the ex-
tension of single streaks of gliovascular tissue from the
subventricular germinal matrix (SGM), surrounded by a
thin band of molecular layer-like paucicellular structure
and an underlying single band of disorganized neuronal
cell layer (Fig. 6B) that was continuous with the inner gray
matter of the four-layered cortex. Neither an arachnoidal
nor ependymal covering was observed. Profound derange-
ment of radial glial fibers was also noted (Fig.6C-E).
There were increased numbers of GFAP-positive astrocytes
throughout the cerebrum, and most of them had morpho-
logical features of Alzheimer type II astrocytes. SGM
contained a substantial number of these astrocytes and some
foci of ependymal differentiation forming ependymal rosette,
canals and tubules (Fig.6F). Ki-67 immunohistochem-
istry revealed a high labeling index within SGM and scat-
tered positive nuclei throughout the pallium. Double-label
immunohistochemistry confirmed the co-localization of
Ki-67 and GFAP in only a few cells within the pallium
(Fig. 6G). Patchy islands of reelin immunoreaction were
observed mostly in a disorganized neuronal cell layer
within PUC (Fig. 6H), consisting of diffuse neuropil stain-
ing and cytoplasmic reelin-expressing small, round neu-
rons with scant cytoplasm that are morphologically dis-
tinct from subpial C-R cells (Fig. 6I). A small number of
reelin-expressing small neurons were also scattered through-
out the pallium, whereas no reelin-immunoreactive cells
were observed in the area deeper than layer I of developing
normal cerebral cortex. DCX was abundantly expressed in
both the subventricular and heterotopic germinal matrix
(Fig.6J). Many apparently migrating neurons appeared
positive for DCX (Fig. 6K) and were observed predomi-
nantly in the depths of the PUC subjacent to SGM and
more superficial area of the pallium.

Ammon’s horns could not be clearly identified at the
microscopic level (Fig. 6A). Neither the pyramidal cell layer
nor fascia dentata appeared to have formed properly, with
only a mixture of disoriented pyramidal neurons and patchy
islands of granule cells randomly scattered about.

Brainstem and cerebellum

The cerebral peduncles were almost completely absent.
The pontine base was extremely thin and gliotic with nearly
complete lack of pontine nuclei, corticospinal and ponto-
cerebellar tracts (Fig. 7A). Medullary pyramids were al-
most totally absent (Fig.7B). The cerebellum was se-
verely hypoplastic and dysplastic with only rudimentary
hemispheres and complete aplasia of the vermis (Fig. 7A).
The external granular layer was hypoplastic (Fig.7C).
The cellular arrangement of the cortex was severely disor-
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Fig.4 LDNs (arrows in A)
are strongly positive for pNF
(B). Many of them express CB
(C) and are scattered through-
out the cortex with a slight ac-
centuation in the superficial
marginal (/ in C) and superfi-
cial cellular layers (2 in C).

In age-matched control brain
(39 weeks), CB-immunoreac-
tive cells predominate around
layer IV of the neocortex (D).
E High-power view of CB-pos-
itive LDN. F High-power view
of CB-positive multipolar in-
terneuron in age-matched con-
trol brain (39 weeks) (LDN
large dysplastic neuron, pNF
phosphorylated neurofilament,
CB calbindin-D28K). A HE,
x100; B 2F11 immunostaining,
x200; C, D CB immunostain-
ing, x40; E, F CB immuno-
staining, x400

ganized (Fig. 7C, D). Large clusters of heterotopic gray
matter composed exclusively of granule cells (Fig. 7E, F),
and scattered single heterotopic LDNs immunoreactive
for pNF and CB (Fig. 7G) were also observed in the cere-
bellar deep white matter. The dentate nucleus was dys-

plastic and identified as a collection of gray matter islands
lacking the normal undulating contour (Fig. 7H). Most of
the astrocytes observed in the cerebellar white matter
were multinucleated (Fig. 71), consistent with Alzheimer
type I astrocytes.
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Fig.5 Most LDNs are immunoreactive for tuberin (arrowhead in
A) and hamartin (B). Some of them are positive for DCX (arrow
in C), LIS1 (D), reelin (E) and Dabl (F). Note tuberin immunore-
activity in LDN and relatively normal pyramidal neuron (arrow in
A), DCX-positive LDN (arrow in C) and DCX-negative LDN (ar-
rowhead in C). A thin band consisting of pNF-positive fibers
and/or neurites is observed in the superficial marginal layer be-
neath the pial surface (arrowheads in G). H By contrast, in control
fetal brains, neocortical layer I is mostly occupied by sparse
pNF-positive fibers. I pNF-positive band in G is immunoreactive
for reelin. Strong immunoreaction is observed in subpial Cajal-
Retzius cells (arrow) (DCX doublecortin). A Tuberin immuno-
staining, X200; B hamartin immunostaining, x200; C DCX immu-
nostaining, x260; D LIS1 immunostaining, xX400; E reelin immu-
nostaining, xX400; F Dabl immunostaining, x400; G, H 2F11 im-
munostaining, xX100; I reelin immunostaining, X260

Discussion

Agyria/pachgyria associated with cerebellar hypoplasia
has recently been recognized as a heterogeneous group of
brain malformations [2, 11, 19, 27, 44] described as lis-
sencephaly with cerebellar hypoplasia (LCH). The patho-
logical features in the present case are characterized by

type I lissencephaly (complete agyria) associated with
agenesis of corpus callosum, rudimentary dysplastic cere-
bellum, and hypoplastic brainstem.

The significance of the present case with relevance
to current concepts of LCH

A small number of familial cases that may overlap with
the pathological features in the present case have been de-
scribed (Table 2). Kerner et al. [24] described the clinico-
pathological features observed in two siblings as a distinct
phenotype of familial lissencephaly with cleft palate and
severe cerebellar hypoplasia. These cases seem to be dis-
tinct from the present case on the basis of clinicopatho-
logical features, including a diffuse single band of disor-
ganized neurons and glia rather than a four-layered cortex.
In cases with lissencephaly associated with skin and skele-
tal abnormalities [1], severe cerebellar and brainstem hy-
poplasia may be observed. However, histological features
of diffuse neuronal degeneration resulting in severe mi-
crencephalic brain in those cases implicate a pathogenesis
similar to that suggested in Neu-Laxova syndrome (NLS)
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[37]. Although the brain in our case was also extremely
small, weighing only 80 g [14, 17], histological features of
a putative neuroblast migration disorder associated with
hypoplastic pallium and severe hydrocephalus appear more
likely to account for this brain weight rather than the de-
generative process of NLS. Lack of specific anomalies
such as ichthyosis, edema and a characteristic facial abnor-
mality in the present case is also against the diagnosis of
NLS [25]. Recently, mutations in the RELN gene have been
reported to be associated with autosomal recessive LCH

[19]. In mice carrying mutations in RELN (reeler mice) and
in disabled-1 (Dabl) as well as in mice carrying double
mutations of both very low density lipoprotein receptor
(VLDLR) and apolipoprotein E receptor 2 (ApoER2), nor-
mal neuroblast migration with an “inside-out” fashion is
inverted [46]. This suggests a role for these genes in the
control of cell positioning in the developing central ner-
vous system and predicts a pattern of cytoarchitectural al-
teration in patients carrying alterations in reelin/lipoprotein
receptor/Dabl pathway as well as RELN mutations.




Recently, six categories of LCH (LCHa—f) have been
proposed mainly based on the neuroradiographic findings
[44]. Of note, two pediatric cases are listed as a heteroge-
neous group of agyria/pachygyria associated with absent
corpus callosum, moderate to severe cerebellar hypoplasia
and brainstem hypoplasia of unknown inheritance (LCHf
in the series). One presented with complete agyria and se-
vere hypoplasia of cerebellum and brainstem, and had a thin
continuous band of high signal intensity on T2-weighted
sequences in what seems to be the subcortical area, as well
as focal undulation of the ventricular surface — almost iden-
tical to that observed in MR images of the present case
(Fig. 1). Mutations in LIS/ can also cause a LCH pheno-
type (LCHa) that displays mild vermian hypoplasia, lis-
sencephaly with either an anterior-to-posterior or posterior-
to-anterior gradient of severity, and presence of the corpus
callosum, even if it is hypoplastic — the features do not
match those in the present case. Furthermore, in the recent
classification of cerebellar malformations, a heterogeneous
group of lissencephaly with cerebellar dysplasia has been
proposed, listing three cases in a series of 70 MRI studies
obtained in patients with cerebellar anomalies [39]. Apart
from one case with a RELN mutation, the other two cases
without known gene mutations were associated with age-
nesis of the corpus callosum, small-sized brainstem and
tiny cerebellar hemispheres with no visible vermis, imply-
ing similar anatomical features to those in the present case.
However, there has been neither a detailed histopatholog-
ical verification nor an immunohistochemical characteriza-
tion of LCH reported.

4 Fig.6 A A PUC is demonstrated in a whole mount section of the

right cerebral hemisphere shown in Fig. 3B. It gradually tapers off
in the ventro-medial portions (arrow) or merges with the outer
neuronal layer in the dorso-medial portions of the pallium (left up-
per corner). Note the indistinct Ammon’s horn (asterisk). B Mi-
croscopic feature of PUC consisting of the extension of single
streaks of gliovascular tissue (arrow) from the SGM, surrounded
by a molecular layer-like paucicellular structure (asterisk) and an
underlying single band of disorganized cells. Vimentin-positive ra-
dial glial fibers appear to originate also from the gliovascular
streaks and run through the surrounding neuronal layer (C), but do
not appear to properly reach the overlying superficial cortex where
there were only a few neurons observed (D). Note radial glial
fibers originating from a heterotopic cluster of germinal matrix
cells (asterisk in E) and approaching, in oblique or asymptotic
fashion, the pial surface where there was no well-formed cortical
plate (E). SGM contains areas of both astrocytic and ependymal
differentiation (asterisk in F). Co-localization of MIB-1 (brown by
DAB) and GFAP (purplish blue by BCIP/NBT) is observed in a
few cells (arrow in G) in the pallium. H, I Unique reelin im-
munoreactivity within the PUC (arrowhead in H) and reelin-ex-
pressing small granule type neurons (arrows in I). Note diffuse
neuropil staining of reelin (arrow in H). DCX is abundantly ex-
pressed in SGM cells sparing the area of astrocytic and ependymal
differentiation (asterisk in J). DCX is also expressed in what ap-
pear to be migrating neurons (arrows in K) (PUC periventricular
undulating cortical ribbon-like structures, SGM subventricular ger-
minal matrix). A Kliiver-Barrera method, x3; B HE, x100; C-E
vimentin (V9) immunostaining, C x133, D x13, E x26; F HE,
%x200; G double-label immunohistochemistry for MIB-1 and GFAP,
x400; H reelin immunostaining, X3; I reelin immunostaining,
x400; J DCX immunostaining, X260; K DCX immunostaining,
%370
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A four-layered neocortical structure is, together with
preserved superficial marginal layer, a characteristic his-
tological abnormality that distinguishes type I from type
II lissencephaly [18, 35]. MRI-neuropathological correla-
tions in the present case revealed that the band of high T2
signal represents the MRI counterpart of a sparsely cellu-
lar layer, as has been previously suggested [28]. Hence,
the presence of this T2 high intensity band is predictive of
a histological four-layered cortex typical of type I lissen-
cephaly, at least in the developing brain.

Other phenotypes of lissencephaly associated
with agenesis of corpus callosum

Agenesis of corpus callosum (ACC) per se is often con-
sidered as nonspecific since it is found with variable fre-
quency in various syndromes (for review see [34]). Among
lissencephaly phenotypes, however, association with ACC
seems to be relatively rare and may even comprise a dis-
tinct group of disorders. X-linked lissencephaly with ab-
sent corpus callosum and ambiguous genitalia [3, 10, 36]
has been described as another entity of X-linked lissen-
cephaly that is distinct from that caused by the DCX mu-
tation, although it is not a case of LCH (Table 2).

The unique features of PUC, LDNs and disorganization
of the radial glial fibers

The PUC in this case was continuous with the deep cellu-
lar layer of the four-layered cortex and was associated
with streaks of gliovascular tissue extending from the sub-
ventricular germinal matrix. Therefore, the possibility that
the PUC represents “band heterotopia” or “periventricular
nodular heterotopia” appears to be excluded. The fact that
the majority of neurons existed within the PUC but not in
the superficial layer, and that the germinal matrix cells
were also observed within the gliovascular streaks, sug-
gests that the PUC is associated with abnormalities from
the earlier stage of neuroblast migration to the later stage
of gliogenesis within the subventricular germinal matrix.
Furthermore, the presence of reelin-expressing cells and
diffuse neuropil staining of reelin within the PUC are
even suggestive of an abnormal formation of preplate or
abnormal generation and migration of reelin-expressing
cells. These reelin-expressing cells may represent aberrant
C-R cells playing a role in the formation of an aberrant ra-
dial glial scaffold [12] and the formation of PUC in this
case, although reelin-positive cells in the PUC are of round,
small-sized and granular type, morphologically distinct
from subpial C-R cells [31]. The PUC seems to be an unique
feature in the present case.

Studies of macaque monkey brain have suggested that
calcium binding protein-containing interneurons make up
90% of all GABAergic neurons in the cerebral cortex [30].
Many LDNss in our case were strongly immunoreactive for
CB, suggesting that they have the features of GABAergic
interneurons. These cells were scattered throughout the
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cortex with a slight accentuation in the superficial mar-
ginal and superficial cellular layers (Fig. 4C). This obser-
vation is in contrast to that of age-matched controls, in
which CB-immunoreactive cells predominated in deeper
layers, around layer IV of the neocortex (Fig.4D). It re-

mains unclear whether the laminar distribution of CB-pos-
itive LDNs represents their final distribution or a tempo-
rary profile in the present case. The number and distribu-
tion of calcium binding protein-containing neurons, in-
cluding CB-immunoreactive cells, in the neocortex can be



Table2 Clinicopathological features of the present case in com-
parison with other reported types of lissencephaly with similar ab-
normalities (NA information not available, PBs Probst bundles,
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PUC periventricular undulating cortical ribbon-like structure,
RELN reelin, XLAG X-linked lissencephaly with absent corpus
callosum and ambiguous genitalia)

Characteristics Kerner et al. [24] Attia-Sobol et al. [1] XLAG RELN mutations Present case

Neocortical Diffuse agyria Diffuse agyria Agyria-pachygyria  Pachygyria Diffuse agyria

phenoype

Gradient of No No Anterior <posterior  Anterior >posterior No

severity

Cortical No laminar organi- Severe neuronal loss;  3-layered cortex; NA 4-layered cortex and

structure zation; dysplastic axonal swelling; partial layer II others; dysplastic
large neurons; absent  microcalcification splitting; giant large neurons; dis-
Cajal-Retzius cells pyramidal neurons organized radial glial

fibers

Corpus Agenesis Agenesis Agenesis without Normal or thin Agenesis without

callosum PBs PBs

Ammon’s NA NA Absent fascia Malformed Indistinct, absent

horn dentata fascia dentata

Basal ganglia Dysplasia Dysplasia

Cerebellum Severe hypoplasia Severe hypoplasia Normal Hypoplasia; defect ~ Severe hypoplasia

of foliation and dysplasia; defect
of vermis

Brain stem Hypoplasia and Hypoplasia Normal Mild hypoplasia Severe hypoplasia
dysplasia and dysplasia

PUC No No No No Present

Seizures NA Spastic movement Perinatal onset Present Not recorded

Inheritance Autosomal recessive Autosomal recessive  X-linked Autosomal reces- Yet to be determined

sive
Associated Cleft palate; anom- Hypogenitalism; Hypogenitalism; Hypotonia; congen- Low set ears; hypo-
anomalies alies of extremities extreme micro- severe hypotonia ital lymphedema reflexia, micro-

cephalus; skeletal
abnormalities; thick
skin; hypertelorism;
low set ears

cephalus; thickened
skull bone; closed
fontanelle; mild
hypertelorism

4 Fig.7 A Whole mount transverse section of pons and cerebellum
showing hypoplastic cerebellar hemispheres. Note severely hypo-
plastic pontine base. Asterisks indicate trigeminal nerves. B Infe-
rior olivary nuclei (arrow) are hypoplastic and dysplastic, lacking
hilus directed medially. Asterisk indicates hypoplastic medullary
pyramids. C, D Microscopically clusters of disoriented Purkinje
cells (arrow in C) and granule cells are randomly intermingled
with each other without normal laminar cytoarchitecture, better
demonstrated with CB immunostaining (D). The cellularity of ex-
ternal and internal granular layers appears less than normal. Note a
Purkinje cell just beneath the external granular layer (arrow in D).
E, F There is also a relatively well-organized Purkinje cell layer,
although situated in the middle of the internal granular layer (as-
terisks in E). Note a large cluster of heterotopic gray matter com-
posed exclusively of granule cells (arrow in E) positive for synap-
tophysin (F). G There are also scattered single heterotopic LDNs
immunoreactive for pNF and CB observed in the deep cerebellar
white matter. H The dentate nucleus is dysplastic and identified
beneath the dysplastic cerebellar cortex (asterisk) as a collection of
gray matter islands lacking the normal undulating ribbon-like con-
tour (arrowheads). I Most of the astrocytes observed in the white
matter are multinucleated consistent with Alzheimer type I astro-
cytes. A Kliiver-Barrera, x4.5; B Kliiver-Barrera, x40; C HE,
x200; D CB immunostaining, x100; E HE, x42; F synaptophysin
immunostaining, X66; G CB immunostaining, xX400; H synapto-
physin immunostaining, X20; I HE, x400

reorganized in early postnatal life [43]; by 28 weeks after
birth, the laminar distribution of CB-immunoreactive
cells shifts from layer IV to layer II.

Abnormalities of radial glia may occur with various
molecular mechanisms either focally or diffusely in mal-
formations of cortical development including Fukuyama
congenital muscular dystrophy [45] and tuberous sclerosis
[38]. Furthermore, alterations of signaling pathways that
regulate microtubule dynamics either directly or indi-
rectly may result in a derangement of radial glial fibers, as
demonstrated in reeler mice [21] and Lis/ mutant mice
[4]. The latter may also result in abnormal neuronal mor-
phology [4]. Interestingly, single heterotopic large dys-
plastic neurons observed in the cerebellum were also
strongly positive for pNF and CB. Therefore, it is plausi-
ble that CB-expressing GABAergic interneurons in the
cerebrum and the CB-expressing heterotopic Purkinje
cells in the cerebellum are specifically affected by a yet to
be determined alteration of intracellular signaling, which
would result in a disorder of generation and migration of
inhibitory neurons at either ventricular and subventricular
zones of the dorsal forebrain and hindbrain or medial gan-
glionic eminence of the ventral forebrain or both [29],
eventually presenting with dysplastic morphology. Over-
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expression of proteins that are known to play important
roles in regulating cell size, shape, cell cycle and neuro-
blast migration during brain development (for review see
[7]) among the population of LDNs may support this idea.
Alternatively, since lissencephaly is strongly associated
with epilepsy [7], these abnormal cells may account in
part for the epileptogenicity of lissencephaly.

Study of morphological and functional correlation has
demonstrated abnormal electrophysiological properties of
cytomegalic neurons in surgically resected focal cortical
dysplasia from patients with intractable epilepsy [5].

Rare type of heterotopic granule cells in the cerebellum

One of the striking histological features observed in the
cerebellum of this patient is the presence of heterotopias
composed exclusively of granule cells without accompa-
nying Purkinje cells (Fig. 7D, E). Heterotopias in the de-
veloping cerebellum [13, 20, 32] often coexist with other
cerebellar malformations [14]. Heterotopic neurons in de-
veloping cerebellum, particularly the white matter, are of-
ten incidentally observed, but not rare, even during nor-
mal development, possibly as a temporary phenomenon
during cerebellar development [32]. However, the fact that
those heterotopias have been reported to be constantly as-
sociated with a Purkinje cell component [32] and that
there has been no report of cerebellar white matter hetero-
topias composed exclusively of granule cells, suggests an-
other yet to be defined role for Purkinje cells in the mi-
gration of external granule cells not only in normal cere-
bellar corticogenesis, but also in the formation of heterotopia.
In fact, the Purkinje cell-derived sonic hedgehog has a mi-
togenic effect on granule cell precursors [8, 47, 48], and
the external granule cells secrete reelin [33]. Interestingly,
the granule cell heterotopias observed in the present case
were morphologically well differentiated, containing
synaptophysin-immunoreactive glomeruli (Fig. 7D, E) but
not spindle-shaped cells described as “matrix cell hetero-
topia” or “residual matrix cells” [14]. Further detailed char-
acterization is necessary to determine the precise origin of
these malpositioned granular neurons.

In conclusion, the overall neuropathological features
along with other external manifestations in the present case
are quite unique, and do not fit with any previously re-
ported cases in which histological details have been pre-
sented (Table2). We believe that this is the first neu-
ropathological description of a brain malformation that
may fit with the categories that have been proposed, as a
distinct subset of LCH syndrome, e.g., LCHf [44], LCH
with ACC, brainstem and cerebellar hypoplasia [2], and
lissencephaly with cerebellar dysplasia [39]. We propose
the term “lissencephaly with agenesis of corpus callosum
and rudimentary dysplastic cerebellum” to describe the
brain malformation in the present case based on its neu-
ropathological features. Histological verification appears
to be an important procedure for a better understanding of
the pathogenesis of each LCH subset and for the estab-
lishment of more precise classification incorporated with

future clinicopathological, genetic, and mechanistic con-
siderations [7].
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