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Preface

Dr. Takashima and Dr. Becker were planning this text—atlas when Dr. Becker
was prematurely taken from us. We have, with enthusiasm, completed the book
according to the original plan. The material is gathered from our combined
experiences over 30 years at the Hospital for Sick Children, Toronto; the Texas
Children’s Hospital, Houston; the Health Sciences Centre (Winnipeg Chil-
dren’s Hospital), Winnipeg; and the National Institute of Neuroscience, Tokyo.
We acknowledge with gratitude the families who have allowed us to study
these cases. It is our hope that our involvement has contributed to a better
understanding of pediatric neuropathology.

The discipline of neuropathology with its interpretation of morphology
stands between the patient with his or her physician and the neurobiologist
with his or her science. It requires a correlation of clinical, morphological, and
biological information. When interpreting pediatric neuropathology, brain
development must also be considered. Thus, each case at its unique age can
potentially (1) disclose critical periods of brain development that may be inter-
rupted by a particular disease process or (2) define cell populations of selective
vulnerability.

The past three decades have provided amazing techniques that increase the
neuropathologist’s ability to define morphology. Histochemistry, immunocy-
tology, in situ hybridization, and fluorescence in situ hybridization (FISH) now
allow us to define specific cell types, proteins, and chromosomes that are
involved in pediatric neurological disease. Brain imaging reveals exquisite
details of brain lesions, and neurobiologists offer tests that define tissue-
specific genetic abnormalities. Our new technologies have required increased
interaction between clinician, pathologist, and scientist; but they also rely
heavily on the knowledge and techniques of classic neuropathology.

In the text-atlas we have attempted to summarize the categories of disease
that affect the pediatric patient and have used examples of these diseases
taken from our case records. In each case, when possible, there is a brief para-
graph summarizing the current clinical, morphological, and biological informa-
tion about the disease. This information is greatly abbreviated, but with
illustrative images we have emphasized morphology—the hallmark of neuro-
pathology and the starting place for further investigation.

The text—atlas is incomplete. There are many diseases we do not understand,
especially those most debilitating disorders of childhood—the pervasive devel-
opmental disorders, which interrupt neural connectivity and function with no
obvious morphological alteration. It is our hope that the text-atlas will be a
useful guide for students of neuropathology, neurology, and neuroscience, and
that these students will go on to make our understanding more complete.

D.A., S.T., WH., C.H.
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2 1. Normal Development

1.1 Developmental Characteristics of the Fetal Brain: Gross Brain

Characteristics of Fetal Cerebral
Hemispheres

The cerebral surface develops gradually from the fetal
flat (lissencephalic) brain to the adult gyral pattern,
increasing the cortical surface area until the second year
of life. The sylvian fissure is apparent at approximately
14 weeks’ gestation (GW). The primary sulci, such as
rolandic, calcarine, superior temporal, and precentral
sulci, appear after 20 GW, the secondary sulci appear
from 28 GW, and the tertiary sulci from 36 GW. The
gestational age of a brain can be estimated by counting
the number of convolutions (gyri) crossed by a line
drawn from the frontal to the occipital pole above the
insula and adding 21 to the gyral count [1]. Gestational
agecanalsobeestimated by countinggyriandsulciinneuro-

images [ultrasonography and magnetic resonance
imaging (MRI)].

The posterior horns of lateral ventricles are large
(colpocephalic) during the second trimester of fetal life.
The volume of the germinal matrix increases until
26 GW and begins to decrease at 30 GW. The germinal
matrix, or neuroepithelium, persists as small islands in
the wall of the ventricle until after birth. The largest
island is the ganglionic eminence between the thalamus
and the caudate. It is present at birth and disappears
during the first year of life [2]. The periventricular ger-
minal matrix produces neural stem cells in the inner-
most zone of the epithelium. These progenitor cells first
produce neurons, which are translocated and migrate
toward their final destination. The immature astrocytes
and oligodendrocytes differentiate and migrate later.

Fig. 1.1-1. Fetal brain at 23 weeks’ gestation,
lateral view. The Sylvian fissure is widely open,
and the first sulci are found in the central area.

Fig. 1.1-2. Fetal brain at 31 weeks’ gestation,
lateral view. The sylvian fissure is slightly open,
and secondary sulci are found in the whole
hemisphere.
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Fig. 1.1-5. Preterm fetal brain. The coronal section shows no
sulcus formation (except sylvian fissures) and a thick subep-
endymal germinal layer. H&E.

Fig. 1.1-3. Left. basal view of the fetal brain in
1.1-1. The cerebellum is very small compared with
the brain stem. Right. Horizontal section of the
fetal brain in 1.1-1. Posterior horns are large in
the very immature brain.

Fig. 1.1-4. Left. Basal view of the fetal brain seen
in 1.1-2. The cerebellum is still small. Right. Hori-
zontal section of the fetal brain seen in 1.1-2. Pos-
terior horns are still large in the preterm fetus.
The cavum septi pellucidi is normally present in
all fetuses and newborns and disappears during
the first 2 years.

Fig. 1.1-6. Term neonatal brain. The coronal section shows
various depths of sulci and little subependymal germinal layer.

H&E.
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1.2 Developmental Characteristics of Neurons

Neurons, astrocytes and oligodendrocytes are derived
from neural stem cells in the neuroepithelium of the
ventricular wall [3]. Neurons develop in a caudal-rostral
order from spinal cord to cerebral cortex. Those in the
spinal cord and brain stem develop during the early
fetal period; most neurons in the cerebral and cerebellar
cortex develop and mature during the late fetal and
infantile periods.

In the telencephalon, at 6-8 GW, Cajal Retzius (CR)
and subplate neurons migrate from the neuroepithe-
lium to form the preplate [4]. Subsequently, maturing
pyramidal cortical neurons migrate along the radial glia
[5] separating the CR and subplate neurons to form the
six-layered cerebral cortex. The neurons of layer VI
migrate first in an “inside-out” sequence. Tangential
migration of granular neurons follows, completing the
population of the cortex. Proteins such as Lis-1 [6] and
Reelin [7] regulate neuronal migration and cortical

e B

[k 2

Ventricular - ?_"cfxte'rri'al,_ E
zone - Granular Cell
intermed Layer
-iate i1
zone

organization. Reelin is produced by the CR neurons. A
superficial granular layer, originating from the periventri-
cular germinal epithelium, appears transiently underneath
the leptomeninges of the cortex at 13-39GW [8].

In the cerebellum Purkinje cells from the alar plate
of the neural tube and the granule cells from the rhombic
lip migrate toward the cortex of cerebellar folia, forming
a complex circuitry with the brain stem, spinal cord,
cerebellar nuclei, and basal ganglia. The external granu-
lar cell layer is under the control of Mathl, which
influences the normal development of the internal
granular cell layer [9]. The maturation of the cerebellum
lags behind the cerebral hemisphere, so mature
numbers of folia and of internal granular neurons
develop after birth. Involution of the external
granular layer proceeds until 1 year of age. The matura-
tion of the vermis occurs before that of the cerebellar
hemispheres [10].

Fig. 1.2-1. The developing telencephalon and cer-
ebellum at 14 weeks.

Fig.1.2-2. The developing telencephalon and cer-
ebellum at 17 weeks.
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Fig. 1.2-3. The developing cerebral hemisphere
and cerebellum at 19 weeks.

Internat granular cell-laye

Fig. 1.2-4. The developing cerebral cortex and
cerebellum at 28 weeks.

Fig. 1.2-5. The developing cerebral cortex and
cerebellum at 33 weeks.

Fig. 1.2-6. The developing cerebral cortex and
cerebellum at 40 weeks.
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1.3 Dendritic and Synapse Development

Neurons are composed of soma, dendrites, and axons.
The soma (nucleus and cytoplasm) has a variable shape
and size depending on its location in the brain and its
function. The soma of the developing neuron extends
several neurites: one becomes the axon, developing pre-
synaptic specializations; the others become dendrites,
developing postsynaptic specializations. Many factors
determine the destiny of the neurites. Axons produce
growth cones that are guided to target neurons by extra-
cellular matrix, the cell surface, and diffusion molecules.
Some factors cause revulsion, inhibition, or cessation of
movement. Neuronal survival is influenced by factors
from the neurons they innervate, synaptic inputs, and
neighboring neurons and glia. The point of communica-
tion between neurons is the synapse, formed when the
growth cone contacts an appropriate “postsynaptic cell”;
and there is expression of chemical transmitters required

Fig. 1.3-1. The visual cortex at 24 weeks’ gestation. The cell
processes of superficial and poorly differentiated neurons
remain attached to the pia. The deep pyramidal neurons are
relatively developed, exhibiting short basal dendrites.

for neural transmission. The synapse is about 1um in
size and is localized to dendritic protrusions, the spines
[11,12]. In the immature brain, neuronal somas are
closely packed. When the neurons mature, the pack-
ing density decreases as the individual neurons de-
velop expanding dendritic branches and axonal
arborizations.

Dendritic and spine development can be defined
in camera lucida drawings of Golgi preparations.
Dendritic and synaptic development of neurons
varies in each area of the cerebral cortex. For example,
the neurons in the motor cortex mature a month
ahead of those in the visual cortex. Within the cortical
layers there is also variation in the time of dendritic
maturation. For example, at 20 GW basal dendrites are
developed only in the deeper pyramidal cell layers
[11,13].

Fig. 1.3-2. At 28 weeks’ gestation the superficial neurons are
poorly differentiated. Layer 3 pyramidal neurons are more
developed, with small branched basal dendrites and occasional
spines on the apical dendrites. Layer 5 neurons have more
basal dendrites and spines.
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Fig. 1.3-3. At 40 weeks’ gestation (term) there is a marked Fig. 1.3-4. At 6 months of age many more stellate neurons
increase in the number of satellite and other association have appeared. The length and thickness of dendrites has
neurons. Fusiform cells are present in the deepest cortical increased, and apical dendrites have numerous branches.
layers. Spines are less on the proximal portions of pyramidal

cell dendrites and are increased on the more distal portions

of dendrites.

e APICAL (layer
e BASAL (layer
0 APICAL (layer
0 BASAL (layer

NUMBER OF SPINES

120 240 360
DISTANCE ALONG DENDRITE

Fig. 1.3-5. At 28 weeks’ gestation there are more spines
on the proximal dendrites than on the distal dendrites.

e APICAL (layer
o BASAL (layer
o APICAL (layer
0 BASAL (layer

NUMBER OF SPINES

120 240 360
DISTANCE ALONG DENDRITE

Fig. 1.3-6. At 6 months of age, there is a small number of spines on
the proximal portions of the apical and basal dendrites. The numbers
gradually increase with increasing distance from the neuronal
soma.
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1.4 Glial Development and Myelination

The glial cells are the astrocyte, the oligodendroglial
cell, and the microglial cell. The astrocyte and oligoden-
drocyte arise from specific neural precursor cells and
migrate from the germinal matrix. There are several
astrocytic types based on their morphology and position
in the nervous system: The protoplasmic astrocyte has
glutamate transporters and contributes to the blood-
brain barrier; the reactive astrocyte shows marked glial
fibrillary acidic protein (GFAP) immunoreactivity and
contains nerve growth factors. There are Bergman astro-
cytes in the cerebellum, Miiller cells in the retina, and
radial glia in cerebral vesicles during development. The
astrocyte, which has been identified to have voltage-
gated ion channels and receptors for neurotransmitters,
serves important functions in brain development, main-
taining neurons, and the blood-brain barrier. The oligo-
dendroglial cell is responsible for the production and

in the Cerebral White Matter

maintenance of myelin. Myelination glia are immature
forms of oligodendroglia with pale vesicular nuclei,
nucleoli, and wispy tails of eccentric cytoplasm [8]. The
maturing oligodendroglial cells can be identified by
markers: the late oligodendroglial progenitor (NG2
proteoglycan+, Ol+), the immature oligodendrocyte
(0O4+01+), and the mature oligodendrocyte (myelin
basic protein +) [14,15]. They are increased during the
premyelination period. Microglia are the resident
macrophages of the brain and are derived from mono-
nuclear phagocyte precursor cells, which enter the brain
during the period of developmental cell death. They are
small, elongated bipolar cells with several finger-like
processes and are ubiquitous in the parenchyma; they
react to brain injury by producing cytokines [16,17],
proteases, and nitric oxide.

Fig. 1.4-1. Astrocytes in the cerebral white matter of a neonate
identified by glial fibrillary acidic protein (GFAP) immunobhis-
tochemistry. The number of GFAP-positive astrocytes tran-
siently increases from the perinatal period to the infantile
period, and their location shifts from the deep white matter to
the superficial white matter [18].

Fig. 1.4-2. Oligodendroglia identified with immunoreactivity
to myelin basic protein (MBP) in the internal capsule. Myelin-
ation first occurs in the pallidothalamic fibers of the posterior
internal capsule at 25 weeks’ gestation [16].

Fig. 1.4-3. Microglia in a region of necrosis identified by
ionized calcium-binding adaptor molecule 1 (Ibal) immuno-
histochemical stains. Ibal is used as a marker of activated
microglia, and it transiently increases in the perinatal white
matter of normal brains [17].
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Fig. 1.4-4. Myelination of cerebral white
matter at 40 weeks’ gestation represented in a
T2-weighted magnetic resonance (MR) image
and a whole mount of brain stained with luxol
fast blue (LFB).

Fig. 1.4-5. Myelination of cerebral white
matter at 8 months represented in a T2-
weighted MR image and in a whole mount of
brain stained with LFB.

Fig. 1.4-6. Myelination of cerebral white
matter at 3 years represented in a T2-weighted
MR image and in a whole mount of brain
stained with LFB.
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1.5 Vascular Architecture in Developing Brains

The vascular pattern in the meningeal vessels varies
with gestational age. The anterior, middle, and posterior
cerebral arteries appear during the fourth month of
gestation. The middle cerebral artery spreads out more
rapidly with aging than the other cerebral arteries. In
the venous system, the superior, inferior, anterior, and
posterior cerebral veins are present. The superior, infe-
rior, and posterior cerebral veins develop most rapidly.

In the cerebral hemispheres, the perforating arteries
branching from the leptomeningeal arteries supply
the cortex and underlying superficial and deep white
matter as the cortical, subcortical, and medullary arte-
rial branches, respectively. As the brain matures with the
formation of gyri, the medullary arteries arising from
the sulci appear shorter and their number of lateral
branches increases.

Fig.1.5-1. Arterial architecture of the frontal lobe in a preterm
neonate at 26 weeks’ gestation.

The venous drainage of the cerebral mantle is divided,
with cortical and subcortical veins draining into the
meninges, and medullary veins from the deep white
matter draining toward the ventricle. The deep white
matter is drained by a fan-shaped array of medullary
veins that flow vertically into the subependymal veins.
The medullary veins in the deep cerebral white matter
mature before the subcortical veins and before the
arteries of the deep white matter [19]. This developmen-
tal discrepancy between deep white matter arteries and
veins may be a predisposing factor for periventricular
leukomalacia (PVL) and periventricular white matter
hemorrhage [20].

Fig. 1.5-2. Arterial architecture of the cerebral hemisphere in
a preterm neonate at 30 weeks’ gestation.
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Fig. 1.5-3. Arterial architecture of the cerebral
hemispheres at the level of the mammillary body
in a 1-year-old child.

Fig. 1.5-4. Arterial architecture of the cerebral
hemispheres and cerebellum at the level of the
occipital horn in a 1-year-old child.

- e

Fig. 1.5-5. Venous architecture of the Fig. 1.5-6. Venous architecture of the cerebral hemisphere in a full-term
cerebral hemisphere in a preterm neonate neonate.

at 28 weeks’ gestation. Note the brush-

like veins in the subependymal matrix.
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2.1 Neural Tube Defects, Anencephaly

The brain and upper spinal cord form from the neural
plate during primary neurulation beginning at 22 days’
gestation; the sacral spinal cord forms from the tail bud
during secondary neurulation [1]. The various classifica-
tions of neural tube defects (NTDs) is complex and
somewhat contradictory [2]. Practically, they can be con-
sidered as “open” (e.g., anencephaly, craniorachischisis,
myelomeningocele) or “closed” (e.g., encephaloceles,
meningoceles, split spinal cord). There are several
pathoetiologies [3]. Folic acid supplementation before
and during early pregnancy prevents most NTDs [3.4].
A mutant mouse model for NTD, Splotch, is being used
to define the mechanism of teratogenesis by folate
insufficiency [5]. A second mutant, curly tail, has an
NTD that responds to myoinositol [6].

Fig. 2.1-1. Craniorachischisis. Anencephaly with cervical
rachischisis in a fetal case at 19 gestational weeks (GW).

Craniorachischisis is the most severe form of NTD
in which the brain and spinal cord are exposed to the
surrounding amniotic fluid, resulting in neural tissue
degeneration and angioma-like formations. Anencephaly
is characterized by the absence of the calvarium and
abnormalities of the base of the skull and the sphenoid
bone with shallow orbits causing protrusion of the eyes.
The cerebral hemispheres are replaced by the area
cerebrovasculosa, a mass of neuroglial tissue and vessels.
Exencephaly is rarely described in human fetal brain
because the brain tissues usually become necrotic when
exposed to amniotic fluid; the exencephalic appearance
is converted to anencephaly by mid to late gestation

[7]-

Fig. 2.1-2. Anencephaly with the area cerebrovasculosa in the
head.
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Fig. 2.1-4. Acrania (same case as in 2.1-3). The brain situated

Fig. 2.1-3. Acalvaria (acrania). The head appears intact but underneath the skin and scalp appears complete.

lacks the calvarium (skull cap).

Fig. 2.1-5. Acrania (same case as in 2.1-3). Coronal section of
both hemispheres shows relatively normal gyral formation.

Fig. 2.1-6. Acrania (same case as in 2.1-3). The
brain stem (right) is small compared with that of
a normal age-matched control (left). H&E.

b5

+ P »:’é

YR e S o



16 2. Malformations

2.2 Meningoencephalocele, Encephalocele

A meningocele is the herniation of dura and arachnoid
through a vertebral or calvarial defect, with the spinal
cord or brain remaining in the spinal canal or cranium.
A midline vertebral or cranial defect without any her-
niation is termed spina bifida or cranium bifidum
respectively. Myelocele or encephalocele consists of a
developmental vertebral or cranial defect through which
there are herniations of the spinal cord or brain
tissues.

Meningomyelocele or meningoencephalocele is her-
niation of part of the brain or spinal cord and meninges
through a vertebral or calvarial defect associated with

skin and hair abnormalities. In 80% of meningoen-
cephalocele cases, the defect occurs in the occipital
region and is associated with skin abnormalities. Occipi-
tal encephalocele occurs through the occipital bone
and contains fragments of disorganized cerebral hemi-
spheres with ventricular cavities. Polymicrogyria may be
associated with meningoencephaloceles. The occipital
encephalocele is an important component of Meckel-
Gruber syndrome, which is a lethal autosomal recessive
disorder that maps to 17q21-14 and consists of polydac-
tyly, polycystic kidney, hepatic fibrosis, and various brain
malformations (see Section 2.24) [2].

Fig. 2.2-1. Occipital meningoencephalocele in a
fetus of 20 weeks’ gestation.

Fig. 2.2-2. Lateral views of the brain in 2.2-1
shows a meningoencephalocele at the level of the
cerebellum.



Meningoencephalocele, Encephalocele 17

s

Fig. 2.2-3. Meningoencephalocele of a fetus. Histology shows
spongy changes and increased vascularity in thin cerebral
hemisphere under thick meninges and normal skin. H&E.

Fig. 2.2-4. Meningoencephalocele of a fetus. Note the marked
astrogliosis in the molecular layer and part of the cellular layer
of the cortex. GFAP immunohistochemical stain.

Fig. 2.2-5. Meckel-Griiber syndrome in a term
neonate. This lethal autosomal recessive syn-
drome consists of occipital encephalocele, poly-
dactyly, polycystic kidney, and hepatic fibrosis
with bile duct proliferation.

Fig. 2.2-6. Meningoencephalocele in the nuchal
region.
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2.3 Iniencephaly

Iniencephaly is a rare axial dysraphic complex malfor-
mation characterized by (1) an occipital bone defect, (2)
cervical dysraphic changes, and (3) retroflexion of the
whole spine [8,9]. Iniencephaly differs from anencephaly
in that the cranial cavity is present and skin covers the
head and retroflexed region [9]. Severe retroflexion of
the neck is found by fetal ultrasonography and magnetic
resonancy imaging (MRI).

Fig. 2.3-1. Iniencephaly: retroflexion of the neck.

Anomalies of the central nervous system (CNS) may
be numerous, ranging from lesions similar to those in
anencephaly to less-advanced dysgenesis of the brain.

NTDs affecting the spinal cord consist of inienceph-
aly, meningocele, and meningomyelocele. Iniencephaly
is characterized by spina bifida of the cervical vertebrae
usually associated with anomalies of the brain stem.

Fig. 2.3-2. Iniencephaly. Radiograph from lateral side of the
whole body.
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Fig. 2.3-3. Iniencephaly in a term neonate. Iniencephaly is Fig. 2.3-4. Iniencephaly of the brain and spinal cord, viewed
characterized by spina bifida of the cervical vertebrae usually from below. Note the asymmetry of the cerebral hemispheres,
associated with abnormalities of the brain stem. small cerebellum, and cervical spinal cord.

Fig. 2.3-6. Iniencephaly: section of cerebral hemisphere. Note
the subcortical heterotopia. H&E.

Fig. 2.3-5. Iniencephaly viewed from above. Note the asym-
metry of the cerebral hemispheres.



20 2. Malformations

2.4 Spinal Dysraphisms

Malformations related to defects of the neural tube are
known as dysraphic disorders. Spina bifida is a less
severe type of anomaly, consisting of a failure of fusion
of the posterior lamina of the spinal canal. The defects
of the neural tube that involve the spinal cord include
a range of malformations, from mild to severe [2]. A
meningocele results when there is herniation of dura
and arachnoid meninges through the spinal defect; the
spinal cord remains in the canal. In the meningomye-
locele, a more severe malformation, there is a herniated
sack containing spinal cord elements with meninges.
This may be covered by thin skin or may be open, expos-
ing the dorsally placed spinal cord, which is surrounded
by a vascular network, the so-called zona medullovas-
culosa [10]. Most patients with a meningomyelocele

have an associated Chiari malformation. The spinal cord
rostral to a meningomyelocele can demonstrate various
malformations. For example, hydromyelia, syringomye-
lia of the cervical spinal cord, or partial or complete
diastematomyelia can occur in 20%-50% of meningo-
myelocele patients [11]. Hydromyelia is a dilatation of
the central canal of the cord, and syringomyelia is a
slowly progressive cavity formation in the spinal cord
that rarely occurs in infants. Hydromyelia is usually
asymptomatic. In syringomyelia there is cavity forma-
tion involving the area of the anterior white matter
commissure that interrupts crossing fibers of the lateral
spinothalamic tracts, causing bilateral loss of tempera-
ture and pain sensation.

Fig. 2.4-1. Neural tube defect (NTD). This is an open NTD, a
meningomyelocele, with abnormal skin around an exposed
abnormal “neural placode” and meninges exposed through a
nonfused spine.

Fig. 2.4-2. Microscopy of the protrusion of the posterior part
of the spinal cord due to myelocele. There is marked astroglio-
sis and loss of neurons and myelin sheaths. H&E.
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Fig. 2.4-3. Arnold-Chiari malformation type 1. Protrusion of
tonsils into the foramen magnum.

Fig. 2.4-5. Arnold-Chiari malformation type 2 demonstrating,
in a posterior view, the protrusion of tonsil and vermis below
the foramen magnum with buckling of the cord.

Spinal Dysraphisms 21

Fig. 2.4-4. Arnold-Chiari malformation type 2 in a 20-GW
fetus. Left. Gross photograph with the spinal cord dissected to
show the displaced cerebellar tonsils in the cervical subarach-
noid space. Right. Whole mount of the hindbrain reveals the
elongated brain stem, the displaced vermis, and narrowing of
the fourth ventricle. H&E.
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Fig.2.4-6. Arnold-Chiari malformation type 2. Sagittal section
of a child’s brain demonstrates elongation of the brain stem
and vermis with narrowing of the fourth ventricle, hydrocepha-
lus, and buckling of the upper cervical spinal cord.
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2.5 Chiari (Arnold-Chiari) Malformations

Four types of cerebellar malformation have been classi- The precise mechanism of type 2 and 3 Arnold-Chiari
fied as Chiari malformations, but type 4 is considered malformations is unknown. Several theories have been
by some to be a separate entity [2]. proposed: (1) tethering of brain at the brain stem—cervical

cord junction; (2) cerebrospinal fluid (CSF) pressure
causing excessive localized brain stem pressure and dis-
tortion; (3) hypoplasia of the posterior cranial fossa
bony structures.

Recently, prenatal surgery at midgestation to stop the
leakage of CSF is being attempted to allow more normal
growth of the brain stem and cerebellum [12].

Type 1: Cerebellar tonsils in the foramen magnum.

Type 2: Cerebellar tonsils or vermis, medulla oblongata,
and the fourth ventricle are displaced into the foramen
magnum. This type is generally known as classic
Arnold-Chiari malformation and is commonly associ-
ated with a small posterior fossa, lumbar meningo-
myelocele, aqueduct stenosis, beaking of midbrain
tectum, hydrocephalus, and other defects.

Type 3: Cerebellar suboccipital encephalocele. This type
may be associated with an elongated brain stem,
beaking of tectum, and lumbar spina bifida.

Type 4: Cerebellar hypoplasia.

Fig. 2.5-1. Arnold-Chiari type 3. Postoperative state of occipi-
tal meningoencephalocele.
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Fig. 2.5-2. Arnold-Chiari type 3. The base of the brain. Note
the elongation of the cerebellar hemispheres and the defect
of the vermis.
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Fig. 2.5-3. Arnold-Chiari type 3. Coronal section of both
cerebral hemispheres shows marked dilatation of the lateral
ventricles and periventricular cysts.

Fig. 2.5-4. Arnold-Chiari type 3. There is elongation of the
cerebellar hemispheres and fourth ventricle as well as a defec-
tive vermis.

Fig. 2.5-5. Arnold-Chiari type 3. Lateral view of the cerebellar
hemispheres. The midbrain has beaking of the tectum and a § o .
small aqueduct. The pons is anterior to an elongated fourth ~Fig 2.5-6. Arnold-Chiari type 4. Hypoplastic cerebellum.

ventricle.
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2.6 Dandy-Walker Malformation

The criteria for the Dandy-Walker malformation
(DWM) are debated [13,14]. The syndrome was origi-
nally defined as (1) hydrocephalus, (2) partial or com-
plete absence of the cerebellar vermis, and (3) a posterior
fossa cyst continuous with the fourth ventricle. Harding
and Copp [2] considered three criteria to be essential:
agenesis (complete or partial) of the vermis, cystic dila-
tation of the fourth ventricle, and enlargement of the
posterior fossa. Raybaud [15] classified the DWM into
three categories: (1) true DWM; (2) Dandy-Walker
variant; and (3) retrocerebellar arachnoid pouch. There
are frequently many other associated CNS and systemic
malformations.

The teratogenic timing and the pathomechanism of
DWM are being investigated. Experimental studies in
mice suggest that there is an arrest of development of
rhombocephalic structures [11]. There are case reports
noting that DWM is an important finding in partial

Fig. 2.6-1. Dandy-Walker malformation (DWM). Sagittal
view of the brain stem and cerebellum with partial agenesis
of vermis and cystic dilatation of fourth ventricle.

trisomy or tetrasomy 9 [16,17]. Through physical
mapping of 3g2 in several individuals with DWM,
interstitial deletions have been defined in ZIC1 and
Z1C4 [18]. Mice with heterozygous deletion of these
two linked genes have a phenotype that closely
resembles DWM, providing a mouse model for this
malformation.

Joubert syndrome is a familial disorder with abnor-
malities of respiration and eye movements, ataxia, and
mental retardation. There is hypoplasia of the cerebellar
vermis (molar tooth sign), ventricular dilatation, and
malformations of the cerebellar and some brain stem
nuclei [2]. It is genetically heterogeneous with known
loci on 9q34 (JBTS1), 11p11-12 (CORS2), and 6q23
(JBTS3) [2,19]. AHI1, which encodes the Jouberin
protein, is expressed strongly in embryonic hindbrain
and forebrain [20,21].

Fig. 2.6-2. Horizontal view of the pons and cerebellum with a
defect of the vermis and dilatation of the fourth ventricle.
H&E.
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Fig. 2.6-3. Posterior dilatation of the fourth ventricle with  Fig, 2.6-4. Polymicrogyria in part of the cerebellar cortex.
ectopic proliferation of astroglial tissues. H&E. H&E.
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Fig. 2.6-5. Microgyria in the cerebral cortex, an associated
lesion in Dandy-Walker syndrome. H&E.

Fig. 2.6-6. MRI of the head demonstrating a
defect of the vermis and cystic dilatation of the
fourth ventricle.
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2.7 Holoprosencephaly (Synonyms: Holotelencephaly,

Telencephalosynapsis, Arhinencephaly)

Holoprosencephaly is usually a sporadic malformation
resulting from a failure of cleavage of the cerebral hemi-
spheres and absence of the interhemispheric fissure
with a single anterior ventricle. This complex of hemi-
spheric deformities is typically associated with olfactory
aplasia and a dorsal supracerebellar meningeal cyst.
There are frequently leptomeningeal glioneuronal het-
erotopias [22], and there is usually a facial deformity: a
proboscis in the most severe form called cyclopia, or
hypotelorism with a single nasal cavity [2]. It has been
associated with maternal diabetes, maternal infection,
fetal alcohol syndrome, and trisomy13. Associated genes
include sonic hedge-hog (SHH) in HPE3, ZIC2 in
HPES, SIX3 in HPE2, and TG interacting factor (TGIF)
in HPE4 [23-26].

Fig. 2.7-1. Alobar holoprosencephaly. Posterior view from a
large dorsal cyst shows fusion of cerebral hemispheres and a
single ventricle.

Holoprosencephaly is classified morphologically as:

1. The complete, alobar type: no separation of the tel-
encephalon single ventricle in a small brain

2. The incomplete, semilobar type: variable degrees of
separation of the posterior cerebrum

3. The lobar, atypical, unclassified type: a small focal
fusion of the midline with T-shaped or Y-shaped
lateral and third ventricles

Another morphological form, the middle interhemi-
spheric variant of holoprosencephaly, has been recog-
nized [10].

Fig. 2.7-2. Alobar holoprosencephaly. Anterior view shows
fusion of cerebral hemispheres, absence of olfactory nerves,
abnormal sulcus formation, and a single anterior cerebral
artery.
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Fig. 2.7-3. Alobar holoprosencephaly. Coronal section of the
cerebrum at the level of the head of the basal ganglia exhibits
fusion of both hemispheres and thalami.

Fig. 2.7-4. Alobar holoprosencephaly of fetal
brains. Note the relatively large brain stem, small
cerebrum, and very small cerebellum compared
with that in 2.7-1.

Fig. 2.7-5. Alobar holoprosencephaly in a whole mount of Fig. 2.7-6. Alobar holoprosencephaly: retina. It shows dyspla-
fetal brain (20 weeks’ gestation). Note the fusion of the cere- sia with rosette formation. H&E.
bral hemispheres and thalamus. H&E.
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2.8 Semilobar and Lobar Holoprosencephaly

With semilobar holoprosencephaly there is a partial
lack of hemispheric division in the frontal lobes. The
anterior single ventricle separates posteriorly, forming
two temporal and two posterior horns. In the frontal
lobes the subcortical structures form an undifferenti-
ated mass in which the striatal structures are not identi-
fied. The third ventricle does not exist.

With lobar holoprosencephaly there is an almost
normal division of hemispheres, with a midline continu-
ity of the cerebral cortex of the frontal pole, or the
orbital surface or above the corpus callosum. There is
variable involvement of the olfactory system and the

corpus callosum. The frontal lobes may be hypoplastic
[2].

With holoprosencephaly the meninges in the midline
may show leptomeningeal glioneuronal heterotopias.
These may extend from the basal prosencephalon to the
pons, with the thickest distribution occurring in the
basal prosencephalon [22].

The facial deformities associated with holoprosen-
cephaly are of various types but do not correspond
exactly to the severity of the brain malformations. They
include cyclopia (usually synophthalmia), ethmoce-
phaly, cebocephaly, or premaxillary agenesis [27].

Fig. 2.8-1. Semilobar holoprosencephaly in a
fetus with cyclopia.

Fig.2.8-2. Semilobar holoprosencephaly (coronal
section of the brain in 2.8-1).
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Fig. 2.8-3. Semilobar holoprosencephaly in a neonate, poste-
rior view.

Fig. 2.8-4. Semilobar holoprosencephaly in a neonate, ante-
rior view.

.
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Fig. 2.8-5. Lobar holoprosencephaly in a child. Coronal

section of the cerebrum at the thalamus. There is minimal Fig. 2.8-6. Leptomeningeal glioneuronal heterotopia (LGH)
fusion of the frontal lobes. at the midline base of the brain shown in 2.8-4. H&E.
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2.9 Callosal Agenesis (Synonym: Agenesis of Corpus Callosum)

With agenesis of the corpus callosum (ACC) there are
complete (total) and incomplete (partial) types.

Complete ACC: The entire corpus callosum is defective
and its longitudinal fibers form the laterally situated
Probst bundle, which contains the anteroposterior
association axons.

Incomplete ACC: The splenium is defective, and the
genu remains wholly or partially intact. The anterior
parts (the genu and rostrum) usually are present [28].

The lesion may be an isolated malformation or part
of amore complex malformation. Agenesis of the corpus
callosum is apparent on inspection of the interhemi-

Fig. 2.9-1. Agenesis of corpus callosum. Medial surface of the
brain shows complete callosal agenesis and an absence of the
cingulate gyrus.

spheric fissure. The medial aspect of the hemispheres
reveals the absence of the corpus callosum and the hori-
zontal cingulate gyrus. There is an abnormal vertical
orientation of all other medial gyri.

Septo-optic dysplasia (Morsier’s syndrome) consists of
agenesis of septum pellucidum, a primitive optic vesicle
with hypoplasia of the optic nerves, chiasm, and
infundibulum. It is associated with hypotonia, blindness,
and endocrine dysfunction (e.g., deficient growth,
hypoglycemia, and diabetes insipidus).

Aicardie syndrome is an X-linked dominant condition
with infantile spasms, callosal agenesis, polymicrogyria,
heterotopias, and retinal coloboma [29].

Fig. 2.9-2. Agenesis of corpus callosum. Coronal section of the
brain shows callosal agenesis, Probst bundles, a butterfly-
shaped ventricle, and polymicrogyria.
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Fig. 2.9-4. Agenesis of corpus callosum. Coronal section of the

. . . . . . cerebral hemispheres, which are connected by the meninges.
Fig. 2.9-3. Aicardi syndrome: an X-linked dominant condition

with infantile spasms, callosal agenesis, polymicrogyria, heter-
otopias, and retinal coloboma, as illustrated here [29].

Fig. 2.9-6. Septo-optic dysplasia. Note the absence of the
septum pellucidum and the abnormal hypothalamus and optic

Fig. 2.9-5. Agenesis of corpus callosum. Computed tomogra-  perves.

phy (CT) shows the “bat-wing” pattern of the ventricles.
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2.10 Neuronal Heterotopia

During embryogenesis the migration of postmitotic
neurons from the ventricular zone to the cortical plate
creates one of the most critical stages of brain develop-
ment. An interruption of the process at an early stage
of neuronal migration produces neuronal heterotopia,
which may be diffuse, nodular, or laminar.

1. Diffuse neuronal heterotopias are discussed in the
chapter on epilepsy (see Chapter 26, Section 26.4).

2. Nodular heterotopia is frequently found with
other malformations and is defined as subependymal,
subcortical, or marginal glioneuronal heterotopia. The
heterotopia may be seen in peroxisomal, mitochondrial,
and chromosomal disorders. Some specific disorders
with heterotopias have been identified. Familial

bilateral periventricular nodular heterotopia is caused
by mutations in the X-linked gene filamin-1 [2,30,31].
The disorder affects girls, causing focal epilepsy and
sometimes mild mental retardation. A rare recessive
case of periventricular nodular heterotopia due to muta-
tions in the ARGEF2 gene has also been reported in
children with microcephaly and early-onset seizures
[32].

3. With laminar heterotopia, also referred to as
“double cortex,” there is a heterotopic subcortical band
of gray matter separated from the cortex by white
matter [33]. Females with mutations in the X-linked
gene doublecortin develop subcortical band hetero-
topia. Males with doublecortin mutations exhibit lissen-
cephaly (XLIS) [32,33].

Fig. 2.10-1. Nodular heterotopia. Sagittal section of the hemi-
sphere shows several nodular heterotopias on the lateral ven-
tricular wall.

Fig. 2.10-2. Bilateral periventricular nodular heterotopia.
Coronal section of brain reveals heterotopia in the anterior
horns of the lateral ventricles.
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Fig. 2.10-3. Nodular heterotopia. Section of deep white matter
reveals neuronal heterotopia (defined in pink). H&E/LFB.

Fig. 2.10-4. Leptomeningeal or marginal glioneuronal hetero-
topia defined with antibodies to GFAP.

Fig. 2.10-5. Coronal section of cerebral hemisphere
with gray matter heterotopia interrupting the corpus
callosum.

Fig. 2.10-6. Bilateral periventricular heterotopia. MRI
defines the multiple nodular heterotopia. (Courtesy of
Dr. A. Kakita.)
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2.11 Classic (Type 1) Lissencephaly (Agyria-Pachygyria)

Lissencephaly (LIS) is characterized by a smooth or
nearly smooth cerebral surface. It encompasses a spec-
trum of gyral malformations, from complete agyria to
regional pachygyria [34].

1. Chromosome 17-related
a. Miller-Dieker syndrome, LIS1 [34,35]
b. Isolated lissencephaly sequence
2. X-linked
a. Lissencephaly, male: doublecortin [36]
b. Subcortical band heterotopias, female: doublecor-
tin [36]
3. Other loci
a. Autosomal recessive lissencephaly with cerebellar
hypoplasia, reelin [36]
b. Familial bilateral periventricular nodular heteroto-
pia, females: FLN1 (filamin) [36]

Fig. 2.11-1. Lissencephaly type 1, exhibiting agyria and an
open sylvian fissure.

c. X-linked lissencephaly with abnormal genitalia
[XLAG, ARX (aristaless-related homeobox)] [37,38])

There is a correlation between the clinical abnormal-
ity and the pathology so a pathology classification was
devised [39] and genetic differences have now been
detected. With lissencephaly type 1, which is observed
in patients with LISI mutations at 17p13.3, there is a
characteristic thick cortex, a smooth cortical surface
(more marked in the posterior than anterior regions of
the brain), and microscopically a prominent sparse zone
(layer 3) in the cortex [40]. LIS1 protein is expressed in
fetal and adult brains [41]. A recent examination of 16
cases of lissencephaly type 1 has further correlated the
microscopic features according to the numbers of corti-
cal layers and the main location on the cortex: LIS-4LP,
LIS-4LA, LIS-3L, and LIS-2L. The type of malforma-
tion correlates with the genotype [36].

Fig. 2.11-2. Lissencephaly type 1. Coronal section exhibits a
thick cerebral cortex, small amount of white matter, hypopla-
sia of the operculum, enlarged lateral ventricles, and nodular
heterotopia on the right.
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Fig. 2.11-3. Lissencephaly type 1. Note the reactive astrocytes
around vessels in the sparsely cellular layer of the cerebral
cortex. GFAP immunohistochemistry. The cortex consists of
four layers: molecular, superficial cellular, sparse cellular, and
deep cellular.

Fig. 2.11-4. Lissencephaly type 1. The deep cortical
layer of the cerebral cortex shows a reticular cortical pattern
separated by myelin sheaths. Myelin basic protein (MBP)
immunohistochemistry.

Fig. 2.11-5. Lissencephaly type 1, exhibiting dysplasia of the
dentate nucleus in Miller-Dieker syndrome. H&E.

Fig. 2.11-6. Lissencephaly type I. MRI displays
regional agyria, pachygyria, thick cortex, thin white
matter, and colpocephalic lateral ventricles. (Cour-
tesy of Dr. M. Kato.)
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2.12 Miller-Dieker Syndrome, Double Cortex Syndrome, X-Linked

Lissencephaly with Abnormal Genitalia

Miller-Dieker syndrome in an infant manifests as facial
anomalies and type 1 lissencephaly with regional agyria,
pachygyria, a thick four-layer cortex, thin white matter,
colpocephalic lateral ventricles, olivary and dentate
nuclear dysplasia, and heterotopia. There is mutation of
the LIS-1 gene (17p13.3), which codes for the protein
platelet-activating factor acetylhydrolase (PAFAH),
which is localized in Cajal-Retzius cells and neuroepi-
thelium [34,35].

X-linked lissencephaly (XLIS) and double cortex syn-
drome (DCX): Mutations of the DCX gene produce
lissencephaly in male patients. The cortex is smooth
(more so in the frontal lobes) and the cortex is thick
with a prominent cell space zone. In females patients
with DCX mutations there is a band heterotopia, or
“double cortex” [36].

Fig. 2.12-1. Miller-Dieker syndrome. Fetal brain (with 17p-)
at 19 GW. The fetal brain resembles a normal brain at this age,
but fewer gyri are formed.

Autosomal recessive lissencephaly is associated with
mutations of the reelin (RELN) gene. There is lissen-
cephaly with cerebellar hypoplasia, and clinically a
severe developmental delay, hypotonia, and seizures
[36].

X-linked lissencephaly with corpus callosum agenesis
and ambiguous genitalia in genotypic males is associ-
ated with mutations of the ARX gene located in human
chromosome Xp22.13. ARX is expressed in interneu-
rons of the forebrain and in the interstitium of the male
gonad. It is involved in differentiation of the testes and
the embryonic forebrain, especially in the proliferation
of neural precursors and the differentiation and tangen-
tial migration of interneurons [37,38].

Fig.2.12-2. Miller-Dieker syndrome: fetal brain coronal section.
There are few gyri and the cortex is thick.



Miller-Dieker Syndrome, Double Cortex Syndrome, X-Linked Lissencephaly with Abnormal Genitalia 37

Fig. 2.12-4. Miller Dieker syndrome: fetal kidney. Left. The
kidney is small and contains multiple cysts. Right. Microscopy
of a cystic kidney. H&E.

Fig. 2.12-3. Miller Dieker syndrome: fetal brain. Microscopy
of the medulla oblongata shows abnormal olivary nuclei. Nissl
stain.

Fig. 2.12-5. Double-cortex syndrome: MRI. Left.
T2-weighted MRI shows subcortical band hetero-
topia (double cortex). Right. Lissencephaly.
(Courtesy of Dr. M. Kato.)

Fig. 2.12-6. MRI of X-linked lissencephaly with abnormal
genitalia (XLAG). There is a moderately thick cortex, more
severe in the posterior brain than the anterior brain regions.
Colpocephaly is present. (Courtesy of Dr. M. Kato.)
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2.13 Hemimegalencephaly and Focal Cortical Dysplasia

Hemimegalencephaly is associated with severe epilepsy,
hemiplegia, and psychomotor delay. There are some asso-
ciations with linear nevus, neurofibromatosis-1, tuberous
sclerosis, and hemihypertrophy of the body. The brain
exhibits hemimegalencephaly, and the cortex of the
enlarged hemisphere exhibits regions with pachygyria-
polymicrogyria and cortical dysplasia. The cortex may
be thicker or thinner than normal, with disordered layer-
ing and large abnormal neurons. There may be balloon
cells, intense gliosis, and selective neuronocytomegaly
[42].

The cause is not known, and no genes have been
identified. Selective alterations occur in distinct neuro-
transmitter receptors and the increased expression of
some genes in hemimegalencephalic cortex [43]. MRI

reveals asymmetry of hemispheres, regions with a thick
cortex, and high intensity in some parts of the cerebrum.
There may be dilatation and deformity in the lateral
ventricle.

Focal cortical dysplasia refers to a focal malformation
of cerebral cortex, which shows loss of laminar organi-
zation,isolated abnormally large neurons, and/or balloon
cells (see Chapter 26, Section 26.5). Balloon cells are
often huge and characterized by abundant clear-staining
cytoplasm lacking cellular processes and have peripher-
ally positioned nuclei or multinuclei. They are pathog-
nomonic and have astrocytic lineage, although some
show dysplastic neuronal characteristics. They are epi-
leptogenic and may have a reduction or immaturity of
inhibitory neurons.

Fig. 2.13-1. Focal cortical dysplasia: surgically resected cere-
bral tissue.

Fig. 2.13-2. Focal cortical dysplasia exhibiting several large
neurons irregularly arranged in the cerebral cortex. H&E.
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Fig. 2.13-3. Focal cortical dysplasia shown by the Bielchowsky
method defining neuronocytomegaly. Some neurons contain
neurofibrillary tangles.

Fig. 2.13-4. Hemimegalencephaly: whole mount of a coronal
section of cerebral hemisphere. LFB.

Caiie

Fig. 2.13-5. Hemimegalencephaly. Microscopic appearance of
dysplastic cortex exhibiting an absence of layering, increased
cellularity, and neuronocytomegaly. LFB.

Fig. 2.13-6. Hemimegalencephaly. MRI reveals a large
right hemisphere with focal regions of obvious
dysplasia.
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Fig. 2.13-7. Hemimegalencephaly. Left. Basal
view of the brain. Right. CT findings. Left cerebral
hemisphere is larger than the right one.

Fig. 2.13-8. Hemimegalencephaly. Left. Cerebral
hemispheres. Right. Cerebellar hemispheres. Left
hemisphere is larger than the right one in both
cerebrum and cerebellum.
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Fig. 2.13-9. Hemimegalencephaly. NF immunohistochemistry  Fig. 2.13-10. Hemimegalencephaly. Isolated neurons are scat-
shows that large neurons are scattered in the subcortical white tered in the white matter. H&E.
matter.

Fig. 2.13-11. Hemimegalencephaly. Irregularly arranged large  Fig. 2.13-12. Hemimegalencephaly. Heterotopic gray matter
neurons in the cortex. H&E. in the white matter. H&E/LFB.

Fig. 2.13-13. Hemimegalencephaly Large neuron with two Fig. 2.13-14. Hemimegalencephaly. Heterotopic gray matter
nuclei in the white matter. H&E. in the cerebellar white matter. H&E/LFB.
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2.14 Cobblestone (Type 2) Lissencephaly: Fukuyama Congenital

Muscular Dystrophy

In type 2 lissencephaly the cortex is agyric and irregular.
The meninges exhibit mesodermal proliferation sur-
rounding extensive glioneuronal heterotopias, which
fuse with an abnormal unlayered cortex.

Fukuyama congenital muscular dystrophy (FCMD) is
caused by mutations in fukutin [44-46]. FCMD is a form
of congenital muscular dystrophy with psychomotor
development delay. The mutated fukutin gene (9q31)
causes an overmigration of cortical neurons through the

subpial membrane, producing cobblestone (type 2) lis-
sencephaly [47] with polymicrogyria-pachygyria of the
superficial cerebral cortical layers [48]. In the cerebel-
lum there is a polymicrogyria with leptomeningeal
cysts. The corticospinal tracts in the brain stem are
in an abnormal location. MRI reveals polymicrogyria-
pachygyria in the superficial cortical layer. CT reveals
low density in the white matter and cerebellar hemi-
spheric cysts.

Fig. 2.14-1. Fukuyama congenital muscular dys-
trophy (FCMD). Brain in the lateral view shows
a microgranular (cobblestone) smooth cerebral
surface.

Fig. 2.14-2. Fukuyama congenital muscular dys-
trophy. Cerebral hemisphere whole mount from
a coronal section exhibits polymicrogyria and
pachygyria in the frontal and temporal cortices
(right), and the cerebral cortex exhibits an
increase in myelin basic protein (MBP)-positive
fibers in the cerebral cortex (left).
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Fig. 2.14-5. Fukuyama congenital muscular dystrophy. Micro-
scopic section of fetal brain shows the irregular superficial
cortical layer, which may exhibit polymicrogyria or lissen-
cephaly in the mature brain. H&E.

Fig. 2.14-3. Fukuyama congenital muscular dys-
trophy. Higher magnification of 2.14-2 shows the
protrusion of myelin sheaths (marked with MBP
immunohistochemistry) through the cortical cel-
lular layers.

Fig. 2.14-4. Fukuyama congenital muscular dys-
trophy. Vascular staining shows mild, moderate,
and marked irregularity in three grades of corti-
cal dysplasia, respectively. The abnormal micro-
angioarchitecture of the cerebral cortex is defined
with a silver stain. (Courtesy of K. Takada.)

Fig. 2.14-6. Fukuyama congenital muscular dystrophy. MRI of
the abnormal cortex shows an irregular intensity in the T2-
weighted image.
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2.15 Walker-Warburg Syndrome

Walker-Warburg syndrome was described as a cerebro-
ocular disorder exhibiting type 2 lissencephaly, hydro-
cephalus, and eye abnormalities. The syndrome is also
known as HARD+E (hydrocephalus, agryria, retinal
dysplasia, encephalocele). The association with muscle
disease was not made in early reports. Infants present
with profound psychomotor retardation, hydrocephalus,
and developmental defects; and they die during early
infancy [2].

The brain exhibits a cobblestone (type 2) lissencephaly,
polymicrogyria-pachygyria involving almost the whole
cortical layer, overmigration of cortical neurons through
the subpial membrane, diffuse polymicrogyria in the
cerebellar hemispheres, aqueductal obstruction, hydro-
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cephalus, and brain stem dysplasia. The disorder is auto-
somal recessive and is caused by mutations in the
O-mannosyltransferase gene (POMTI [49]). This causes
an O-mannosylation defect in muscle [50].

Muscle—eye—brain disease is a similar syndrome
consisting of congenital muscular dystrophy, ocular
abnormalities, and lissencephaly type 2. The autosomal
recessive disorder is caused by a mutation in O-
mannose beta-1,2-N-acetylglucosaminel transferase
gene (POMGnTI), which produces a defect in O-
mannosyl glycan synthesis [51].

POMGnTI and POMTI are involved in glycosyla-
tion of a-dystroglycan, which is one of the components
of the dystrophin—glycoprotein complex [52].

Fig. 2.15-1. Walker-Warburg syndrome. Coronal
section of the cerebrum in a child exhibits the
lissencephalic surface, thick cerebral cortex, and
dilated ventricles.

Fig. 2.15-2. Walker-Warburg syndrome in a fetus at 20 weeks’
gestation. The abnormal cortex is made up of a superficial
irregular layer and a thin deep cellular layer. The superficial
layer protrudes through the boundary of the deeper layer.
H&E.
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Fig. 2.15-3. Walker-Warburg syndrome. Higher power view of
2.15-2 revealing the irregular arrangement of the thick super-
ficial cellular layer. H&E.

Fig. 2.15-4. Walker-Warburg syndrome (same case as in 2.15-
2). Note the cerebellum with thick leptomeninges, with partial
loss of the superficial granular cell layer. H&E.

Fig. 2.15-5. Walker-Warburg syndrome at 20 weeks’ gestation.
The basis pontis is covered with irregular clusters of neural
tissue in the leptomeninges and fiber bundles containing large
vessels. H&E.

Fig. 2.15-6. Walker-Warburg syndrome. The cerebellum of a
child exhibits diffuse, extensive polymicrogyria in the cerebel-
lar cortex. LFB.
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2.16 Malformations of Cortical Organization

Polymicrogyria, a relatively common malformation of
cortical development, is characterized by multiple small
gyri with abnormal cortical lamination. It is a thin layer
of cortex that is folded and fused to produce an irregu-
lar surface composed of buried and fused gyri. Its various
forms encompass a wide range of clinical, etiological,
and histological findings and are thought to occur
between 17 and 26 weeks’ gestation.

Generalized Polymicrogyria

Generalized polymicrogyria may be the result of
many etiologies, such as intrauterine cytomegalovirus
infection, placental perfusion failure, or Zellweger
syndrome.

Focal or Multifocal Polymicrogyria

Bilateral Symmetrical Polymicrogyria

Bilateral frontoparietal polymicrogyria. The polymicro-
gyria is predominantly in the frontoparietal lobes and

Fig.2.16-1. Polymicrogyria: macroscopicview. There are many
small gyri in the surface of the cerebral hemisphere.

is associated with mental retardation, developmental
delay, esotropia, and seizures. It is an autosomal reces-
sive disorder with a locus at 16q12.2-21 (gene GPR56)
[53,54].

Bilateral perisylvian polymicrogyria. This disorder is
associated with mild mental retardation, epilepsy, and
difficulties with expressive speech and feeding. The
gene is located at Xq28 [55].

Bilateral posterior polymicrogyria. This categoryincludes
asymmetrical polymicrogyria and schizencephaly (see
Section 2.20).

Focal or Multifocal Cortical Dysplasia

See Section 2.13 and Chapter 26 (Section 26.4) [56].

Microdysgenesis

See Chapter 26 (Section 26.2).

Fig. 2.16-2. Polymicrogyria,. Microscopic demonstration of
the folded four-layer cortical pattern. H&E.
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Fig. 2.16-3. Polymicrogyria associated with focal protrusionof

germinal cells into the lateral ventricle. H&E. Fig. 2.16-4. Polymicrogyria. The cortex is made up of small

fused gyri without cortical layers in the lateral temporal lobe.
H&E.
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Fig. 2.16-6. Polymicrogyria in a neonate showing congestion
and perivascular hemorrhage into the abnormal cortex.
Fig. 2.16-5. Polymicrogyria in occipital lobe. The smoothed- H&E.
out cortex is composed of small folded gyri. Whole mount
stained with H&E.
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2.17 Thanatophoric Dysplasia Type 1

Thanatopholic dysplasia is characterized by short limbs
with bowed long bones, flat vertebrae, short ribs, a large
cranium with a low nasal bridge, and a narrowed thorax.
There are two major subtypes: A short, curved femur
characterizes type 1; and a straight femur with clover-
leaf skull characterizes type 2. The neuropathology
includes megalencephaly with posterior fossa hypopla-
sia, deep sulci with polymicrogyria, and leptomeningeal

Fig. 2.17-1. Thanatophoric dysplasia. Infant with short stature
and short limbs.

glioneuronal heterotopia. There is temporal lobe
enlargement, a deep transverse sulcus across the infe-
rior medial temporal surface, and hippocampal dyspla-
sia. The basal ganglia and the dentate and olivary nuclei
are also malformed.

Mutations in fibroblast growth factor receptor-3
(FGFR3) have been identified in both types of thanato-
phoric dysplasia [57,58].

Fig. 2.17-2. Brain exhibits abnormal formation of sulci associ-
ated with pachygyria, predominantly in the temporal lobes.
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Fig. 2.17-3. Coronal section of the brain exhibits
abnormal deep sulci in the temporal lobes.

Fig. 2.17-4. Microscopic section of subcortical neuronal het-
erotopia encircling a small vessel. Nissl stain.

Fig. 2.17-5. Microscopic view of polymicrogyria. LFB. Fig. 2.17-6. Microscopic view of leptomeningeal glioneuronal
heterotopia. H&E.
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2.18 Hydrocephalus

Classification

Hydrocephalus caused by obstruction
Congenital aqueductal occlusion
Lesions in the ventricular system or subarachnoid
space

Hydrocephalus caused by overproduction of CSF
Choroid plexus hyperplasia or neoplasms

Hydrocephalus without obvious lesion
Normal-pressure or low-pressure hydrocephalus
Hydrocephalus ex vacuo

Hydrocephalus, type unspecified
X-linked congenital hydrocephalus

The pathogenesis and classification of congenital aque-
ductal occlusion via stenosis, forking, gliosis, or mem-
brane formation is controversial [59,60].

Fig. 2.18-1. Congenital hydrocephalus of a
fetus: aqueductal stenosis.

X-linked congenital hydrocephalus affects boys, 25%
of whom have adduction-flexion deformity of thumbs.
Mental deficiency may be associated; and other associa-
tions include agenesis of the corpus callosum and agen-
esis of the corticospinal fiber system. There is a mutation
in L1 CAM at Xq28 [61]. Hydrocephalus due to stenosis
of the aqueduct of Sylvius (HSAS); mental retardation,
aphasia, shuffling gait, adducted thumbs (MASA); and
corpus callosum hypoplasia, retardation, adducted
thumbs, spastic paraplegia, hydrocephalus (CRASH)
syndromes are allelic disorders [62]. Other inherited
cases of congenital hydrocephalus have been reported
[63].
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Fig. 2.18-2. Congenital hydrocephalus in fetal brain. Coronal section
shows marked dilatation of the ventricles.
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Fig. 2.18-3. X-linked hydrocephalus with dilatation of lateral
ventricles, thalamic fusion, and hypoplasia of the white matter
and pyramidal tracts in a fetus of 25 weeks’ gestation. Left.
The brain shows negative L1 CAM immunohistochemistry.
This case is genetically determined. Right. The control.

Fig. 2.18-4. Aqueductal stenosis with multiple forking. H&E.

Fig. 2.18-5. Congenital hydrocephalus with aqueductal steno-

sis. Left. Macroscopic view. Right. Microscopic view. GFAP. Fig. 2.18-6. Congenital hydrocephalus. Aqueductal stenosis

with fibrillary astrogliosis. Holzer stain.
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2.19 Porencephaly

Porencephaly is a cystic cavity within the brain with or
without communication between the ventricle and sub-
arachnoid space. It usually develops following a destruc-
tive process such as hemorrhage, infarction, or infection
in fetal life. When porencephaly develops in the early
fetal period, the cavity is smooth walled with a sur-
rounding abnormal gyral pattern in the cortex; e.g. poly-
microgyria or pachygyria.

Porencephaly may also develop in the perinatal period
following hypoxia-ischemia or hemorrhage. It may
appear multicystic, the cysts separated by trabecullae or
the small cysts may expand into a single porencephalic
cyst.

Fetal or neonatal thrombocytopenia, coagulopathies
and hemophilia are reported as a possible pathogenesis
[64,65].

Fig. 2.19-1. Congenital porencephaly. Note the large defect with inter-
nal trabecula and polymicrogyria in the adjacent cerebrum.

Fig. 2.19-2. Congenital porencephaly. Histology of polymicro-
gyria in the wall of the porencephalic cavity from 2-19-1.
H&E.



Fig. 2.19-3. Congenital porencephaly with neuronal hetero-
topia in subcortical white matter adjacent to the porencephalic
cavity from 17-1. H&E/LFB.

Fig. 2.19-5. Porencephaly. Note the large cavity formation in
the left parietal lobe, which communicates with the subarach-
noid space.
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Fig. 2.19-4. Congenital porencephaly in the left parietal
lobe.

Fig. 2.19-6. Porencephaly. The cavity in the left temporal lobe
is expanded, forming a porencephalic cyst.
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2.20 Schizencephaly

Schizencephaly is a form of porencephaly that is usually
bilateral and symmetrical. There is a narrow cleft in the
cortex (narrower than the width of a gyrus) that may
extend through to the ventricle. Schizencephaly can be
classified as open or closed lip and communicating (with
the ventricle) or noncommunicating, depending on
whether the cleft is open or closed. The walls of the cleft
have radially oriented gyri or polymicrogyria.
Antenatal cerebral infarcts in the middle cerebral
artery distribution have been implicated in the patho-

genesis of schizencephaly. A very early onset is sug-
gested when it is associated with neuronal heterotopia
in ventricular walls, indicating disruption of neuronal
migration. Familial occurrence is rarely reported
but germline mutations in the homeobox gene
EMX2 have been found in patients with severe schizen-
cephaly [66]. These genetic cases suggest develop-
mental failure, although the genetic mechanism is
heterogeneous.

Fig. 2.20-1. Schizencephaly. Lateral view of the
fetal brain reveals a focal defect in the
hemisphere.

Fig. 2.20-2. Schizencephaly. Fetal brain at 23
weeks’ gestation exhibiting bilateral symmetrical
defects of parasagittal portions of the frontal and
parietal lobes. (Courtesy of Dr. Kanaumi T.)
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Fig. 2.20-4. Schizencephaly (same case as in 2.19-2). Coronal
section of fetal brain at the level of the mammillary bodies.
Fig. 2.20-3. Schizencephaly. Basal view of the same brain as There are partial defects in parasagittal areas of the frontal
in 2.19-2. The brain appears normal. lobes of both hemispheres.

2.0 mm

Fig. 2.20-6. Schizencephaly. Histology of frontal area shows a
complete defect of the cortex and white matter of the parietal
lobe, with polymicrogyria and cortical dysplasia bordering the
defect. H&E. (Courtesy of Dr. Kanaumi T.)

Fig. 2.20-5. Schizencephaly (same case as in 2.19-2). There are
large defects in parasagittal areas of the parietal lobes in the
fetal brain.
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2.21 Hydranencephaly

Hydranencephaly exhibits extreme ventricular dilata-
tion, with most of the cerebral mantle replaced by a
membrane of gliotic connective tissue containing an
occasional neuron or ependymal cell. In some of the
necrotic cerebral lesions there may be islands of cere-
bral tissue underneath the leptomeninges. The basal
ganglia are relatively spared. The thalami are small. The
lesion is the result of an early fetal destructive process
that may be caused by ischemic necrosis secondary
to vascular insufficiency, fetal hypoxia, accidental
trauma, or CO intoxication or the result of a genetic
malformation (Fowler’s disease) [2,63]. Congenital

Fig. 2.21-1. Hydranencephaly. Basal view of the brain and
spinal cord shows a remnant of cerebrum, intact basal ganglia,
and a normal-appearing cerebellum, brain stem, and spinal
cord.

hydranencephalic-hydrocephalic syndrome with prolif-
erative vasculopathy shows glomeruloid vessels, intracy-
toplasmic inclusions, and microcalcifications; and, it may
be attributed to alterations in the mitochondrial
respiratory chain.

Basket brain is considered to be a lesion intermediate
between hydranencephaly and porencephaly. There is a
bilateral large defect of both cerebral hemispheres with
sparing of the cingulate gyri and adjoining tissues. This
forms a medial-sagittal arch of brain connecting the
occipital and frontal brain remnants [67].

-

Fig. 2.21-2. Hydranencephaly at autopsy. The basal ganglia
and thalamus are intact.
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Fig. 2.21-3. Hydranencephaly. Left. Remains of the cortex

with gliosis in the subpial region. Right. Histology of the Fig. 2.21-4. Hydranencephaly. MRI sagittal view of the head,
cerebral hemispheres shows remnants of the diencephalon, revealing a complete defect of the cerebrum with intact dien-
midbrain, and part of the temporal cortex. H&E. cephalon, brain stem, and cerebellum.
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Fig. 2.21-5. Hydranencephaly. Angiography shows few cere-
bral arteries.

Fig. 2.21-6. Basket brain. Bilateral hemispheric defect with
preservation of parasagittal areas such as the cingulate gyri
and adjacent brain tissues supplied by the anterior cerebral
artery.
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2.22 Cysts: Subependymal Cysts, Colloid Cysts, Glioependymal Cysts

The subependymal cyst (SEC) is formed following focal
necrosis or hemorrhage into the subependymal germi-
nal layer. Prenatal SEC, called subependymal germi-
nolysis, may be associated with congenital anomalies
(e.g., heart disease and Zellweger syndrome) or with
prenatal infections (e.g., rubella and cytomegalovirus
infection). Neonatal SEC follows subependymal hemor-
rhage in preterm infants and is identified by hemosiderin-
laden macrophages in the cyst wall [68].

The colloid cyst (neuroepithelial or parahypophyseal
cyst) is rare in children and may be familial. It is usually

found in the third ventricle and contains thick mucinous
amorphous debris. The lining has variable cells: cuboi-
dal, flat, columnar ciliated, goblet, or multilayered [69].
The glioependymal cyst is less common. The micro-
scopic structure of its wall is usually lined by ciliated
ependyma, but it is variable. Some cysts have the epi-
thelium situated on a basement membrane or on a sheet
of reticulum fibers similar to the choroid plexus. This
cyst derives from displaced neuroectodermal tissue.

Fig. 2.22-1. Subependymal cyst (germinolysis) on
the head of the caudate nucleus.

Fig. 2.22-2. Subependymal cyst (germinolysis) in
the striae terminalis between the caudate nucleus
and thalamus.
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Fig. 2.22-4. Developmental ependymal cyst in the subependy-
Fig. 2.22-3. Subependymal cyst exhibiting germinal cells in mal layer of the lateral ventricle lined by ependyma. H&E.
the wall of the cyst (germinolysis). H&E.

Fig. 2.22-5. Colloid cyst in the septum pellucidum.

Fig. 2.22-6. Glioependymal cyst. Cyst wall shows ciliated
ependymal cells. H&E.
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2.23 Arachnoid Cyst, Neuroenteric Cyst

The congenital arachnoid cyst is formed by a develop-
mental split in the arachnoid with loculated clear CSF
between the brain and dura. It is lined by smooth tissue
and often does not communicate with the rest of the
subarachnoid space, causing pressure deformity of the
underlying brain. The most common locations are in
the sylvian fissure, interhemispheric fissure, and cisterna
magna. The pathogenesis of the arachnoid cyst is not
known, but infection and trauma have been suggested.
The cortex under the cyst is usually intact but may be

Fig. 2.23-1. Arachnoid cyst on the lateral side of the brain
stem.

deformed or displaced. If this is marked or causing
symptoms, surgical resection of the cyst is performed.

Neuroenteric cysts are heterotopic intraspinal cysts
lined with mucosa of the alimentary tract. They vary in
size and in the type of mucosal lining. The cysts are most
commonly found in the low cervical and upper thoracic
segments at the ventral surface of the cord. Associated
deformities of the spine are severe in infants and may
include shortening of the neck or complete splitting of
the spine [69].

Fig. 2.23-2. Arachnoid cyst. Microscopy with trichrome stain.
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Fig. 2.23-4. Neuroenteric cyst. Microscopy reveals respiratory-
type and gastrointestinal-type mucosa. H&E.

Fig. 2.23-3. Arachnoid cyst over the right frontal region with
a compression deformity of the right cerebral hemisphere.

Fig. 2.23-5. Neuroenteric cyst. Microscopy reveals gastrointestinal-
type mucosa. H&E.

Fig.2.23-6. Teratogenous cyst. Simple epithelium found dorsal
to the spinal cord without features of the neuroepithelial or
neuroenteric cyst. H&E.
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2.24 Malformation of the Cranium: Craniosynostosis, Meckel-Gruber

Syndrome, Amniotic Band

Craniosynostosis is premature fusion of the cranial
sutures. Mutations in the FGFR gene are present in
several syndromes with craniosynostosis, such as Apert’s,
Crouzon’s, and Pfeiffer’s syndromes [70]. Apert’s syn-
drome has variable degrees of cranial synostosis, syn-
dactyly of the hands and feet, and may have a frontonasal
encephalocele [71]. Crouzon’s syndrome has craniosyn-
ostosis of coronal, lambdoid, and sagittal sutures; and it
shows a deformed skull, exophthalmos, and mental
retardation.

Fig. 2.24-1. Apert syndrome. This syndrome is characterized
by craniosynostosis and severe syndactyly of the hands
and feet (as acrocephalosyndactyly). The brain exhibits

polygyria.

Meckel-Gruber syndrome is a combination of occipi-
tal skull defect with encephalocele, microcephaly, cere-
bral and cerebellar hypoplasia, and renal cysts. The locus
heterogeneity has been demonstrated as MKS1 to chro-
mosome 17q21-24, MKS2 to 11q13, and MKS3 to 8q24
[72-75].

Amniotic bands form when the amnion ruptures and
creates bands that may compress or encircle and ampu-
tate parts of the developing fetus.

Fig. 2.24-2. Crouzon’s syndrome. The cerebral hemispheres
are normal. The narrowed cisterna magna crowds the brain
stem and cerebellum.
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Fig. 2.24-3. Meckel-Gruber syndrome. Note the skull defect
and occipital encephalocele.

Fig. 2.24-4. Meckel-Gruber syndrome. Whole mount of cere-
bral hemisphere exhibits deformity of the lateral ventricle and
polymicrogyria of the parietal and temporal cortex. H&E.

Fig. 2.24-5. Amniotic bands cause face and skull malformations.

Fig. 2.24-6. Amniotic bands are attached to the upper jaw and
head, deforming the mouth, eye, nose, and forehead.
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2.25 Malformation of the Brain Stem

The olivary nuclei may show various abnormal shapes:
hypoconvoluted C-shaped structures, hyperconvoluted
structures, thickening of the dorsal rami of the principal
olive, a solid mass of cells, or a group of disconnected
segments. Malformations of the dentate nucleus may
also be associated with olivary dysplasias, and there are
frequently other brain abnormalities such as those
in the cortex in Zellweger’s syndrome. Ectopic olivary
segments situated along the migration path from
the rhombic lip are also reported in Zellweger’s
syndrome.

Mobius syndrome is characterized by congenital
facial diplegia associated with orofacial malformations
and may be caused by cranial nerve nuclear aplasia,

Fig. 2.25-1. Midbrain with gray matter heterotopia occupying
the collicular plate. LFB.

hypoplasia, or ischemic necrosis [76]. Some or all of the
IX, X, XI, and XII cranial nerves may be involved. The
absence of the facial nerve can be diagnosed by MRI
[77]. Most cases are sporadic, but familial cases are also
reported.

Dentato-olivary dysplasia is often present in condi-
tions with intractable infantile seizures such as Ohta-
hara syndrome. In this condition the inferior olives are
hook-shaped, coarse, and lacking undulations; and
dentate nuclei show a compact arrangement of inter-
connected islands [2]. The olivopontocerebellar
atrophies or hypoplasias (see Section 2.28) are rare
conditions with some genetic associations.

Fig. 2.25-2. Moebius syndrome with focal gliosis and calcifica-
tion in the tegmentum of the brain stem. H&E.
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Fig. 2.25-3. Zellweger syndrome. Medulla has abnormally
shaped principal olivary nuclei. LFB.

Fig. 2.25-4. Dentato-olivary dysplasia. Medulla oblongata
shows poor convolutions and thickening of the principal
olivary nuclei. H&E/LFB.

Fig. 2.25-5. Dentato-olivary dysplasia. Horizontal section of

the pons and cerebellum shows enlarged dentate nuclei. The

cerebellar folia and the pons are normal. Fig. 2.25-6. Dentato-olivary dysplasia. HiStOlOgy of the cere-
bellum shows a large, thickened dentate nucleus. H&E.
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2.26 Agenesis of the Vermis of the Cerebellum and Joubert Syndrome

Agenesis of the vermis of the cerebellum has been used
to designate different conditions. In the Dandy-Walker
malformation (DWM) and Dandy-Walker variant
(DWYV), there is total or near-total agenesis of the
vermis with separation of the cerebellar hemispheres
(rhombencephaloschisis) with or without cystic dilata-
tion of the cleft and fourth ventricle.

In cerebellum without vermis (also known as agenesis
of the vermis with fusion of cerebellar hemispheres,
rhombosynapsis, or rhomboencephalosynapsis) there is

Fig. 2.26-1. Agenesis of the vermis with separation of cerebel-
lar hemispheres without cystic dilatation of the cleft and
fourth ventricle (rhombencephaloschisis).

a single lobed cerebellum without paired hemispheres
Or vermis.

Joubert syndrome is characterized by cerebellar
vermis hypoplasia with prominent superior cerebellar
peduncles (molar tooth sign on MRI), episodes of
hyperpnea, abnormal eye movements, ataxia,and mental
retardation. The JS gene, encoding jouberin protein, is
expressed in embryonic hindbrain and forebrain [78,79].
There may be associated occipital meningoceles or
meningoencephaloceles.

Fig. 2.26-2. Agenesis of the cerebellar vermis seen on a CT
scan of an infant brain.
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Fig. 2.26-4. Joubert syndrome. Periventricular areas of the
medulla oblongata show gliosis with vascular dilatation.
H&E.

Fig. 2.26-3. Joubert syndrome. The superior cerebellar pedun-
cles are separated and parallel to each other (molar tooth
sign). H&E.

Fig. 2.26-6. Rhombencephalosynapsis. Histology of a horizon-
tal section of the brain stem and cerebellum shows “agenesis
of the vermis with fusion of cerebellar hemispheres.” The
dentate nucleus is also fused, forming a central deep core.
H&E/LFB.

Fig. 2.26-5. Rhomboencephalosynapsis. The cerebellum is
pear-shaped with a markedly shortened horizontal diameter
and an increased anteroposterior diameter. The fourth ventri-
cle is also elongated anteroposteriorly.



68 2. Malformations

2.27 Malformation of the Cerebellar Hemispheres and Spinal Cord

Total cerebellar aplasia is rare. Neocerebellar aplasia or
hypoplasia of the cerebellum, also rare, is characterized
by a small vermis and extremely small or absent cere-
bellar hemispheres [67]. Aplasia or hypoplasia of the
cerebellum may coexist with malformations of cerebral
hemispheres. For example, in lissencephaly type 2 there
is cerebellar heterotopia, polymicrogyria, or disorgan-
ized cortex with lack of fissures and folia.
Syringomyelia and syringobulbia are cavitating lesions
that may be primary or secondary to tumors or trauma
or hemorrhage. The cavities are initially in the gray

Fig.2.27-1. Dandy-Walker-like lesionin Walker-Warburg syn-
drome with cerebellar hemispheres splayed by a midline cyst
(not visible) and deformation of the occipital poles.

matter and may arise from a dilated central canal in
which abnormal CSF pressure produces enlargement
[2,80].

Diastematomyelia consists of a division in two halves
of the spinal cord. Its localization is often lumbar. It is
frequently associated with other spinal cord and verte-
bral column malformations, such as spina bifida. The
cleft between two hemicords is of variable size, and one
or both of the cords may be hypoplastic. Dimyelia or
dipromyelia consists of complete duplication of the
spinal cord.

Fig. 2.27-2. Complete agenesis of the cerebellum: brain stem
with midbrain dissected superiorly. The collicular plate par-
tially covers the floor of the fourth ventricle from which
blindly ending cerebellar peduncles extend.



Malformation of the Cerebellar Hemispheres and Spinal Cord 69

Fig. 2.27-3. Spinal cord syringomyelia from an adult following injection of barium and gelatin. The cavity extends over many

segments and exhibits irregularities at some levels. H&E.

Fig. 2.27-4. Spinal cord syringomyelia. Histology reveals a slit-
like cavity after collapse of the fluid-filled space following cord
dissection. The cavity runs laterally in the cord, interrupting
the ventral horns. LFB.
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Fig. 2.27-6. Diplomyelia with two separate spinal cords at the

lumbar level.

Fig. 2.27-5. Diastomatomyelia. There is partial duplication of
the spinal cord with union of the posterior horns at one side.
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2.28 Infantile Olivopontocerebellar Atrophy/Hypoplasia,

Pontocerebellar Hypoplasia

The termsinfantile olivopontocerebellar atrophy (OPCA)
or hypoplasia (OPCH) are applied to rare disorders
presenting at birth with a reduced number of neurons
in the olives and in the pons with an associated small
cerebellum. It is not defined whether there is indeed loss
of cells, or “hypoplasia.” The disorders are variously
reported of families with OPCH, microencephaly, and
white matter gliosis [81,82]. Another condition, the
disialotransferrin developmental deficiency syndrome,
is an autosomal recessively inherited disease with
OPCA, failure to thrive, hypotonia, liver disease, and

retinal dystrophy [83]. Some infants with Werdnig-
Hoffmann disease have OPCA [84]. A recent report
suggests a classification of these complex disorders
[85].

Pontocerebellar hypoplasia, a rare autosomal reces-
sive disorder, is characterized by an abnormally small
cerebellum and brain stem. Genetic studies in one
family have shown a linkage to chromosome 7q11-21.
It has been called cerebellar atrophy with progressive
microcephaly (CLAM) [86].

Fig. 2.28-1. Olivopontocerebellar atrophy (OPCA). Cerebel-
lum with diffuse and focal atrophy of the folia. H&E/LFB.

Fig. 2.28-2. OPCA. Histology of the pons (myelin stain)
showing myelination of the medial longitudinal fasciculus and
absence of myelin in pontocerebellar tracts. H&E/LFB.
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Fig. 2.28-4. Pontocerebellar hypoplasia. Microscopy reveals a

Fig. 2.28-3. OPCA. Histology of the ventral lateral medulla. loss of Purkinje cells and torpedo formation. H&E.

Note the olive protruding laterally and a complete absence of
neurons. Some myelinated axons leave the olivary hilus.
H&E/LFB.

Fig. 2.28-5. Pontocerebellar hypoplasia. Micros-
copy reveals hypoplasia of the interior olivary
nucleus in a case of pontocerebellar hypoplasia.
H&E.

Fig. 2.28-6. Pontocerebellar hypoplasia. MRI shows a small
basis pontis and cerebellar vermis.
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3.1 Down Syndrome

Down syndrome (DS), caused by trisomy 21, is charac-
terized clinically by somatic abnormalities, intellectual
disabilities in children, and Alzheimer-type dementia in
adults. The phenotype may vary, with minor brain anom-
alies such as hypoplasia of the superior temporal gyrus,
brain stem, and cerebellum, decreased brain weight and
rounded occipital poles [1]. Basal ganglia calcification is
more frequently found in the region of the globus palli-
dus and putamen, and its incidence increases with age
[2]. Dendrites gradually show abnormal arborization
and decreased spines after 4 months of age [3.4].
Alzheimer-type dementia with neuritic plaques and
neurofibrillary tangles develops in young adults. Senile
plaques and cerebrovascular amyloidosis involve [-

Fig. 3.1-1. The brain of the newborn with Down syndrome shows
slight dilatation of the sylvian fissure, a narrow superior temporal

gyrus, and a small cerebellum and brain stem.

amyloid protein (AP). In Alzheimer-type dementia,
AP42, which aggregates more rapidly than AB40, is a
major component of diffuse (early) plaques, whereas
AP43 demonstrates early axonal damage in diffuse
plaques [5].

The DS phenotypes are determined by a trisomy of
the DS obligate region (DSOR) in the long arm of
chromosome 21. Increased dosages of genes at DSOR
cause pathological manifestations of DS by the
overexpression of their products, including amyloid
precursor protein (APP), S-100 protein, superoxide
dismutase-1, BACE2, and DSCAM. The APP gene is
related to the pathogenesis of Alzheimer-type dementia
in DS [6].

RIS

Fig. 3.1-2. Coronal section of the cerebrum exhibits a
hypoplastic superior temporal gyri.
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Fig. 3.1-3. Histology of basal ganglia exhibits multiple areas e o s (g
of calcification around the small vessels. Basal ganglia calcifi-
cation is more frequent in the cases of Down syndrome than e

in controls. H&E.

Fig. 3.1-4. Abnormal development of dendrites in the visual
cortex of a patient with Down syndrome (closed cirles) and a
control (open cirles) (Scholl analysis of dendritic branching).

Fig. 3.1-5. Hippocampus with Bielchowsky stain defining the
pathology of Alzheimer’s disease. Note the neurofibrillary
tangles in pyramidal neurons and several neuritic plaques in
the neuropil. Bielchowsky stain.

Fig. 3.1-6. Magnetic resonance imaging (MRI) of a
50-year-old patient showing atrophy of the hippocam-
pus and dilatation of the lateral ventricle.
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3.2 Trisomy 13 and Trisomy 18

Trisomy 13 (Patau syndrome) is characterized by mal-
formations of microcephaly; microphthalmia, absent
eye, or retinal dysplasia; cleft lip or palate in the face;
and congenital heart and urogenital anomalies. The
brain anomalies may include microcephaly, holoprosen-
cephaly, thalamic fusion, polymicrogyria, and leptomen-
ingeal glioneuronal heterotopia at the base of the
cerebrum and brain stem. In the cerebellum, the hetero-
topias, including germinal cells in the dentate nucleus,

are extensive, and other dysplasia of the cerebellar gray
matter are observed [7].

Trisomy 18 (Edwards syndrome) is associated with
malformation of the face (dysmorphic) and extremities,
neurological abnormalities, and minor malformations of
the brain [8,9]. The latter include abnormalities in the
histology of the hippocampus, inferior olivary nuclei,
and lateral geniculate body.

Fig. 3.2-1. Trisomy 13, Left.
The base of the brain exhibits
smooth gyri of the temporal
lobe. Right. The brain stem and
cerebellum are small with slight
dilatation of the fourth
ventricle.

Fig. 3.2-2. Trisomy 13. Coronal
section of the cerebrum exhib-
iting fusion of the cerebral
hemispheres. LFB.
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Fig. 3.2-3. Trisomy 13. Microscopic view of cortical dysplasia ~ Fig. 3.2-4. Trisomy 18. Hippocampal dysplasia with incom-
of the cerebellum in the same neonate as in 3.2-2. H&E. plete rotation of the hippocampus and a small outwardly
rotated fascia dentata in a neonatal brain. H&E.

Fig. 3.2-5. Trisomy 18. Olivary dysplasia. The dorsal segment  Fig. 3.2-6. Trisomy 18. Incomplete cellular lamination in the
of the inferior olivary nucleus is thick, and the undulation of lateral geniculate body. There is vertical layering of cells with
the nuclear profile is abnormal. The rows of neurons are char-  poor distinction of the magnocellular and parvocellular layers.
acteristic. H&E. H&E.
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3.3 Chromosome 1g-

Chromosomal aberrations may present as a monosomy
or a partial deletion of the chromosome. Deletion of the
long arm of chromosome 1 (1q-) is a rare condition
associated with malformations of many organs, includ-
ing the central nervous system (CNS), heart, and kidney.
Proximal deletion of the long arm 1q- [del (1)(q23-q25)]
is characterized by pre- and postnatal growth retarda-
tion, psychomotor retardation, and a specific craniofa-
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cial malformation (bilateral complete cleft of the lip and
palate) as well as other systemic anomalies [10]. When
there is an interstitial deletion of the long arm 1qg- [1q25-
32], the infant presents with severe intra- and extrauter-
ine growth retardation, facial dimorphisms, multiple
organ malformations, a hypoplastic hypophysis, and
multiple endocrine deficiencies [11].

Fig. 3.3-1. Chromosome 1q-. Polymicrogyria,
reduced thickness of white matter, and dilatation
of lateral ventricles.

Fig. 3.3-2. Microscopy reveals cortical dysplasia with an irreg-
ular cortical surface and an irregular neuronal arrangement.
The cortical vessels are abnormal, and subcortical heteroto-
pias are present. H&E.
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Fig. 3.3-3. Reduced number of granule cells in the thin dentate ~ Fig. 3.3-4. Marked astrogliosis similar to status marmoratus
gyrus of the hippocampus. H&E. in the thalamus. H&E.

Fig. 3.3-5. Rosette formation of ependymal cells (duct forma-
tion) around the aqueduct. H&E.

Fig. 3.3-6. Microscopic view of the cerebellum reveals hypo-
cellularity in the granular cell layer, loss of Purkinje cells, and
Bergman gliosis. There is atrophy of white matter in the cere-
bellar lobules. H&E.
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3.4 Chromosome 4p-

The 4p- syndrome, or Wolf-Hirschhorn syndrome, is a
chromosome disorder with a partial deletion of the
short arm of chromosome 4 involving band 4 p16. There
are typical craniofacial features consisting of a scalp
defect (“Greek warrior helmet appearance”), widely
spaced eyes, a saddle nose, microcephaly, and prominent
glabella. There is intrauterine growth retardation,

mental retardation, intractable epilepsy, and hypotonia
[12]. There are severe CNS abnormalities including
microcephalus, microgyria, migration disorders, and
hydrocephalus. There is hypoplasia of the cerebellum, a
cavum or absent septum pellucidum, agenesis of the
corpus callosum, and absence of olfactory bulbs.

Fig. 3.4-1. Chromosome 4p-. Lateral view of the
brain, which exhibits mild microcephaly, a small
cerebrum, and a large cerebellum.

Fig. 3.4-2. Sagittal section of the brain shows a
thin corpus callosum and a small pons.

Tdiv.=1mm
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Fig. 3.4-3. Coronal sections of
the cerebrum, showing hypo-
plasia of the cerebral white
matter with moderate dilata-
tion of the lateral ventricles.

Fig. 3.4-4. Low-power histological view of the cerebral hemi-
spheres shows slight hypomyelination (left) (LFB) and diffuse
astrogliosis in the white matter and the hippocampus (right)
(Holzer stain).

Excessive convolution of the dentate nucleus in the

Fig. 3.4-5. Neuronal loss in CA1 of Ammon’s horn and hypo- Fig. 3.4-6.
cellularity of granular cells of the dentate gyrus. LFB. cerebellum. H&E.
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4.1 Birth Trauma in Term Infants

Perinatal brain damage includes all brain injuries that Sinus injury or thrombosis

occur during the perinatal period in infants of all gesta- Intracranial hemorrhage

tional ages, whereas injury from birth trauma per se Epidural, intradural, or subdural hemorrhage
occurs more frequently in full-term neonates. Important Subarachnoid or subpial hemorrhage

advances in perinatal care have decreased the incidence Cerebral, cerebellar, or brain stem hemorrhage
of birth trauma. Birth trauma of the nervous system may Intraventricular hemorrhage

result in the following. Brain contusions

Secondary hypoxic or ischemic brain injury

Extracalvarial hemorrhage (subgaleal hemorrhage, Brachial plexus and peripheral nerve injuries

cephalohematoma)

Fig. 4.1-1. Birth trauma. Subdural hemorrhage in the poste-

rior fossa. The hematomas in the posterior fossa may compress ~ Fig. 4.1-2. Birth trauma. Marked subdural hematoma over the
the brain stem and cerebellum and cause obstructive hydro- ~Tight cerebral hemisphere, which is markedly swollen with
cephalus with cerebral swelling, as on the right. flattening of the gyri and narrowing of the sulci.



Fig. 4.1-3. Birth trauma. Subarachnoid hemorrhage partially
involving both cerebral hemispheres.

Fig. 4.1-5. Birth trauma. Extensive hemorrhage in the brain
stem and spinal cord. The cervical and thoracic cord are most
vulnerable if there is excessive traction (as with breech
deliveries) or excessive head rotation (as with cephalic
deliveries) [1].
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Fig. 4.1-4. Birth trauma. Cerebral white matter hemorrhage
caused by birth trauma. The unmyelinated white matter is
more vulnerable than cortex to shearing forces that develop
when the brain is deformed by the flexible infant skull [1].

Fig. 4.1-6. Spinal cord traumatic hemorrhage. Cord ischemia
and/or hemorrhage may be the result of compression by
vertebral fractures, subdural hemorrhage, or stretching of the
cord. H&E.
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4.2 Periventricular/Intraventricular Hemorrhage and Cerebellar Hemorrhage in

Preterm Infants

Periventricular/intraventricular hemorrhage (PVH/
IVH) continues to exist in very low-birth-weight infants,
although its incidence has been decreased by modifica-
tions in perinatal care. PVH/IVH develops after rupture
of venules in the periventricular germinal epithelium
(matrix), causing subependymal hemorrhage (SEH),
which can expand into the ventricle causing IVH. This
extends to the subarachnoid space producing subarach-
noid hemorrhage (SAH) around the cerebellum and
brain stem [1]. A very large IVH causes venous stasis in
the deep medullary veins of the periventricular white
matter and subsequent periventricular hemorrhagic
infarction (PVHI). This is usually unilateral, although
SEH often occurs bilaterally.
The pathogenesis of
multifactorial.

PVH and IVH s

Fig. 4.2-1. Subependymal hemorrhage (SEH), extending to intraven-
tricular hemorrhage (IVH). Bilateral SEHs and periventricular white
matter hemorrhage. Intraventricular blood flows to the fourth ven-
tricle and the surface of the cerebellum through the foramina of
Luschka and Magendie.

1. Predisposing factors: anatomical, cellular, and physi-
ological immaturity; high cellularity in the subepen-
dymal matrix and arterial end zone; and bush-like
venous drainage [2]

2. Pathogenetic factors [3]

a. Intravascular factors: fluctuating cerebral blood
flow, increased cerebral blood flow, increased cere-
bral venous pressure, decreased blood flow (fol-
lowed by reperfusion), platelet and coagulation
disturbances

b. Vascular factors: tenuous capillary integrity, vul-
nerability of matrix capillaries to hypoxic-ischemic
injury

c. Extravascular factors: deficient vascular support,
fibrinolytic activity, postnatal decrease in extravas-
cular tissue pressure

Fig. 4.2-2. Histological view of an SEH into the
germinal matrix (epithelium) without rupture into
the ventricle (grade 1 IVH). H&E.
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Fig. 4.2-3. SEH extending to IVH. Rupture of an SEH into
the intraventricular space (grade 2 IVH). H&E.

AL
Fig. 4.2-4. Postmortem cerebral venography defines numer-

ous venules contributing to the terminal branches of the
internal cerebral veins in the subependymal matrix.

Fig. 4.2-5. Histology of cerebral hemispheres with SEH and
periventricular white matter hemorrhage (grade 4 IVH).
H&E.

Fig. 4.2-6. Intraventricular hemorrhage/periventricular hem-
orrhage (IVH/PVH). Extensive venous infarction of the right
cerebral periventricular white matter associated with a large
right IVH (grade 4 IVH/PVH).
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4.3 Sequelae of IVH and Other Hemorrhages in Preterm Infants

The IVH may predispose to posthemorrhagic hydro-
cephalus because of disturbed cerebrospinal fluid (CSF)
flow and/or adsorption. Posthemorrhage hydrocephalus
(PHH) is caused by aqueduct stenosis or obstruction
with astrogliosis and hemosiderin deposits or by steno-
sis of the foramina of Magendi and Luschuka with
fibrosis and hemosiderin deposits. PHH is frequently
associated with cerebellar subarachnoid hemorrhage
and olivocerebellar pathology [4].

Subependymal cysts with hemosiderin deposits may
define a residual SEH.

Cerebellar hemorrhages may develop in the imma-
ture external granular layer and/or adjacent internal

Fig. 4.3-1. Cortical hemorrhage necrosis. Focal hemorrhages
are found in the frontal, parietal, and temporal lobes in the
brain of a very low-birth-weight infant.

granular layer. The etiologies are many and include
traumatic and asphyxial causes [1]. The hemorrhages
are often multiple, and the hematomas may cause exten-
sive tissue destruction. Olivocerebellar degeneration
may be caused by cerebellar hemorrhage or subarach-
noid hemorrhage producing loss of Purkinje cells and
retrograde degeneration of inferior olivary neurons
[1,5].

Cortical hemorrhagic necrosis, associated with trau-
matic or hypoxia-ischemia may be observed in very low-
birth-weight infant brains.

Fig. 4.3-2. Posthemorrhage subependymal cyst shows hemo-
siderin deposits in the wall and in macrophages. H&E.
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Fig. 4.3-4. Posthemorrhage hydrocephalus. The aqueductal

Fig. 4.3-3. Remote lesion of periventricular white matter gijatation contains blood from an intraventricular hemor-
hemorrhage. There are multiple cysts with hemosiderin depos- rhage. H&E.

its. H&E.

Fig. 4.3-5. Posthemorrhage hydrocephalus. There is marked
dilatation of the lateral ventricles at 4 months of age following
an intraventricular hemorrhage that had occurred previously

in a very low-birth-weight infant. Fig. 4.3-6. Subarachnoid hemorrhage in the brain stem and
cerebellum accumulating in the posterior fossa following peri-
ventricular and intraventricular hemorrhage in a very low-
birth-weight infant.
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4.4 Perinatal Hypoxic-lschemic Encephalopathy

Fetal and neonatal hypoxia or ischemia produces cell or
tissue necrosis or apoptosis in specific sites of the neo-
natal brain and spinal cord. The lesions of perinatal
hypoxic-ischemic encephalopathy (HIE) are classified
as follows.

Cerebral cortical (laminar) necrosis

Basal ganglia and thalamic necrosis leading to status
marmoratus

Hippocampal necrosis, possibly causing hippocampal
sclerosis

Pontosubicular neuron necrosis (PSN)

Periventricular leukomalacia (PVL)

Subcortical leukomalacia (SCL)

Parasagittal infarction

Ulegyria

Cingulate necrosis

Premature

1 PVL 2 Pontosubicular necrosis

3 Brain stem necrosis 4 SEH 5 IVH

6 Periventricular white matter hemorrhage

7 Cortical laminar necrosis B Basal ganglia necrosis
9 Cerebral infarction 10 Subcortical leukomalacia

Fig. 4.4-1. Characteristic localization of lesions in hypoxic-
ischemic encephalopathy (HIE) is compared for term and
preterm infants.

Brain stem necrosis
Cerebellar cortical necrosis
Cerebellar cystic leukomalacia

Although these lesions can be found independently in
specific regions, they often present together in the com-
plicated lesions of perinatal brains. The location of the
lesion is determined by the maturity of the brain (imma-
ture or mature) and the severity or duration of hypoxic-
ischemic insults (total or partial).

Cortical laminar necrosis is seen in areas of cortical
necrosis or around a cerebral infarction, predominantly
in pyramidal cell layer III or V. Basal ganglia or thalamic
necrosis is found alone in some neonates with perinatal
asphyxia but is often associated with cerebral cortical
or brain stem necrosis.
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Fig. 4.4-2. Cortical laminar necrosis. There is laminar loss of
neurons in the cerebral cortex of a 2-year-old child who had
neonatal HIE and hypoglycemia. Nissl stain.
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Fig. 4.4-3. Sequelae of cortical laminar necrosis. Note the
cerebral cortical neuron loss and plaque fibromyelinique in
the cortex of a deep sulcus caused by remote cortical necrosis
in a 6-year-old boy with cerebral palsy. LFB.

Fig. 4.4-4. Bilateral thalamic hemorrhage into areas of isch-
emic necrosis in the bilateral thalami of an infant with cyanotic
congenital heart disease.

Fig. 4.4-6. Sequelae of basal ganglia necrosis. The Holzer stain
. ] o ] ) defines an area of astrogliosis (purple) that may become
Fig. 4.4-5. Basal ganglia necrosis in a 21-day-old infant with abnormally myelinated (i.e., “status marmoratus™) in a child
neonatal asphyxia and cyanotic congenital heart disease. There  yith choreoathetotic-type cerebral palsy.

is bilateral striatal necrosis exhibiting neuronal degeneration,
neuronophagia, and calcification.
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4.5 Parasagittal Infarction, Ulegyria, Lobar Sclerosis

Parasagital infarction occurs in the cerebral cortex and
white matter in the watershed zones of the blood supply
located among the anterior, middle, and posterior cere-
bral arteries. It is more marked posteriorly [3]. Impaired
cerebrovascular autoregulation or reduced cerebral
perfusion pressure contribute to cerebral ischemia in
these arterial border zones. Ischemia causes cerebral
infarction, which may be diffuse (producing lobar scle-
rosis) or focal (resulting in ulegyria).

Ulegyria refers to an alteration in the shape of the
affected gyrus. It is caused by neuronal loss and glial

Fig. 4.5-1. Parasagittal watershed infarction in a term

neonate.

scars involving the cortex at the bottom of the sulcus, at
the site supplied by end-arteries. During the acute phase
of ulegyria formation, there is diffuse pallor of the
cortex at the depth of the sulci associated with vacuol-
ization of the tissue, nuclear pyknosis, chromatolysis,
dissolution, and dropping out of neurons [6]. Estab-
lished lesions show dilatation of the subarachnoid space
at the depth of the sulcus in one or several adjacent
sulci.

Fig. 4.5-2. Parasagittal water shed infarction, with cerebral
infarction in hypoxic-ischemic encephalopathy. Postmortem
angiography demonstrates parasagittal cerebral infarction at
the border zone of the anterior and middle cerebral arteries
in the right cerebral hemisphere.
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Fig. 4.5-3. Multicystic leukomalacia. Appearance of the brain
at age 2 years. There is cingulate gyrus destruction and cystic
change in the white matter. The infant, born at term, experi-
enced perinatal asphyxia; and at 10 days of age brain ultraso-
nography demonstrated a transient brightness.

Fig. 4.5-4. Large section of the cerebral hemisphere seen in
4.5-3. Left. Decreased myelin in the white matter and destruc-
tion of cingulated gyri. LFB/Nissl stain. Right. Astrogliosis in
the white matter and thalamus. Holzer stain.

Fig. 4.5-6. Brain stem necrosis in a term neonate.

Fig. 4.5-5. FLAIR magnetic resonance imaging (MRI) shows
high intensity in the superior parietal gyri and white matter,
suggesting lobar sclerosis and ulegyria in a case of cerebral

palsy.



94 4. Perinatal Brain Damage

4.6 Sequelae of Cerebral Necrosis in Fetal and Perinatal Hypoxia

The timing of a brain injury during the fetal period may
be suggested by a history of an intrauterine insult or by
the degree of glial reaction compared with the postnatal
age. Fetal ultrasonography or MRI may also identify
significant brain injury. In the brains of stillborn infants
and neonates there may be recent lesions such as subep-
endymal hemorrhage, intraventricular hemorrhage,
periventricular leukomalacia, pontosubicular neuron
necrosis, and other ischemic lesions. There may also be
more remote lesions such as multicystic encephalomala-
cia, porencephaly, polymicrogyria, scars, and dysplasias.

Polymicrogyria grossly exhibits a pachygyric pattern
with rare coarse and irregular gyri that appear granular.
There are two major microscopic patterns: four-layer
and unlayered polymicrogyria. The four-layer pattern

consists of molecular, superficial cellular, acellular
(mostly glial), and deep cellular layers. This pattern may
be focal and associated with other cortical abnormali-
ties produced by a circulatory disturbance. Unlayered
polymicrogyria displays a chaotic pattern of neurons. It
may be caused by fetal encephalitis or be associated
with another abnormal cortical pattern.

Multicystic encephalomalacia may develop prenatally
when cortical and subcortical white matter necrosis
produces multiple cavities of various size associated
with neuron loss and astrogliosis. This may develop fol-
lowing hypoxic-ischemic insults (fetal hypoxia), toxic
insults (carbon monoxide intoxication), infections (cyto-
megalovirus infection, toxoplasmosis, listeriosis), or
metabolic disorders (mitochondrial encephalopathy).

Fig. 4.6-1. Sequelae of fetal hypoxia: polymicrogyria and
laminar neuron loss. Nissl stain.

Fig. 4.6-2. Sequela of fetal hypoxia: gliosis marks a zone with
loss of neurons in the cortex after fetal hypoxia. GFAP
immunohistochemistry.
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Fig. 4.6-3. Sequela of cerebral infarction during the fetal
period: polymicrogyria.

Fig. 4.6-5. Cortical necrosis and calcification associated with
status marmoratus in the basal ganglia.

Fig. 4.6-4. Cortical necrosis accompanying multicystic enceph-
alomalacia in an infant.

Fig. 4.6-6. Histology of cortical calcification secondary to
hypoxic ischemic injury [7]. Von Kossa stain.



96 4. Perinatal Brain Damage

4.7 Periventricular Leukomalacia

Periventricular leukomalacia (PVL) is a major cause of
cerebral palsy (particularly spastic diplegia) in low-
birth-weight and some term infants.

Pathology

Predominantly in the parietal to occipital lobes, there is
multifocal or widespread necrosis with or without cyst
formation in the periventricular white matter (WM)
[7,8]. Microscopically, there is axonal and cellular coag-
ulative necrosis, microglial activation, foam cell infiltra-
tion, reactive astrogliosis, and neovascularization. This
leads to WM atrophy with loss of axons and myelin
[7-9].

TR RC RO RN

Pathogenesis

Predisposing factors are as follows.

1. Vascular immaturity in the deep WM with character-
istic end-arteries in the developing vasculature [5]

2. Vulnerability of differentiating glia (particularly pre-
oligodendrocytes) to glutamate and cytokines

3. Prenatal infection, increasing the sensitivity to peri-
ventricular necrosis

Causal factors include (1) perinatal ischemia following
reoxygenation, (2) axonal damage with release of excit-
atory amino acids, and (3) microglial activation with an
increase of inflammatory cytokines [10,11].

Fig. 4.7-1. Periventricular leukomalacia (PVL).
Note the multiple white spots (necrotic foci) in
periventricular white matter.

Fig. 4.7-2. Periventricular leukomalacia. A recent PVL lesion.
Note the axonal swellings defined by amyloid precursor
protein (APP) immunohistochemistry. Left. Note the wide
distribution of axonal swellings. Right. Localized coagulation
necrosis is evident with APP immunohistochemical stains.
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Fig. 4.7-3. Periventricular leukomalacia. There is high echo
density in the deep white matter of a preterm infant with PVL,
as seen by ultrasonography.

Fig. 4.7-4. Periventricular leukomalacia. Macroscopic appear-
ance of the PVL lesions. There are white opaque lesions in the
periventricular white matter in this brain 29 days after birth.

Fig. 4.7-5. Periventricular leukomalacia (same case as in 4.7-
1). Histology of the periventricular white matter shows multi-
ple microcysts containing foam cells surrounded by astrogliosis.
H&E.

Fig. 4.7-6. Postmortem microangiography of the
preterm infant brain using an injected gelatin-
barium mixture and soft X-ray apparatus. Left.
Arterial architecture. This defines the watershed
of end-arteries in the periventricular white matter.
Right. Venous architecture. Note different archi-
tecture between arteries and veins.
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4.8 Sequelae of Periventricular Leukomalacia

Clinically, focal PVL results in spastic paraplegia or
diplegia. Widespread PVL causes severe motor deficits
of the lower and upper limbs and impaired cognitive
function.

The older lesions of PVL appear chalky or cavitated
and contain foam cells with surrounding zones of astro-
gliosis and encrustration of axons. There is loss of myelin
in and around the lesions. The necrotic lesions of PVL
are multifocal in the periventricular white matter, which
causes a reduction in the amount of white matter. This
is associated with a reduced population of oligodendro-
cytes. In mild cases of focal PVL there is localized astro-

gliosis, whereas severe cases PVL are associated with
diffuse gliosis in the white matter There is compensa-
tory dilatation of the lateral ventricles, and the ventricu-
lar contour is irregular [9].

The progress of PVL is demonstrated by cranial
imaging. Ultrasonography shows periventricular high
echo density or cystic changes in acute lesions. MRI
shows focal low or high intensity and atrophy of the
periventricular white matter in chronic lesions. PVL
exhibits low intensity on T1-weighted MRI and high
intensity on T2-weighted and FLAIR MRI images in
very low-birth-weight infants.

Fig. 4.8-1. Cystic lesions in periventricular leukomalacia
(PVL). Note the dilated ventricles and reduced white matter
volume in a case of cerebral palsy.

Fig. 4.8-2. Sequelae of periventricular leukoma-
lacia. Left. MRI shows bilateral cystic lesions of
PVL, white matter volume loss, and an irregular
ventricular wall. Right. Postmortem angiography.
Cystic lesions correspond to the end zone areas
of medullary arteries.



Fig. 4.8-3. Whole mount of the cerebral hemispheres shows
dilatation of lateral ventricles and loss of myelin sheaths asso-
ciated with PVL. LFB. The same case as in 4.8-2 left MRIL

Fig. 4.8-5. Multicystic leukomalacia. Ultrasonography reveals
multiple cystic lesions in subcortical white matter in a 1-day-
old infant.
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Pathogenetic factors related to PVL formation
and repair

Cortex

White
matter

Fig. 4.8-4. Pathogenesis of PVL.

Fig. 4.8-6. Multicystic leukomalacia present in the brain of the
same neonate as in 4.8-5 at the time of death (3 days of age).
There is marked destruction of the white matter, which
occurred before birth.
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4.9 Subcortical Leukomalacia, Multicystic Encephalomalacia

Subcortical leukomalacia is a focal leukomalacia situ-
ated underneath the cortex of the deep sulci. It is located
in the border zone of major cerebral arteries and is
found in term or postterm infants who have experienced
cerebral hypoperfusion. Focal subcortical leukomalacia
is sometimes found in infants with sudden infant death
syndrome or cyanotic congenital heart disease [12].
Widespread subcortical leukomalacia is seen in infants
with hypoperfusion caused by hypoxic-ischemic enceph-
alopathy or meningitis. The vulnerability of the develop-

ing microvasculature and premyelinating metabolic
activity may be risk factors for the development of sub-
cortical leukomalacia.

Multicystic encephalomalacia (also referred to as
cystic encephalomalacia or multicystic encephalopathy)
is a severe form of encephalomalacia. Large separated
cavities occur throughout the cortex and white matter
bilaterally [13]. The lesions develop as the result of a
severe hypoxic-ischemic insult near the end of gestation
or during the early postnatal period [12].

Fig. 4.9-1. Subcortical leukomalacia. There is focal white
matter rarefaction at the depth of a sulcus associated with a
paucity of axons and myelin and, rarely, swollen axons, mac-
rophages, and reactive astrocytes.

Fig. 4.9-2. Subcortical leukomalacia. Whole mount with
PTAH stains.
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Fig. 4.9-3. Subcortical leukomalacia. Histology shows spongy
changes associated with axonal swellings, foam cell infiltration,
and astrogliosis. H&E.

Fig. 4.9-4. Microangiography of the frontal cortex and white
matter shows the paucity of penetrating vessels underneath
the sulcus in the term brain.

Fig. 4.9-6. Subcortical leukomalacia. There is cyst formation
in the subcortical white matter of an infant with hypoxic-
ischemic encephalopathy.

Fig. 4.9-5. Subcortical leukomalacia. There are multiple
lesions in adjacent gyri in a prematurely born infant.
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4.10 Hippocampal Necrosis and Pontosubicular Neuron Necrosis

In a neonate with acute perinatal asphyxia, hippocam-
pal neuronal necrosis is expressed as neuronal eosino-
philia. In chronic lesions there is loss of neurons and
astrogliosis in CA1, CA3, and CA4 and the subiculum.
The neuron loss of CA1 is similar to that produced with
experimental delayed neuronal death.

In neonates 28 weeks to 2 months after birth, the
subiculum of the hippocampal formation may exhibit
(without involving CA1-CA4) the changes characteris-
tic of pontosubicular necrosis (PSN) [1,13]. With PSN,
neurons of the subiculum and the ventral pons show

karyorrhexis and cell shrinkage of cytoplasm. Acute
PSN mimics the histology of apoptosis: karyorrhexis,
cellular atrophy, DNA fragmentation in situ, and few
reactive astrocytes [14-16]. In the basis pontis and the
subiculum there is a developmental discrepancy between
the early development of the vessels and the late matu-
ration of the neurons, which may predispose fetuses and
neonates to PSN [17]. Causal factors have been identi-
fied to include hyperoxemia, ischemia, hypocarbia, and
hypoglycemia [18-21].

Fig. 4.10-1. Pontosubicular necrosis (PSN). Note the selective
neuronal karyorrhexis in pontine nuclei. H&E stains. Karyor-
rhexis is disintegration of the nucleus into basophilic clumps
with loss of nuclear membrane definition. H&E.

Fig. 4.10-2. PSN. Severe neuronal karyorrhexis is associated
with reactive astrogliosis. GFAP. Three- to five-day-old lesions
exhibit progressive dropout of neurons, astrocyte and micro-
glial aggregation, and active macrophage proliferation.
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Fig. 4.10-3. Hippocampal necrosis. Note the marked eosino-
philia of neurons in the pyramidal layer of the hippocampus.
The necrosis involves Sommer’s sector (CA1), where pyrami-
dal neurons show eosinophilic cytoplasmic change. H&E.
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Fig. 4.10-5. Arterial architecture in postmortem microangiography of the
hippocampus at 28 weeks’ gestation. Ammon’s horn and subiculum have

well-developed vascularity.
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Fig. 4.10-4. Hippocampal necrosis. Neuron loss in the pyrami-
dal cell layer CA1 of a patient with cerebral palsy, intellectual
disabilities, and epilepsy. H&E. There is ongoing debate as to
the relation of this lesion to Ammon’s horn sclerosis associ-
ated with partial complex epilepsy of temporal origin.

Fig. 4.10-6. Arterial architecture in postmortem
microangiography of the pons at 28 weeks’ ges-
tation. Pontine nuclei are located along the
course of perforating arteries.
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4.11 Perinatal Brain Stem Necrosis, Moebius Syndrome, Ondine’s Curse

Selective symmetrical necrosis of brain stem nuclei is
seen in infants, older children, and adults who have
experienced cardiac arrest with profound hypotension
(cardiac arrest encephalopathy, hypotensive brain stem
necrosis) [1,22]. In neonates, brain stem necrosis is
found predominantly in cranial nerve nuclei, the reticu-
lar formation of the tegmentum of the brain stem, and
in the posterior colliculi of the tectum. Similar brain
stem lesions are found after total asphyxia [23] and
massive brain stem necrosis [24,25] and with chronic
hypoventilation [2]. In acute lesions, neurons are eosin-
ophilic in the center of the various nuclei. In remote
lesions, neuronal loss, astrogliosis, and cavity formation
are found in the nuclei. Brain stem necrosis is some-

times found alone but more commonly is associated
with cerebral damage. High blood flow and oxygen
demand in nuclei may be a predisposition for the patho-
genesis of brain stem necrosis.

Moebius syndrome is a congenital malformation syn-
drome associated with facial diplegia and other cranial
nerve deficits. Neuropathology shows cranial nuclei
changes consisting of cellular hypoplasia or atrophy and
foci of necrosis in the tegmentum. There are probably
multiple etiologies, both developmental and destructive.
Familial cases have been reported [26,27].

Ondine’s curse, also called central alveolar hypoven-
tilation, is associated with brain stem gliosis [28].

Fig. 4.11-1. Brain stem necrosis. Bilateral tegmental necrosis,
sparing the inferior olivary nuclei, is associated with cerebellar
white matter necrosis in a case of cardiac arrest encephalopa-
thy. [29] H&E.

Fig. 4.11-2. Olivocerebellar degeneration in a very low-birth-
weight infant with cerebellar cystic leukomalacia and remote
subarachnoid hemorrhage following extensive intraventricu-
lar hemorrhage. H&E.
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Fig. 4.11-3. Olivocerebellar degeneration. Unilateral atrophy
of the right inferior olivary nucleus in the medulla oblongata,
with a defect of the contralateral left cerebellar hemisphere,
is seen in an infant with sudden death. Histology of the brain
stem shows neuronal loss and astrogliosis in the contralateral
inferior olivary nucleus.

Fig. 4.11-5. Moebius syndrome. There is marked fibrillar
astrogliosis in the tegmentum of the pons. Holzer stain.
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Fig. 4.11-4. Moebius syndrome. Note the calcification of foci
in the tegmentum of the pons. H&E.

Fig. 4.11-6. Ondine’s curse. There is marked astrogliosis in

the tegmentum of the medulla GFAP

immunohistochemistry.

oblongata.
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4.12 Cerebellar Hemorrhage, Olivocerebellar Transneuronal Degeneration,
Cerebellar Infarction, Cerebellar Cystic Leukomalacia

Cerebellar hemorrhage and subarachnoid hemorrhage
are more common in low-birth-weight preterm infants
than in term infants. Subarachnoid hemorrhage in the
cerebellum is often associated with intraventricular
hemorrhage. Blood accumulates in the posterior fossa,
and significant collections incite obliterative arachnoidi-
tis, producing hydrocephalus and neuronal degenera-
tion of Purkinje cells and granular cells. Hemorrhage in
the cerebellum itself is frequently observed in very low-
birth-weight infants and tends to occur in the internal
and external granular cell layers of the cerebellar cortex.
The hemorrhages may be multiple and small or focal
and large, contiguous with blood in the subarachnoid

Fig. 4.12-1. Cerebellar hemorrhage. Note the multiple cere-
bellar hemorrhages in both cerebellar hemispheres. H&E.

space. The pathogenesis of cerebellar hemorrhage is
multifactorial, including trauma, hypoxia, infection, and
bleeding disorders [1].

Isolated cerebellar hematomas or infarction are
uncommon in the cerebellar hemisphere. They may
produce Purkinje cell loss with Bergman glial pro-
liferation, which induces olivocerebellar retrograde
degeneration with neuron loss and astrogliosis in the
contralateral inferior olivary nucleus [5,28].

The white matter of the cerebellum may be involved
with ischemic insults that produce necrosis and cyst for-
mation (cerebellar cystic leukomalacia) [30].

Fig. 4.12-2. Subarachnoid hemorrhage and cerebellar granu-
lar cell layer hemorrhage. H&E.
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Fig. 4.12-3. Normal appearance of Purkinje cells
in neonates. Dendritic trees of Purkinje cells have
a few branches. Left. H&E. Right. Glutamate
transporter (EAAT4) immunohistochemistry.

Fig. 4.12-4. Cerebellar subarachnoid hemorrhage
may be associated with degeneration of Purkinje
cells. Left. H&E. Right. Glutamate transporter
(EAAT4) immunohistochemistry.

Fig. 4.12-5. Arterial vasculature of the cerebellum. Numerous
perforating arteries from the fissures of the folia distribute to
the white matter and provide branching small vessels to the
cerebellar cortex.

Fig. 4.12-6. Demonstration of arterial vasculature in the
cerebellar vermis and the brain stem with characteristic
branching patterns.
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4.13 Kernicterus

The term kernicterus refers to both the clinical disease
of bilirubin encephalopathy and the brain pathology. It
is caused by excessively high levels of unconjugated
bilirubin (hyperbilirubinemia). Infants have an imma-
ture liver and insufficient bowel enzymes for bilirubin
metabolism; thus, at birth they have elevated “physio-
logical” levels of unconjugated bilirubin. These levels
may be increased by hemolysis, sepsis, hypoxia, drugs
that displace bilirubin (which is normally bound to
albumin), and by reduced levels of albumin. When
unconjugated bilirubin levels are excessive, the cells
(particularly cells of the brain) are unable to oxidize the
bilirubin or transport it out of the cell. In the cell, the
bilirubin binds to membranes (e.g., mitochondrial mem-
branes), damaging them and impairing the cellular
energy metabolism [31]. The hyperbilirubinemia is alle-
viated by phototherapy and an exchange blood transfu-

sion. Children surviving an acute episode of bilirubin
encephalopathy may show cerebral palsy with
choreoathetosis.

The gross pathology of kernicterus includes symme-
trical yellow staining and neuronal necrosis of certain
gray matter areas and nuclei. Most commonly involved
are the globus pallidus, thalamus, subthalamus, cranial
nerve nuclei, inferior olives, gracile and cuneate nuclei,
and the roof nuclei of the cerebellum. Less frequently
involved are the hippocampus (CA2), putamen, lateral
geniculate body, and anterior horns of the spinal cord.
Histology reveals shrunken neurons with pyknotic
nuclei, eosinophilic neuronal necrosis, and bilirubin
pigment in the acute lesions. Later, neuronal loss, astro-
gliosis, and hypermyelination appear in the basal ganglia
(status marmoratus) and at other sites.

Fig. 4.13-1. Kernicterus. Note the yellow stain in the thala-
mus bilaterally.

Fig. 4.13-2. Kernicterus. There is a yellow change
in the tegmentum of the medulla oblongata.
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Fig. 4.13-4. Kernicterus. Note the neuronal loss and astroglio-

Fig. 4.13-3. Kernicterus. There is a yellow change in the teg- ~'®:
sis in a red nucleus. H&E.

mentum of the pons.

Fig. 4.13-6. Kernicterus. Sequelae of kernicterus, status mar-
moratus in the thalamus. Holzer stain, revealing the glial fibers
which are abnormally myelinated in this condition.

R

Fig. 4.13-5. Whole mount of the cerebral hemisphere with
LFB stain defining the myelin (blue) with abnormal myelina-
tion of the thalamus (i.e., status marmoratus).
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5.1 Arteriovenous Malformation

Vascular malformations are classified into four catego-
ries: (1) arteriovenous malformation (AVM); (2) cav-
ernous hemangioma; (3) venous angioma and varix; and
(4) capillary telangiectasis or telangiectasia. Symptoms
of a vascular malformation may be secondary to
rupture of the lesion, the vascular steal phenomenon
(diversion of blood flow by the arteriovenous shunt
from normal surrounding areas, which subsequently
become ischemic), or to a mass effect.

The AVM is composed of abnormal arterial and
venous channels without an intervening -capillary
network. The brain tissue surrounding the abnormal
vessels frequently calcifies and shows hemosiderin-
laden macrophages. There is frequently calcification of
vessel walls that increases with age [1,2].

Fig. 5.1-1. Arteriovenous malformation (AVM). Note the
tangle of abnormal vessels on the brain surface.

Vein of Galen aneurysm (VGA) is an aneurysmal
dilatation of the vein of Galen caused by direct shunting
of arterial blood through an AVM into the deep venous
system. The VGA causes high-output cardiac failure in
neonates; hydrocephalus and seizures in older infants;
and hemorrhage in older children.

Cavernous hemangiomas (sometimes called “caver-
nomas” in the clinical literature) are a mesh of venous
channels of various size, back to back, without interven-
ing brain tissue. There may be multiple hemangiomas.
The adjacent brain is gliotic and frequently shows hemo-
siderin-containing macrophages and eosinophilic gran-
ular bodies. Some cases are familial and are associated
with mutations of KRIT [3-5].

Fig. 5.1-2. AVM. Microscopic view of abnormal vessels, with
arterialization of the vein in the arteriovenous shunt. Elastica-
van Gieson.
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Fig. 5.1-3. Vein of Galen aneurysm (VGA). VGAs exhibit
massive dilatation of the vein and of associated draining
vessels. They show fibrous intimal hyperplasia and arterializa-
tion by elastic tissue. There are usually mural thrombi formed
on their walls.

Fig. 5.1-4. VGA. Microangiography of a vein of Galen aneu-
rysm shows associated abnormal draining veins.

Fig. 5.1-5. VGA. Ischemic lesions (caused by the steal phe-
nomena) with gliosis and calcification in periventricular white
matter. H&E.

Fig. 5.1-6. VGA. Magnetic resonance imaging (MRI) angiog-
raphy showing a vein of Galen aneurysm and associated
abnormal draining veins. Ultrasonography also demonstrates
VGA as an enlarged, echoic vessel in which pulsations are
demonstrable in the mass.
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5.2 Aneurysm

In adolescents and young adults (<20 years of age),
berry, or saccular, aneurysms become more important
than AVMs as a cause of primary intracranial hemor-
rhage. The aneurysm shows a deficiency of elastic and
muscle tissue with dilatation of the collagenous vessel
wall. There is an association between polycystic kidney,
coarctation of the aorta, and cerebral aneurysms. Some
are familial [6].

Dissecting aneurysms, with extravasation of blood
into the arterial wall usually between the intima and the

media, may occur in the neck arteries following trauma
or in intracerebral arteries near bifurcation sites where
there are subintimal defects in the vessels walls.
Mycotic aneurysms originate when microbe-carrying
emboli (usually from the heart) lodge in a cerebral
vessel and produce a pyogenic infection in the arterial
wall, causing weakness, distension, and rupture [7].

Fig. 5.2-1. Aneurysm in the origin of the right middle cerebral
artery.

Fig. 5.2-2. Dome of a saccular aneurysm. Histology reveals
vascular dilatation, irregular thinning of the wall, and absence
of elastica in the wall. Gomori trichrome stain.
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Fig. 5.2-4. Aneurysm (berry) in the basilar artery.

Fig. 5.2-3. Aneurysm (berry) at the bifurcation of the right
middle cerebral artery.
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Fig. 5.2-5. The base of the aneurysm. Histology of the aneu-

rysm in 5.2-4 shows intimal thickening and splitting of elastica. ~ Fig. 5.2-6. Mycotic aneurysms occurring in intracerebral
Elastica-van Gieson. arteries following embolization of infected cardiac lesions.

The aneurysms have ruptured producing subarachnoid
hemorrhage.
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5.3 Moyamoya Disease

Moyamoya disease, first noted in Japanese patients in
1957, is characterized by occlusive or stenotic lesions at
terminal portions of the internal carotid arteries with
prominent evolution of collateral vascular networks
(moyamoya vessels) at the base of the brain [8]. It may
occur as a primary or secondary phenomena (in neuro-
fibromatosis-1, tuberous sclerosis, Marfan’s syndrome,
Alpert’s syndrome, sickle cell anemia, Fanconi’s anemia,
and Schimke’s immunoosseous dysplasia). It presents as
a hemispheric stroke in children and subarachnoid hem-
orrhage in older persons. Recent genetic studies suggest
that some responsible genetic foci are in chromosomes
3,6,8, and 12 [9].

Fig. 5.3-1. Moyamoya disease, showing fatal brain swelling
from edema.

The neuropathology, of unknown pathogenesis, shows
lesions in the circle of Willis. The walls of arteries are
thick with marked fibrocellular thickening of the intima,
splitting of the elastic lamina, and thrombus formation
in the internal carotid arteries, posterior communicating
arteries, and posterior cerebral arteries. There is no
inflammation.

Fibromuscular dysplasia is a disease of arteries with
anomalous increases and arrangements of elastic, colla-
gen, and muscle, producing stenosis and poststenotic
aneurysms. The etiology is not defined, although genet-
ics, trauma, hormones, and viral factors have been impli-
cated [10].

Fig. 5.3-2. Moyamoya disease with ischemia and hemorrhage
in the ventricle and white matter.



Moyamoya Disease 117

Fig. 5.3-4. Moyamoya disease. The artery of the circle of Willis
exhibits thickening of the intima and lack of internal elastic
lamina. Elastica-van Gieson.
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Fig. 5.3-3. Moyamoya disease with stenotic middle cerebral
arteries.

Fig. 5.3-5. Moyamoya disease. Note the cortical necrosis in
the occipital lobe.

Fig. 5.3-6. Moyamoya disease. Cerebral angiography shows
marked moyamoya vessels (puff of smoke) in thalamostriatal
regions on the left.
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5.4 Cavernous Hemangioma and Pediatric Strokes

Infarcts and ischemic lesions in children usually present
as strokes. Arterial ischemic stroke near birth is recog-
nized in 1/4000 full-term infants, with seizures being a
common presentation. In one study, 5.4% of 600 infants
examined at autopsy showed cerebral infarcts. Some of
the infarcts occur in utero; however, the histological
evolution of the lesions is similar to that in the mature
brain [11]. The most common causes of stroke include
sepsis, embolization, and disseminated intravascular
coagulation (DIC). Term neonates are more frequently
affected than preterm babies. With survival, the child
may exhibit clinical syndromes related to porencephaly,
such as hemiplegia, seizures, or mental retardation. In
older children, hematological and metabolic diseases
(e.g., sickle cell disease and homocystinuria) are risk
factors for stroke.

Fig. 5.4-1. A MRI (FLAIR) demonstrates a cavernous hem-
angioma in right temporal lobe of a patient being worked up
for selzures.

Classification of Vascular Diseases
Responsible for Pediatric Strokes

1. Thromboembolic factors: moyamoya disease; cardio-
genic embolism; fibromuscular dysplasia; venous
thrombosis; atherosclerosis

2. Vasculitis: systemic vasculitis; drug-associated vascu-
litis; central nervous system (CNS) angitis; postinfec-
tious vasculitis [12]

3. Human immunodeficiency virus (HIV)-associated
vasculitis

4. Hematological and metabolic diseases inducing vas-
cular disease (e.g., protein C deficiency, sickle cell
disease, homocystinuria)

Fig. 5.4-2. Cavernous hemangioma. Whole mount of lesion in
Fig. 5.4-1. Left. It shows the vascular malformation to be a
“mulberry” of abnormal venoas vessels. H&E. Right. Iron
stain shows the hemosiderin deposition in the adjacent brain
and correlating with the dark rim on MRI studies. Perls iron
stain.
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Fig. 5.4-3. Multiple infarctions in the brain associated with Fig. 5.4-4. Postmortem angiography (same case as in 5.4-3)

cyanotic congenital heart disease (tricuspid atresia) at 1 year reveals multiple infarctions. There are tortuous, enlarged

of age. vessels and an increased number of small vessels in the cere-
bral hemispheres.
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Fig. 5.4-5. Acute stroke in territory of right anterior and
middle cerebral arteries.

Fig. 5.4-6. Cerebral infarction in a case of a ventricular septal
defect (upper). Postmortem angiography of the case. There are
multiple foci of unfilled vessels in the cortex and white matter
(bottom).
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5.5 Venous Thrombosis (Septic/Other)

Venous thrombosis is usually secondary to electrolyte
imbalance, leptomeningitis, disseminated intravascular
coagulation, leukemia, sickle cell disease, congenital
heart disease, or nutritional disturbances causing dehy-
dration [13-15].

Thrombosis commonly occurs in the superior sagittal
sinus (posterior part) with propagation into the adja-
cent superficial cerebral veins. When cerebral veins are
involved, there is marked cerebral congestion, which
may lead to subarachnoid hemorrhage and hemorrhagic
infarction of the brain. Thrombosis of the deep cerebral
veins is less common.

The pathogenesis of thrombosis or coagulation
involves interaction of platelets with a platelet-
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Fig. 5.5-1. Sagittal sinus thrombosis with subarachnoid
hemorrhage.

aggregating factor, factor VIII or von Willebrand’s
factor. When there is a deficiency of proteins that nor-
mally limit coagulation and promote fibrinolysis, dan-
gerous thrombi may form. Such hypercoagulable states
are present when infants have inherited deficiencies of
protein C, protein S, or antithrombin I1I or when infants
have anti-phospholipid antibodies.

Pathology shows microthrombi in small channels with
microvascular endothelial proliferation in the cortex
and deep central gray matter, sparing the white matter.
Phlebothrombosis can involve both the cerebellar and
cerebral hemispheres.

Fig. 5.5-2. Sagittal sinus thrombosis in a coronal section at the
level of the mammillary body, showing edema and subepen-
dymal venous dilatation.
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Fig. 5.5-3. Sagittal sinus with thrombus.

Fig. 5.5-4. Sagittal sinus thrombosis, microscopic view. H&E.

Fig. 5.5-6. Postmortem angiography of the case in 5.5-5 sug-
Fig. 5.5-5. Venous thrombosis, with a hematoma in the tem-  gests loss of blood flow in the temporal lobe, deformity of the
poral lobe of a term neonate. cerebral hemispheres, and dilatation of the lateral ventricle.
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6.1 Cerebral Edema

Cerebral edema, alterations in the amount or the site of
brain water, is caused by brain injuries, infection, intoxi-
cation, and metabolic encephalopathies. It has been
classified as being vascular/interstitial or toxic/cytoplas-
mic. Excessive brain edema produces increased intra-
cranial pressure, which may cause brain herniation, with
displacement of tonsilar, uncal, or cingulate brain tissues
into the foramen magnum, posterior fossa, or below the
falx, respectively. The herniated brain tissues can com-
press and interfere with regions of vital brain function
(i.e., the brain stem). The gross deformations of brain
herniations are not obvious in the brain of an infant
with nonfused skull sutures, but the detrimental
pressure effects of excessive brain edema may still
operate [1].

Fig. 6.1-1. Brain edema with swollen gyri and narrowed
sulci.

Comparison of Vasogenic Edema and
Cytotoxic Edema: Mechanism and Causes

Vasogenic edema: blood brain barrier is damaged by
tumor, hematoma, abscess, contusion producing
extravasation of plasma-like fluid, with swelling of
astrocytic foot processes and myelin sheaths.

Cytotoxic edema: cellular membrane transporters are
disturbed by ischemia causing impairment of
cellular oxygenation, Na-K distribution, cytoplasmic,
hydropic swelling and infarction

Fig. 6.1-2. Brain edema with narrowing of the lateral and
third ventricles and flattening of the gyri. There is grooving of
the hippocampi.
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Fig. 6.1-3. Brain edema with cerebellar tonsilar herniation.

Fig. 6.1-4. Brain edema with cerebellar tonsilar herniation.

Fig. 6.1-5. Sagittal section of the brain with brain edema. Note
the narrowing of the fourth ventricle. Sudden death and resus-
citation occurred at 6 months of age.

Fig. 6.1-6. Striatal necrosis in the case shown in 6.1-5.
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6.2 Sequelae of Hypoxic Encephalopathy During Childhood

Hypoxia is defined as a reduction of oxygen supply or
of its use so normal cellular metabolism is not main-
tained. Hypoxia is classified as Aypoxic when the oxygen
supply is impaired, anemic when the blood oxygen
transport is impaired, or histotoxic when the tissue uti-
lization of oxygen is impaired. The newborn brain is less
vulnerable to hypoxia than the mature brain. The normal
brain compensates for hypoxemia so if blood flow is
maintained there may be little or no tissue damage. In
children this may be observed in the brain of drowning
victims and in those with sudden infant death syndrome.
Hypoxia may also occur with allergic reactions or respi-
ratory infections that produce respiratory arrest without
cardiac arrest. The brain injury is at the synaptic level
so good recovery is possible. When there is ischemia
with impaired blood supply, tissue injury occurs. This is
augmented if hypoxia is also present.

The tissue damage following a hypoxic/ischemic insult
in the brain may be selective neuronal necrosis (related
to excitotoxicity of glutamate on dendrites) or pan-

necrosis (when glia and blood vessels as well as neurons
become necrotic). The extent of the injury determines
the tissue response global or focal. Global ischemia
results in damage in specific locations of the brains of
children. In the cerebral cortex, cortical laminar necrosis
(causing necrosis of neurons in the middle layers of the
cortex) occurs predominantly in the arterial border
zones of the cerebral hemispheres. In the hippocampus,
neurons in CA/ are first affected by the ischemic insults,
sparing CA2. The basal ganglia are also damaged involv-
ing the corpus striatum or, specifically, the globus palli-
dus. The cerebellum can also show selected Purkinge
cell death or necrosis in the boundary zone (watershed)
between the cerebellar arteries.

Carbon monoxide (CO) poisoning combines anemic
hypoxia (by occupying hemoglobin-binding sites) with
histotoxic hypoxia (by binding to the iron in cells of the
globus pallidus), with ischemic or stagnant hypoxia
caused by the effect of CO on the heart [2].

Fig. 6.2-1. Globalischemia. Computed tomog-
raphy reveals calcification in injured areas.

Fig. 6.2-2. Focal hypoxic-ischemicinjury. The histological view
shows calcification at the site of the injury. H&E.
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Fig. 6.2-4. Bilateral parasagittal infarction with cortical necro-
sis in the watershed between the anterior and middle cerebral
arteries.

Fig. 6.2-3. Focal hypoxic-ischemicinjury. There is a vulnerable
region of hemorrhagic necrosis at the depth of the sulcus.
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Fig. 6.2-5. Cortical atrophy after cerebral infarction, predomi-
nantly in the perisylvian area.

Fig. 6.2-6. Hemorrhagic infarction in the basal ganglia and
thalamus in a sudden infant death case with failed attempts of
resuscitation.
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7.1 Tuberous Sclerosis Complex (Bourneville’s Disease)

Tuberous sclerosis (TS) is a dominantly inherited disor-
der that affects multiple organ systems [1-3]. The current
diagnostic criteriarequire TS complex-associated lesions
of two or more organ systems or two dissimilar
lesions of the same organ system. TS is sporadic in 60%—
70% of cases. Two genes have been identified: TSCI
(hamartin) located at 9q34 and TSC2 (tuberin) located
at 16p13.3 [4]. The genes have tumor-suppressing activ-
ity, but the pathogenesis of TS is not fully understood.

There are major and minor clinical features involving
numerous systems: skin, retina, heart, kidney, lung, and

brain. Predominant neurological manifestations include
mental retardation, epileptic seizures, and behavioral
abnormalities, although there are also patients with no
neurological impairment. The brain lesions, when
present, probably result from altered migration of
neurons and abnormal proliferation of glial elements.
The lesions of TS include subependymal nodules, corti-
cal hamartomas, areas of focal cortical hypoplasia, dys-
plasia, heterotopic gray matter, balloon cell changes in
indeterminate astrocytes/neurons, and subependymal
giant cell astrocytoma.

Fig. 7.1-1. Tuberous sclerosis. The nodules of tubers are seen
on the ventricular wall.

Fig. 7.1-2. Tuberous sclerosis with bilateral periventricular
nodules on the wall and over the basal ganglia. They are com-
posed of giant astrocytes or elongated fibrillary pilocytic astro-
cytes and interstitial calcifications.



Fig. 7.1-3. Tuberous sclerosis. Computed tomography (CT)
reveals the characteristic feature of multiple calcifications in
the ventricular wall.

Fig. 7.1-5. Tuberous sclerosis. Balloon cells are in the cortical
tuber, which is associated with giant astrocytes, gross distur-
bances of cell architecture, and dysplastic neurons of giant
size.
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Fig. 7.1-4. Tuberous sclerosis. Left. Whole mount of cerebral
hemisphere with cortical tubers and a periventricular giant
cell astrocytoma. LFB stain reveals focal pallor of white matter
and nonstaining of the nodule and tumor. Right. Holzer stain
shows fibrillary astrogliosis in the cerebral cortex, white
matter, and nodules with tumor in the ventricular wall.

Fig. 7.1-6. Tuberous sclerosis. Nestin immunohistochemistry
shows a positive reaction in balloon cells.
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7.2 Neurofibromatosis 1 (von Recklinghausen’s Disease)

Neurofibromatosis 1 (NF1) is a relatively common
(about 1/3500-4000 persons) autosomal dominant neu-
rocutaneous syndrome [5]. Approximately 50% of these
NF1 individuals present with new mutations. The gene
NF1I is on 17q; and its protein, neurofibromin [6,7], has
a complex role in intracellular signaling that is being
actively investigated.

Cutaneous Manifestations

Cafe-au-lait spots are present.

Ocular Manifestations

Patients have pigmented iris hamartomas (Lisch
nodules).

Neurological Manifestations

The lesions tend to develop over time: peripheral neu-
rofibromas, plexiform neurofibromas, hamartomas, and

Fig. 7.2-1. Neurofibromatosis 1 (NF1). The brain of von Reck-
linghausen’s disease is sometimes megalencephalic or associ-
ated with glioma.

glial tumors of the central nervous system (CNS). Mul-
tiple neurofibromas grow along the major peripheral
and autonomic nerves and near their terminations in the
dermis and viscera. Peripheral nerve sheath tumors
rarely progress to malignant peripheral nerve sheath
tumors. The CNS tumors consist of optic nerve glioma,
astrocytomas or glioblastomas in the third ventricle,
cerebellum, or spinal cord. Periventricular “bright spots”
are identified in imaging studies and may indicate
dysplasia.

Osseous Lesions

Osseus lesions include dysplasias of the skull and long
bones, absence of the sphenoid, vertebral scalloping,
scoliosis, and thinning of long bones.
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Fig. 7.2-2. Deformed aqueduct and colliculi in the midbrain.
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Fig. 7.2-3. Astrogliosis around the aqueduct in the same case

as Fig. 7.2-2. Holzer stain. Fig. 7.2-4. Leptomeningeal astroglial heterotopia is demon-
strated in the leptomeninges of the cerebellum. GFAP immu-
nohistochemistry [2].

Fig. 7.2-5. Plexiform neurofibroma. - 1.9
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Fig. 7.2-6. Magnetic resonance imaging (MRI) in a 9-year-old
child with von Recklinghausen’s disease shows a high-
intensity reaction (bright spots) in the thalamus. This high
intensity may be identified in the basal ganglia, brain stem, or
cerebellum.
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7.3 Sturge-Weber Syndrome

Sturge-Weber syndrome is a neurocutaneous disorder
that presents with a facial port-wine stain (a malforma-
tion of the blood vessels) in the ophthalmic division of
the trigeminal artery (and sometimes other branches)
and an angioma or capillary telangiectasia of underlying
vessels in the leptomeninges [8]. A vascular steal of
cerebral blood flow is created by these vessels of low
resistance, and ischemia develops in the underlying
brain, with the development of perivascular calcifica-

tions and laminar necrosis. There may be a severe seizure
disorder, mental retardation, and/or glaucoma associ-
ated with this pathology. Hemispherectomy of the cortex
with the hemangioma during infancy prevents seizures,
hemiparesis, and intellectual disabilities. There is no
known genetic association or family history of this dis-
order in patients with Sturge-Weber syndrome. Fibro-
nectin expression is increased in fibroblasts and brain
tissue of those with Sturge-Weber syndrome [9].

Fig. 7.3-1. Sturge-Weber syndrome. The cerebral hemisphere
was removed by surgical hemispherectomy.

Fig. 7.3-2. Leptomeningeal angiomatosis.
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Fig. 7.3-4. Calcification in the walls of an intracortical vessel
Fig. 7.3-3. Leptomeningeal angiomatosis (higher magnifica- and neurophil. H&E.
tion). Note the increased numbers of thin-walled dilated capil-
lary-like vessels. H&E.

Fig. 7.3-5. Radiograph of the brain exhibits calcification in the
gyri.

Fig. 7.3-6. Computed tomography demonstrates intracerebral
calcifications.
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7.4 Ataxia Telangiectasia

Ataxia telangiectasia is an autosomal recessive syn-
drome that begins during childhood. It is caused by a
range of mutations of a gene on 11q called ataxia-
telangiectasia mutated gene (ATM), which is normally
involved in the sensing of DNA damage, leading to its
repair. The clinical features include immunological
abnormalities, increased liability to malignancies, pro-
gressive cerebellar ataxia, and cutaneous and conjunc-
tival telangiectasias. There is increased o-fetoprotein
and chromosomal fragility [10,11].

The pathology of the brain consists of atrophy of the
cerebellar cortex, predominantly in the vermis. The
Purkinje cells have cytoplasmic or dendritic inclusions,

anomalous dendritic arborization, and axonal swelling
(torpedoes). There is gliosis in the cerebellar white
matter and neuronal loss in the dentate nucleus and
inferior olives. There is degeneration of the posterior
columns and loss of satellite cells of the dorsal root
ganglia. Most tissues exhibit bizarre, large irregular
nuclei. There is a reduction of lymphoid tissue. ATM
protein is normally detected in the cerebellar cortex, but
not the cerebral cortex, at the late gestational stage.
Cerebellar neurons, particularly Purkinje cells, express
marked ATM immunoreactivity during the late prenatal
and early postnatal periods, followed by persistent mod-
erate reactivity [12].

Fig.7.4-1. Ataxiatelangiectasia. Sagittal view from the midline
of the brain revealing cerebellar atrophy.

Fig. 7.4-2. Ataxia telangiectasia. This is the cerebellar vermis,
demonstrating marked atrophy of the folia and decreased
myelin in the white matter. LFB.
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Fig. 7.4-3. Ataxia telangiectasia. There is Purkinje cell loss in
the cortex, enlargement of sulci, and vascular dilatation in the
leptomeninges. H&E.

Fig. 7.4-4. Ataxia telangiectasia. Note the torpedo formation
in the axon of a degenerating Purkinje cell. Bodian stain.

Fig.7.4-5. Ataxiatelangiectasia. Cerebellar hemisphere, ATM . )
immunoreactivity. Lefr. Negative for ATM reactivity. Right. Fig 7:4-6. Thymus shows marked atrophy with decreased
Normal for ATM reactivity. thymus cells and absence of Hassel bodies. H&E.
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8.1 GM, Gangliosidoses

GM,; gangliosides accumulate in lysosomes secondary
to a deficiency of acid B-galactosidase. The increased
GM, gangliosides in cell membranes cause abnormal
neuronal growth and synaptic dysfunction. There is a
severe infantile type (with bony and visceral involve-
ment) and milder juvenile and adult types.

The disease is an autosomal recessive disorder. The
locus for human B-galactosidase maps to chromosome
3g21. Its cDNA has been cloned, and many mutations
are appreciated [1-3].

GM, Gangliosidosis Type 1 (Infantile:
Norman-Landing Disease)

GM, gangliosidosis type 1 presents as failure to thrive,
hepatosplenomegaly, skeletal and facial dysmorphism,
psychomotor retardation, and death before the second
birthday. Pathology examination reveals atrophy that is
prominent in the cerebral cortex and cerebellar folia.
There is ballooning of neuronal cytoplasm by the stored
lipid. In the cerebellum, storage is in the dendrites of
Purkinje cells. Later in the course, there is neuronal loss

with gliosis. EM reveals membranous bodies in the cyto-
plasm of neurons.

GM, Gangliosidosis Type 2 (Late-Infantile
and Juvenile: Derry’s Disease)

GM,; gangliosidosis type 2, a late-infantile disorder,
presents with progressive mental and motor retardation
between 1 and 5 years of age. Seizures are common, and
spastic quadriplegia develops with cerebellar and extra-
pyramidal signs. Decerebrate rigidity follows, with death
occurring at 3-10 years of age. There are no visceral
signs.

GM; Gangliosidosis Type 3 (Adult)

The adult form of the disease, GM; gangliosidosis type
3, begins during late childhood with weakness, ataxia,
dysarthria, myoclonus, and parkinsonian signs. Cogni-
tive impairment is lacking or mild. A common mutation
has been described among type 3 cases [4].

Fig. 8.1-1. GM, gangliosidosis type 1. The cortex (leff) displays
many ballooned neurons containing lipid. The white matter
(right) shows a loss of myelin. LFB.

Fig. 8.1-2. There is marked fibrillary astrogliosis in the cere-
bral white matter. Holzer method.
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Fig. 8.1-3. Note the neuronal ballooning in the globus palli- Fig. 8.1-4. The cerebellum exhibits neuronal loss and
dus. Glial cells also contain stored lipid and are stained by astrogliosis. The preserved Purkinje cells are atrophic.
LFB. H&E/LFB.

Fig. 8.1-5. Ultrastructure of neuronal cytoplasm shows abnor-
mal curved laminar profiles of the stored lipid.

Fig. 8.1-6. Magnetic resonance imaging (MRI) shows the high
intensity of the gliotic cerebral white matter on FLAIR
imaging.
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8.2 GM, Gangliosidosis

The GM, gangliosidoses are autosomal recessive disor-
ders caused by failure of the B-hexosaminidase system.
GM, accumulates in neurons, causing progressive mental
and motor deterioration. There are three polypeptides
in the B-hexosaminidase system: hexosaminidase A with
o and [ subunits; hexosaminidase B with two B subunits;
and hexosaminidase S with two o subunits. Mutations
in the subunits lead to various forms of GM, gangliosi-
dosis. The clinical features are essentially identical
[3,5].

GM, Gangliosidosis Type 2
(Tay-Sachs Disease)

A deficiency of the a-subunit causes severe psychomo-
tor retardation beginning at 4-5 months. The subunit o
locus maps to chromosome 15 (15q22-q25.1). Pathology
evaluation shows that the firm cerebrum may be micro-
cephalic or megalencephalic. There is neuronal swelling
and astrocytic hyperplasia. The white matter degener-
ates, becoming gelatinous. Microglial cells stain strongly
with LFB and Sudan black B.

Fig. 8.2-1. GM, gangliosidosis (Tay-Sachs disease). The cere-
bral hemisphere is atrophic and shows diffuse demyelination
in the white matter. The cerebral cortex is thin with laminar
necrosis. Ventricles are dilated.

GM, Gangliosidosis Type 0
(Sandhoff Disease)

A deficiency of the subunit 3 affects hexosaminidase A
and B. Hexosaminidase -subunit locus maps to chro-
mosome 5 (5q13).

GM, Gangliosidosis Type AB

With GM, gangliosidosis type AB, there is a deficiency
of the GM, activator protein. Hexosaminidase A and B
are normal or elevated. The GM, activator protein is
encoded on chromosome 5.

GM, Gangliosidosis Type B;

With GM, gangliosidosis type B, there is normal syn-
thesis of o subunits, but catalysis of GM, is defective
and storage results.

GM, Gangliosidosis: Adult Form

The adult form of GM, gangliosidosis is caused by
marked deficiency of hexosaminidase associated with
point mutations in the o subunit coding region.

Fig. 8.2-2. The cerebellum shows distended lipid-containing
granular neurons and axons, loss of Purkinje cells,and Bergman
glia proliferation in the cortex. H&E/LFB. The cerebellum and
brain stem are atrophic.



GM, Gangliosidosis 143

-

Fig. 8.2-3. Cerebellar cortex, at higher magnification, displays

Fig. 8.2-4. Ballooned neurons in the sensory ganglion. H&E.
ballooned neurons and axons. H&E/LFB.

Fig. 8.2-5. Golgistain defines the abnormal ballooned neurons  Fig, 8.2-6. Computed tomography (CT) of a patient with Tay-
of the “meganeurites.” There is aberrant dendrite formation.  Sachs disease exhibiting atrophy of gyri and low density in the
Golgi stain. cerebral white matter.
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8.3 Gaucher’s Disease

Gaucher’s disease is caused by a deficiency of glucocer-
ebrosidase, with resulting storage of glucocerebroside.
Clinically, there are neuropathic and nonneuronopathic
forms. Type 1 (chronic or adult nonneuronopathic), the
most prevalent form, occurs from birth to adulthood,
presenting with splenomegaly, hypersplenism, and bone
necrosis. Type 2 (acute or infantile neuronopathic) is a
rapidly progressive neurovisceral storage disease that
occurs before 6 months of age. It presents with spastic-
ity, extrapyramidal signs, and cranial nerve involvement.
Type 3 (subacute or juvenile neuronopathic) develops
during the first decade of life with hepatosplenomegaly,
ataxia, myoclonus, seizures, and spasticity.

Pathology

In type I, there may be perivascular Gaucher cells in
Virchow-Robin spaces. In fype 2, there is no evidence

Fig. 8.3-1. Gaucher’s disease type 1. Gaucher cells in bone
marrow. H&E.

of neuronal storage; but prominent neuronal loss, neu-
ronophagia, and gliosis are present in the basal ganglia
and brain stem. There is mild neuronal loss in cortical
layers 3 and 5. Electron microscopy (EM) has revealed
tubular and fibrillary inclusions in neurons. In type 3, the
changes described in type 2 are present but less
severe.

Genetics

This disorder is autosomal recessive. The gene locus for
human glucocerebrosidase is located on chromosome
1q21-q31 [6,7].

Fig. 8.3-2. Gaucher cells in spleen. H&E.
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Fig. 8.3-4. Isolated Gaucher cells in vessels of the cerebral

Fig. 8.3-3. Gaucher cells in lymph node tissue. H&E. cortex. PAS.

Fig. 8.3-5. Higher magnification of Gaucher cells in the cortex.
PAS.

Fig. 8.3-6. EM of a 9-month-old boy shows
twisted tubular structures in a Gaucher cell.
Other storage materials appear as variously sized
membrane-bound round to ovoid inclusions.
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8.4 Niemann-Pick Disease

There are four types of Niemann-Pick disease, a sphin-
gomyelin-cholesterol lipidosis. Types A and B have defi-
cient sphingomyelinase activity [8], whereas types C and
D have normal or mildly reduced activity [9]. Type A
disease has infantile, late infantile or juvenile, and juve-
nile forms with massive hepatosplenomegaly; lung, eye,
and bone storage; and rapidly progressive neurological
symptoms. Type B has hepatosplenomegaly but no
central nervous system (CNS) involvement.

Pathology

With type A, the brain is atrophic with neuronal storage
and foam cells in the leptomeninges and perivascular
spaces. There is neuronal loss in the cerebral and cere-
bellar cortex, basal ganglia, brain stem, and spinal cord.
There may be neuroaxonal dystrophy and white matter
degeneration. Lipid-containing foam cells are found in
most organs. EM shows cytoplasmic inclusions. Type B
has severe visceral involvement but no CNS changes.

Genetics

Type A and B are autosomal recessive, caused by
mutations in the acid sphingomyelinase gene at
11p15.1-15.4.

Niemann-Pick type C (NPC) is caused by abnormal
trafficking of intracellular cholesterol. Two genetic
groups, NPCI and NPC2, are defined. The gene NPC-1
is on chromosome 18q11.

Niemann Pick type D (Nova Scotia variant) is allelic
with type C. The ages and presentations vary. The com-
monest presentation is a late-infantile/juvenile disorder
with visceromegaly, ataxia, poor school performance,
seizures, and supranuclear gaze palsy.

Pathology

Enlarged organs contain foamy macrophages, which
may contain basophilic granules (sea-blue histiocytes).
The liver in infantile cases resembles that seen with
giant cell hepatitis. The brain is atrophic, particularly the
cerebellum. Neurons are swollen with PAS- and LFB-
positive storage products and may exhibit neurofibril-
lary tangles and neuroaxonal dystrophy. EM shows
polymorphous cytoplasmic bodies [3].

Fig. 8.4-1. Niemann-Pick disease. Cerebral cortex and white
matter show PAS-positive storage material. The stored mate-
rial stains as a lipid.

Fig. 8.4-2. Niemann-Pick cells in neurons of a nucleus of the
medulla. H&E.
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Fig. 8.4-3. The retina, with storage and loss of ganglion cells. Fig. 8.4-4. Gross brain shows atrophy with ventricular
The spinal ganglia, roots, autonomic ganglia, and peripheral dilatation.

nerves may undergo morphological changes similar to those

of the CNS. H&E.

Fig. 8.4-5. Niemann-Pick foam cells in the spleen. H&E. Fig. 8.4-6. EM shows cytoplasmic inclusions described as
polymorphic cytoplasmic bodies, oligomembranous bodies,
spherical membranous sacs, or multilamellar bodies consisting
of laminated membranes with some electron-dense cores and
amorphous electron-dense material similar to lipofuscin.
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8.5 Neuronal Ceroid Lipofuscinosis

The commonest storage disorder affecting the brain and
eyes results from storage of ceroid/lipofuscin material.
Neuronal ceroid lipofuscinosis (NCL) is autosomal
recessive, and its genetic classification includes eight
loci.

Infantile NCL1 (Haltia-Santavuori Disease,
Infantile Batten Disease)

Infantile NCL1 begins during infancy as psychomotor
retardation, blindness, and seizures. There is brain
atrophy (weight is 200400 g) with shrinkage of the cor-
tical gyri and cerebellar folia. The brain stem is spared.

Fig. 8.5-1. Ceroid lipofuscinosis. Late infantile type. The brain
shows diffuse, marked atrophy.

Skull and dura are thick with a subdural gelatinous
layer. Neurons contain autofluorescent granular mate-
rial in the cytoplasm with histochemical characteristics
of lipofuscin or ceroid. EM of all organs shows osmo-
philic globules with a granular matrix (granular osmo-
philicdeposits,or GRODs). They may be asingle globule
(0.5um) or aggregates of globules (3 um) surrounded by
a unit membrane with acid phosphatase activity.
GRODS differ from lipofuscin in that they have no
electron-lucent vacuoles. The defective gene is on chro-
mosome 12p32. The gene product is palmitoyl-protein
thioesterase, and the GRODs contain syphingolipid
activator proteins A and D and fatty acid thioesters
[3,10,11].

Fig. 8.5-2. Late infantile type. Coronal sections of the cere-
brum show marked atrophy with sulcal and ventricular
dilatation.
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Fig. 8.5-3. Late infantile type. There is an accumulation of
lipid in the cytoplasm of cortical neurons. H& E/LFB. Cortical
neurons show accumulation of granular material in the neu-
ronal cytoplasm without a ballooning effect.

Fig. 8.5-4. Late infantile type. Neurons exhibit
autofluorescence.

Fig. 8.5-5. Late infantile type. The cerebellar cortex shows loss
of Purkinje cells and granular cells with astrogliosis. H&E.

Fig. 8.5-6. Juvenile type. EM of sclera shows fingerprint
inclusions.
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8.6 Neuronal Ceroid Lipofuscinosis

Late Infantile CLN2, CLN5, CLN6, and
CLN7 (Jansky-Bielshowsky Disease or
Late-Infantile Batten Disease)

With late infantile CLN2, CLN5, CLN6, and CLN7
disease, regression begins at 18 months to 4 years, with
refractory seizures, impaired vision, spastic tetraplegia,
and bulbar paralysis; death occurs at 4-10 years. The
cerebellum is most affected. The deposits are yellow
with H&E and are PAS-, Sudan black-, and luxol fast
blue-positive. Autofluorescence is yellow, not the normal
orange. EM reveals curvilinear bodies (0.2-1.0um) in
membrane-bound clusters. Granular or fingerprint
inclusions may be present. There is storage of subunit C
of mitochondrial ATP synthetase caused by defects in
(1) CLN2 (11pl5), associated with gene product
pepstatin-insensitive peptidase; (2) CLN5 (13q22),
with the gene product membrane protein; or CLN6
(159-21-23), coding for unknown product or defects in
CLN?7, an unknown gene.

Juvenile CLN3 (Batten-Spielmeyer-Vogt
Disease, Juvenile Batten Disease)

With juvenile CLN3, the degree of atrophy is propor-
tional to the disease duration. There are vacuolated
lymphocytes. EM reveals that all cells show fingerprint
inclusions. The involved gene is on chromosome 16p12;
the product is lysosomal membrane protein. The storage
material is also subunit C.
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Fig. 8.6-1. Ceroid lipofuscinosis, juvenile type. The cerebral
cortex shows cytoplasmic ceroid lipid (ceroid lipofuscin)
deposition. LFB.

Adult CLN4 (Kufs’ Disease;
Adult Batten Disease)

With adult CLN4 type A, there is progressive myoclonic
epilepsy with ataxia, behavioral disturbances, and late
dementia with rigidity. With adult CLN4 type B, there
is progressive dementia with cerebellar and extrapyra-
midal disease.

Pathology

Cerebral atrophy occurs predominantly in the frontal
lobes; there are no vacuolated lymphocytes. EM reveals
curvilinear bodies, fingerprint bodies, and rectilinear
profiles.

Genetics

There are two forms: autosomal recessive and autoso-
mal dominant. Northern epilepsy CLN8 (variant NCL)
develops during childhood and has a genetic defect at
8p22.The storage materials are subunit C and sphingo-
lipid activator proteins A and D [3,10,11].

Fig. 8.6-2. Ceroid lipofuscinosis, juvenile type. EM shows cur-
vilinear osmophilic inclusions.
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Fig. 8.6-4. Western blotting of CLN2 in the developing cere-
bral cortex of human brains reveals a gradual increase of
CLN2 after 39 weeks’ gestation [10].

Fig.8.6-3. Ceroidlipofuscinosis, late infantile type. The rectum
shows foamy changes of Auerbach plexus neurons. H&E.

Fig. 8.6-5. Normal cerebral cortex shows positive expression

. Fig. 8.6-6. Ceroid lipofuscinosis, late infantile. The cortex
of CLN2 in neurons.

shows negative expression of CNL2 in neurons [1].
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8.7 Farber’s Disease, Wolman’s Disease, Fabry’s Disease

Wolman’s Disease

With Wolman’s disease, acid lipase deficiency, choles-
terol esters and triglycerides accumulate in cells. It is
symptomatic during the first weeks. Adrenals are calci-
fied. There is sudanophilic storage in the capillary endo-
thelium, neurons of the medulla, retina, Purkinje cells,
microglia, periadventitial macrophages, and astrocytes;
and there are foamy histiocytes in the leptomeninges
and choroid plexus. There is loss of cortical neurons,
delayed myelination, and diffuse gliosis. The disease is
autosomal recessive (10g23.2-q23.3).

Farber’s Disease (Lipogranulomatosis)

A deficiency of acid ceramidase causes accumulation of
ceramide, producing five types of disease: type I (classic),
with deformed joints, subcutaneous nodules, and hoarse-
ness beginning at age 2 weeks to 4 months; types 2 and
3 (intermediate and mild), in which the nervous system
is slightly affected; type 4 (neonatal visceral), with hepa-
tosplenomegaly and severe psychomotor impairment

Fig. 8.7-1. Wolman’s disease. Adrenal glands (/eft). Choles-
terol storage in the liver (right). Sudan III. Lipid storage has
been ultrastructurally demonstrated in oligodendrocytes,
Schwann cells, and perineural and endoneural cells.

develop during the first weeks of life; type 5 (neurologi-
cal, progressive), with ataxia, loss of speech, progressive
quadriparesis, and seizures at 1.0-2.5 years. PAS-
positive material is stored in the neuronal cytoplasm of
the spinal cord, brain stem nuclei, basal ganglia, cerebel-
lum, cerebral cortex, retina, autonomic ganglia, and
histiocytes.

Electron microscopy reveals (1) a Farber body: a cur-
vilinear tubular (ceramide) structure consisting of two
dark lines separated by a clear space; (2) a Zebra body
caused by secondary accumulation of other lipids.

Ceramidase deficiency is autosomal recessive. The
acid ceramidase gene is at 8p22-21.2.

Fabry’s Disease

Fabry’s disease is an X-linked lysosomal disorder with
deficiency of [-galactosidase, causing storage of
glycosphingolipids, especially globotriaosylceramide, in
cells with resulting renal, cardiac, and cerebrovascular
complications in homozygous males and some
heterozygous females [3,12].

Fig. 8.7-2. Wolman’s disease. Storage in the deep nucleus in
the medulla oblongata. H&E.



Fig. 8.7-3. Wolman’s disease. Storage in Purkinje cells of the
cerebellar cortex. H&E.

Fig. 8.7-5. Fabry's disease. Angiokeratoma.

Farber’s Disease, Wolman’s Disease, Fabry’s Disease 153

Fig. 8.7-4. Farber’s disease. EM of endomyocardial tissue. Vis-
ceral involvement with accumulation of storage material in
macrophages, which is usual in types 1 and 4 but inconstant in
type 5.

Fig. 8.7-6. Fabry's disease. Skin biopsy shows Sudan black B
(SBB)-positive glycosphingolipid storage. Left. H&E. Right.
SBB.
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9.1 Galactosialidosis

Galactosialidosis (o-neuraminidase deficiency + galac- loss in optic nerves, thalamus, globus pallidus, brain
tosidase deficiency with defective protective protein) stem, and cerebellum with neuronal storage in Betz
has congenital (severe resembling sialidosis type 2), cells, basal forebrain, cranial nerve nuclei, anterior
infantile (mild), and juvenile-adult forms. There are horns, and ganglia. Electron microscopy (EM) shows
dysmorphic features, hepatosplenomegaly, psychomo- variable shapes of storage material. The disorder is
tor retardation, macular cherry-red spots, and myoclo- caused by a defective “protective protein” encoded on
nus. There is cytoplasmic vacuolization of many cell chromosome 20q13.1 and a resulting deficiency of f3-
types. Rare brain reports suggest atrophy and neuronal galactosidase and o-neuraminidase [1].

Table 9.1. Sialic acid disorders and oligosaccharidoses

Disease Enzyme defect Accumulating material Gene
Galactosialidosis Protective protein 1 Sialyl oligosaccharide, cathepsin A, 20q13.1
PPCA
Infantile sialic storage disease, Sialin (transporter protein) N-Acetylneuraminic acid, free sialic acid 6ql14-15
Salla disease

Sialuria UDP-GlacNAc2-epimerase Free sialic acid

a-Mannosidosis o-Mannosidase Mannose-rich 19p13.2-12

B-Mannosidosis B-Mannosidase Mannose-rich 4q21-q25

Fucosidosis o-Fucosidase Glycoproteins, glycolipids oligosaccharide 1p34
FUCA1

Aspartylglucosaminuria Aspartylglucosaminidase Glycoasparagine 4p34-35

Schindler disease o-N-Acetylgalactosaminidase Glucoconjugates 22q13.1-13.2

Fig. 9.1-1. Galactosialidosis. Neuron with ballooning and

accumulation of PAS-positive material in glial cells. Fig. 9.1-2. Neurons with ballooning of cytoplasm in the

inferior olivary nucleus. H&E.
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Fig. 9.1-3. Left. Protective protein immunoreactivity is

positive in the anterior horn neurons of a normal spinal cord. ~ Fig. 9.1-4. Neurons showing lipid storage. H&E/LFB.
Right. Protective protein immunoreactivity is negative in the

anterior horn cells of the spinal cord from a 16-year-old child

with galactosialidosis.

Fig. 9.1-5. Lipid storage in the neurons of V motor nucleus.
(Courtesy of Dr. A. Kakita.)

Fig. 9.1-6. EM of parallel lamellar inclusions. (Courtesy of Dr.
A. Kakita.)
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9.2 | Cell Disease, Mucolipidosis Type 2

With I cell disease, the lysosomal enzymes are synthe-
sized normally but lack a recognition marker that targets
them to the lysosome so the enzymes are secreted into
body fluids. There is a defect in N-acetylglucosamine-1-
phosphotransferase, which normally attaches a phos-
phate group to a mannose chain of the lysosome
enzymes. Clinical and radiological features are similar
to those in Hurler syndrome, with early onset of an
abnormal face, thick skin, hernia, limited movements,
clubfeet, dislocated hips, kyphosis, hypotonia, hirsutism,
and mild to severe psychomotor retardation. There is
gingival hypertrophy, hepatosplenomegaly, frequent
cardiomegaly, and corneal opacities. There is a rapid
progressive course to death at 5-8 years of age.

Pathology

Intraneuronal lamellar bodies (inclusions) are found in
the spinal ganglia and anterior horn, and there are vacu-

Fig. 9.2-1. I-cell disease. Gross brain shows slight dilatation of
the sulci.

olated fibroblastsin the heart valves, kidney, lung, spleen,
glomerular epithelium, vascular walls, and periportal
spaces in the liver.

Genetics

The disorder is inherited as an autosomal recessive
disease. Three genetically distinct forms of I cell
disease have similar phenotypes. Mutations in the N-
acetylglucosaminyl-1-phosphotransferase ~ gene  at
4q21-q23 have been reported in one form [2,3].

Fig. 9.2-2. Coronal section of the cerebrum at the mammillary
bodies shows normal ventricles.
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Fig. 9.2-4. Perivascular PAS-positive macrophages in the
white matter.

Fig. 9.2-3. The brain stem and cerebellum appear normal.

Fig. 9.2-5. Vacuolated cells in the choroid plexus. Toluidine
blue stain of a thin section.

2 microns

Fig. 9.2-6. EM of cells showing vacuoles in the cytoplasm.
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9.3 Multiple Sulfatase Deficiency

The phenotype of multiple sulfatase deficiency
(MSD) is a combination of mucopolysaccharidosis and
metachromaticleukodystrophy. Itis caused by deficiency
of arylsulfatase A, B, and C and other sulfatases required
for the degradation of mucopolysaccharides. Sulfatides
and mucopolysaccharides accumulate in brain, liver,
kidney, and urine. Clinical features begin at age 1 with
neurological regression, unsteadiness, weakness, pyra-
midal signs, and peripheral neuropathy. The children
develop squints, decreasing higher cortical function,
myoclonus, and generalized seizures, quadriplegia, optic
atrophy, and pigmentary degeneration of the retina by
age 4 years. The face becomes coarse, and there is hepa-
tomegaly and dysostosis.

Pathology

There are the same lesions as metachromatic leukodys-
trophy and a mucopolysaccharidosis. There is symmetri-

Fig. 9.3-1. Multiple sulfatase deficiency. The cerebrum exhib-
its atrophy and demyelination.

cal demyelination in the white matter, massive neuronal
loss, and ballooned neurons containing PAS-positive
material, with zebra bodies seen on EM. There may be
meningeal thickening and hydrocephalus with cerebral
and cerebellar atrophy. Peripheral blood cells contain
metachromatic inclusions.

Genetics

There is a deficiency of arylsulfatase A (mapped to
chromosome 5), and iduronate and steroid sulfatase
(mapped chromosome X). Combined deficiencies in
various sulfatases could be explained by a defect in
some common post-translational process [2,3].

Fig. 9.3-2. Multiple sulfatase deficiency. Note the atrophic
pons and cerebellum with dilatation of the fourth ventricle
and obvious enlargement of the perivascular spaces.
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Fig. 9.3-4. Multiple sulfatase deficiency. Note the metachro-
matic substance deposits in the white matter. Acidic cresyl
violet stain.

Fig. 9.3-3. Multiple sulfatase deficiency. The cerebral white
matter exhibits deposition of metachromatic substance stained
with acidic cresyl violet.

Fig. 9.3-5. Multiple sulfatase deficiency. The peripheral nerves  Fig. 9.3-6. Sialic storage disease. Note the neurons with
exhibit deposition of metachromatic substance stained with  ballooning of cytoplasm in the lumbar ganglion. H&E.
acidic cresyl violet.
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9.4 Mucopolysaccharidoses

The mucopolysaccharidoses are inherited disorders
caused by specific enzyme defects in the degradation of
the glycosaminoglycans (mucopolysaccharides, or MPS).
The enzyme deficiencies result in the accumulation of
glycosaminoglycans in lysosomes of various tissues
and in excessive excretion of partially degraded
glycosaminoglycans in urine. There is multisystem
involvement, with organomegaly, dysostosis, abnormal
hearing, corneal clouding, joint stiffness, and cardiac
dysfunction.

Table 9.2. Enzyme defects in the mucopolysaccharidoses

Pathology

There is storage of MPS in the lysosomes of lympho-
cytes (Reilly bodies) and of liver. In the brain there is
both MPS storage in the perivascular space and ganglio-
side storage in neurons (mucolipidosis). Storage of MPS
in the connective tissue leads to hyalinization of colla-
gen, which leads to joint deformities, thickened menin-
ges, hydrocephalus, and compression of peripheral
nerves [3].

Disease Enzyme defect Glycosaminoglycan Gene
Hurler-Scheie o-L-Iduronidase Dermatan, heparan sulfates 4pl16.3
Hunter Induronate sulfatase Dermatan, heparan sulfates Xq28
Sanfilippo A Heparan sulfamidase Heparan sulfate 17q25.3
Sanfilippo B a-N-Acetylglucosaminidase Heparan sulfate 17q21
Sanfilippo C Acetyl-CoA-o-glucosamide-N-acetyltransferase Heparan sulfate

Sanfilippo D N-Acetylglucosamine-6-sulfate sulfatase Heparan sulfate 12q14
Morquio A Galactose-6-sulfatase Keratan, chondroitin sulfate 16q24.3
Morquio B B-Galactosidase Keratan sulfate 3p21.33
Maroteaux-Lamy Acetylglucosamine-4-sulfatase Dermatan sulfate 5q13-14
Sly Hyaluronidase Hyaluronan 3p21.-21.3

Fig. 9.4-1. Hurler’s syndrome. There is marked atrophy of the
cerebral hemispheres with ventricular dilatation. The perivas-
cular space is enlarged in the gray and white matter.

Fig. 9.4-2. Hurler’s syndrome. There is metachromatic
substance in the dilated perivascular space of the cerebrum.
Toluidine blue.
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Fig. 9.4-3. Hurler’s syndrome. Note the storage in bone

Fig. 9.4-4. Sanfilippo’s syndrome. There is neuronal balloon-
marrow macrophages.

ing with lipid in the cerebral cortex. LFB.

Fig. 9.4-5. Sanfilippo’s syndrome. Note the enlarged perivas-
cular space in the cerebral white matter. LFB.

Fig. 9.4-6. Sanfilippo’s syndrome (left) and Hurl-
er’ssyndrome (right). Magneticresonance imaging
(MRI) shows brain atrophy and linear high
intensity in the cerebral white matter, which
demonstrates an enlarged perivascular space in
the cerebral white matter. Left. Sanfilippo’s
syndrome (T,-weighted). Right. Hurler'ssyndrome
(T,-weighted).
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9.5 Sialidosis Type 2

Sialidosis Type 1 (Cherry Red
Spot—Myoclonus Syndrome)

Sialidosis type 1, caused by o-neuraminidase deficiency,
is classified as mucolipidosis type 1. The disorder begins
during late childhood with polymyoclonus, generalized
seizures, macular cherry red spot, visual difficulties, gait
disturbance, and delayed intellectual decline. Computed
tomography (CT) shows cerebral and cerebellar
atrophy.

Sialidosis Type 2 (Dysmorphic Group or
Lipomucosaccharidosis)

Sialidosis type 2 is an autosomal disorder with marked
o-neuraminidase deficiency characterized by neurologi-
cal, ocular, visceral, skeletal, and facial abnormalities.
There are three forms. The congenital form presents as
a stillborn infant with hydrops or as an infant with hepa-
tomegaly, skeletal dysplasia, ocular abnormalities, and
telangiectatic skin rash. In the infantile form, the dys-
morphic infant with organomegaly and severe psycho-

motor retardation may survive into the second year.
There are juvenile forms in which the child survives with
action myoclonus and myoclonic seizures, ataxia,
macular cherry red spots, and corneal clouding.

Pathology

There is cytoplasmic vacuolization in neurons, oligoden-
drocytes, vascular endothelial cells, and some cells of
visceral organs. The vacuoles are membrane-bound and
may contain a floccular material. Stacked lamellae or
myelin figures are reported in neurons of the brain stem,
spinal cord, and myenteric plexus. Other ultrastructure
reports include electron-dense bodies, lamellar inclu-
sions, reticulogranular materials, and lipofuscin. Loss of
neurons in brain and cerebellum has been described.

Genetics

Sialidosis is autosomal recessive, and its gene, NEUI, is
located on 6p21.3 [4].

Fig. 9.5-1. Sialidosis type 2. Facial appearance (note the
depressed nasal bridge).

Fig. 9.5-2. Periventricular calcification.
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Fig. 9.5-4. Cut surface of the kidney, which may show storage

Fig. 9.5-3. Choroid plexus with some vacuolated cells. H&E.  ij the tubular epithelium.

Fig.9.5-5. Spleen showing foamy histiocytes and lymphocytes. ~ Fig. 9.5-6. EM shows multiple vacuoles in the dorsal root
Toluidine blue. The vacuoles are stained with PAS and Alcian ~ ganglia, some continuing floccular material. x4000.

blue. The storage material is oligosaccharide with N-acetyl-

neuraminic acid.
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10.1 Pompe’s Disease

Pompe’s disease, the infantile form of generalized gly-
cogenesis (infantile type II glycogenesis), is an autoso-
mal recessive lysosomal glycogen storage disease. It
presents with early onset of cardiomegaly, hypotonia,
cerebral dysfunction, failure to thrive, and early death.
Lysosomal glycogen storage affects practically all the
tissues in the body and results from a defect of acid o-
1,4-glucosidase (or acid maltase). The acid a-glucosidase
locus has been localized on chromosome 17.

In Pompe’s disease, a large excess of glycogen is seen
in most tissues. Peripheral blood displays disease-
specific lysosomal inclusions in lymphocytes. PAS stain-
ingwith Best’scarminerevealssmall, discrete cytoplasmic
vacuoles, which disappear with diastase treatment.

Both the central nervous system (CNS) and periph-
eral nervous system (PNS) are involved in Pompe’s

disease. In the PNS, neuronal glycogen storage is most
prominent in the dorsal root ganglia, autonomic ganglia,
myenteric plexus neurons, and retinal ganglia cells.
Electron microscopy (EM) demonstrates lysosomal gly-
cogen in Schwann cells, mesenchymal cells, mural cells
of the vasculature, and perineural cells. Lipofuscin accu-
mulates with lysosomal glycogen in Schwann cells of
unmyelinated axons and choroidal macrophages of the
retina. In the CNS, neuronal glycogen storage is most
severe in anterior horn cells of the spinal cord and
motor nuclei of the brain stem (111 to XII). The neurons
are ballooned. The perikaryon has a PAS-positive gran-
ular appearance. Free and membrane-bound glycogen
is present in the cerebellum and parts of the basal
ganglia. The cerebral cortical neurons, Purkinje cells,
and granule neurons are relatively spared [1].

Fig. 10.1-1. Pompe’s disease. Spinal cord with PAS-positive
glycogen storage in the anterior horn cells.

Fig. 10.1-2. PAS glycogen storage in deep nuclei of the
cerebrum.
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Fig. 10.1-4. PAS-positive glycogen storage in neurons of the
molecular and internal granular cell layers of the
cerebellum.

Fig. 10.1-3. PAS-positive glycogen storage in cortical
neurons.

“'

Fig. 10.1-6. Glycogen deposits in muscle fibers disappear with
diastase treatment. PAS after digestion.

Fig. 10.1-5. Muscle showing increased glycogen accumulation.
PAS.
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Table 11.1. Classification of peroxisomal disorders [1]

Peroxisome biogenesis disorders (PBDs)
Zellweger spectrum
Zellweger syndrome (ZS)
Neonatal adrenoleukodystrophy (NALD)
Infantile Refsum disease (IRD)
Rhizomelic chondrodysplasia punctata (RCDP)
Single peroxisomal enzyme deficiencies
B-Oxidation of fatty acids
X-linked adrenoleukodystrophy (ALD)
Acyl-CoA oxidase (AOX) deficiency
D-Bifunctional protein (DBP) deficiency
Racemase deficiency
Ether phospholipid biosynthesis
Dihydroxyacetone phosphate (DHAP) acyltransferase
deficiency
Alkyl-DHAP synthase deficiency
o-Oxidation of fatty acids
Refsum disease (phytanoyl-CoA hydroxylase deficiency)
Hydrogen peroxide metabolism
Acatalasemia (catalase deficiency)
Glyoxylate detoxification
Hyperoxaluria type 1 (alanine glyoxylate aminotransferase
deficiency)
Glutaryl-CoA metabolism
Glutaric aciduria type 3 (glutaryl-CoA oxidase deficiency)
Isoprenoid biosynthesis
Mevalonate kinase deficiency
Contiguous gene syndrome
Contiguous ABCD1 DXS1357E deletion syndrome (CADDS)
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11.1 Zellweger's Syndrome

Zellweger’s syndrome is an X-linked autosomal reces-
sive disorder of peroxisomal biogenesis with an absence
of the peroxisome. There is a wide range of characteris-
ticdysmorphicfeatures and cerebrohepatorenal involve-
ment. Laboratory studies characteristic of Zellweger’s
syndrome include (1) elevated levels of pipecolic acid
in plasma, cerebrospinal fluid (CSF) and urine; (2) ele-
vated levels of saturated (C26) and monosaturated
(C26:1) VLCFA in plasma, body fluids, and tissues with
an elevated C26:0/C22:0 ratio; (3) decreased (<10% of
normal) tissue level of phosphatidyl ethanolamine
plasmalogen, a phospholipid constituent of myelin and
platelet-activating factor; and (4) deficient activity of
dehydroxyacetone phosphate acyltransferase, the key
enzyme in the pathway for plasmalogen synthesis
(located in the peroxisomal membrane).

Pathology

There is hepatomegaly with fibrosis, renal cysts, neuro-
nal migration defects, and degenerative changes. In the

it

A

Fig. 11.1-1. Zellweger’s syndrome. Note the microgyria and a
subependymal cyst (germinolysis) of the left lateral
ventricle.

cerebellum, Purkinje cell heterotopias are concentrated
at the base of the ansiform lobule. Cerebral degenera-
tive changes include (1) cysts in the subependymal
regions; (2) sudanophilic leukodystrophy involving
periventricular white matter, corpus callosum, optic
nerves, and the posterior columns; (3) neuroaxonal dys-
trophy predominantly in the dorsal nucleus of Clarke
and lateral cuneate nucleus; and (4) degenerative
changes of the retina.

Electron Microscopy

Electron microscopy (EM) studies of neurons and axons
show striated inclusions of large electron-lucent clefts
and lamellar lipid profiles.

Genetics

Defects in at least 12 PEX genes, which are required for
normal peroxisome assembly, have been identified
[1,2].

Fig. 11.1-2. There is polymicrogyria on the surface of the
brain. Polymicrogyria is usually limited to regions of the lateral
parietal, frontal, and temporal convexity. It is more prominent
superiorly over the frontoparietal convexity.
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Fig. 11.1-3. Neuronal heterotopias in the cerebral white Fig. 11.1-4. The inferior olivary nucleus is dysplastic. There is

matter underneath the polymicrogyral regions. LFB. discontinuity in the cellular lamella of the principal olivary
nucleus. The degree of convolutional folding of the lamella is
reduced. LFB.

Fig. 11.1-5. Ultrasonography of the brain revealed a sub-
ependymal cyst. Fig. 11.1-6. Liver fibrosis. Hepatocytes lack positive granules

in cytoplasm stained by catalase immunohistochemistry.
Negative staining with this method suggests the absence of
perioxisome in the cytoplasm and is diagnostic.
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11.2 Neonatal Adrenoleukodystrophy

Neonatal adrenoleukodystrophy (NALD) and infantile
Refsum’s disease are milder phenotypes of peroxisome
biogenesis disorders and are caused by an absence
of peroxisomes. There is a pseudo-form of NALD that
has peroxisomes but lacks acyl-CoA oxidase. NALD
resembles X-linked adrenoleukodystrophy disease and
Zellweger’s syndrome, but the course is slower, with
death at 2-3 years. Clinically, there is liver involvement,
peripheral neuropathy, facial dysmorphology, adrenal
insufficiency, extreme hypotonia and neurological dys-
function, ocular abnormalities, and a hearing deficit.

Fig. 11.2-1. Neonatal adrenoleukodystrophy. The external
brain may exhibit polymicrogyria.

Pathology

The pathology includes sudanophilic leukodystrophy
with lymphocytic cuffing and neuronal migration defects
with polymicrogyria and heterotopias. The peripheral
nerves may exhibit demyelination. There are subtle
adrenal lesions and biochemical changes similar to those
in Zellweger’s syndrome [3,4].
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Fig. 11.2-2. There is reduced myelination in the cerebral white
matter. LFB.
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Fig. 11.2-3. Inferior olivary dysplasia. H&E. Fig.11.2-4. Thespinal cord andnerverootsshow hypomyelina-
tion. LFB.

-
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Fig. 11.2-5. At 7 months of age, there is hypomyelination in  Fig. 11.2-6. Negative immunoreactivity of bifunctional protein
the pyramids and inferior olivary dysplasia. LFB. in the liver.
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11.3 Adrenoleukodystrophy

With the classic childhood form of adrenoleukodystro-
phy, there is an onset of behavioral, intellectual, and
motor deterioration between 4 and 10 years of age.
There is also loss of vision and hearing and progressive
hemiplegia with parietooccipital demyelination. Adrenal
insufficiency occurs. There is progressive demyelina-
tion and accumulation of very long-chain fatty acids
(VLCFAs) because of defective oxidation by peroxi-
somes. In addition, there is a deficiency of a peroxisomal
membrane protein (ALDP) needed for active transport
of enzyme cofactors or substrates required for -oxidation
of VLCFAs.

There are variant phenotypes. In males there is slowly
progressive paraparesis and adrenomyeloneuropathy.
Some females present with myeloneuropathy.

Pathology

The brain lesion is in the white matter with symmetrical
demyelination accompanied by foam cells and perivas-

Fig.11.3-1. Adrenoleukodystrophy. The cerebral hemispheres
with myelin stain show marked symmetrical demyelination,
with sparing of U fibers.

cular inflammatory cells. There is associated myelin
degeneration descending into the brain stem and
spinal cord. The adrenal gland shows cytoplasmic
striated inclusions in adrenocortical cells in the zona
fasciculata.

Magnetic resonance imaging (MRI) shows focal bilat-
eral low intensity in white matter on T1-weighted images
and high intensity on T2-weighted images, predomi-
nantly in the parietooccipital lobes. Calcifications are
evident on computed tomography (CT).

Genetics

The Xlinked A LD gene (an ATP-binding cassette-trans-
porter gene) is located on Xq28 [4].

Fig. 11.3-2. The white matter shows marked astrogliosis, foam
cell appearance, and perivascular inflammatory round cell
infiltration. H&E.
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Fig. 11.3-3. The white matter exhibits demyelination with cal- ~ Fig. 11.3-4. Enhanced CT shows white matter high density in

cification. KB stains. the parietooccipital regions outlining low-density foci, sug-
gesting demyelination. MRI shows high-intensity areas in the
occipital white matter on T2-weighted imaging.

Fig. 11.3-5. Balloon cells with striated inclusions in the cortex
of the adrenal gland.

Fig. 11.3-6. EM picture of adrenal cortex. The adrenal cortical
cells contain striated inclusions.
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12.1 Arginosuccinic Aciduria

In the urea cycle, six enzymes are required to convert
ammonia to urea: N-acetylglutamate synthetase
(NAGS), carbamoylphosphate synthetase (CPS), orni-
thine transcarbamylase (OTC), argininosuccinate syn-
thetase (ASS), argininosuccinate lyase, and arginase.
Deficiency of any of these enzymes may cause disease.
Such infants are asymptomatic for 1-5 days but then
feed poorly, vomit, and become lethargic. They may be
irritable, rigid, and convulse. They exhibit hyperpnea
and respiratory alkalosis, hepatomegaly, and jaundice;
and they may have brain edema with bulging fontanels.
Death ensues without treatment.

Pathology

The brain is swollen with flat gyri, narrow sulci, and
reduced ventricular size. The protoplasmic astrocytes

Fig. 12.1-1. Arginosuccinic aciduria. The brain in a case of
argininosuccinic aciduria with swollen gyri and obliterated
sulci.

are swollen (Alzheimer type II glia) possibly due to
accumulation of intracellular glutamine and water. In
chronic cases the brain may be atrophic.

Genetics

Argininosuccinic aciduria is an autosomal recessive dis-
order with a deficiency of argininosuccinate lyase. The
gene has been cloned [1].

Fig. 12.1-2. Alzheimer type 2 glia in the putamen. Note the
swollen cleared-out appearance of the astrocyte nucleus.
H&E.
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Fig. 12.1-3. There are axonal swellings in the globus pallidus. ~ Fig. 12.1-4. Note also axonal swellings in the medulla oblon-
H&E. gata. H&E.

Fig. 12.1-5. There is a mild loss of Purkinje cells and granular  Fig. 12.1-6. There is fibrosis in the liver. H&E.
cells in the cerebellum. LFB/Nissl.
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12.2 Glutaric Aciduria

Glutaric aciduria type 1 is an autosomal recessive
disorder resulting from a deficiency of gluaryl-CoA
dehydrogenase. This leads to an accumulation of glutaric
and 3-hydroxyglutaric acids and secondary carnitine
deficiency. Severe metabolic encephalopathies occur at
age 6-18 months, causing necrosis of the striatum and
stroke-like events, resulting in a dystonic dyskinetic
movement disorders. Computed tomography (CT) or
magnetic resonance imaging (MRI) shows severe
leukoencephalopathy and striatal necrosis.

Pathology evaluation shows degeneration of the
putamen and globus pallidum, frontotemporal cerebral

atrophy, and mild status spongiosis in the cerebral white
matter [2]. Geneticstudy shows compound heterogeneity
with a mutation of the glutaryl-CoA dehydrogenase
gene.

Glutaric aciduria type 2 is transmitted by an autosomal
recessive trait and is caused by a deficiency of either
electron transport flavoprotein or electron transport
flavoprotein oxyreductase. It is characterized by aci-
dosis, hypoglycemia, organic aciduria and sweat-sock
odor. The pathology shows symmetrical hypoplasia of
the temporal cerebral lobes with axon loss and
hypomyelination [3].

Fig. 12.2-1. Glutaric aciduria type 1. Coronal section of the
brain shows marked atrophy of the striatum in the basal
ganglia.

Fig. 12.2-2. Left. Histology of the basal ganglia
shows marked atrophy and astrogliosis. GFAP.
Right. Histology of the putamen shows an increase
of GFAP-positive reactive astrocytes.
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T

Fig. 12.2-3. Histology of the putamen shows neuronal loss,

mild spongy changes, and astrogliosis. H&E. Fig.12.2-4. Histology of the caudate nucleus shows an increase

of microglial cells and/or macrophages. HLA-DR.

Fig. 12.2-5. There are vacuoles in the central tegmentum.
H&E.

Fig. 12.2-6. CT shows marked atrophy of the basal ganglia.



184 12. Urea Cycle Disorders

12.3 Ornithine Transcarbamylase Deficiency

Ornithine transcarbamylase (OTC) deficiency is an X-
linked disorder and the most common inherited cause
of hyperammonemia. Clinical manifestations are more
severe in hemizygous males, who often present during
the neonatal period. Heterozygous females may be
asymptomatic until later childhood or adulthood. Fluc-
tuating concentrations of ammonia, glutamine, and
other excitotoxic amino acids result in a chronic or epi-
sodically recurring encephalopathy.

Pathology

There are nonspecific findings in brains after acute
death, including brain swelling and spongy changes in

the white matter with basal ganglia and cortical neuro-
nal loss. Alzheimer type II astrocytes may be present. In
survivors there has been massive destruction of the
cerebral hemispheres, producing a “walnut brain”
appearance. Cerebellar heterotopias and hypomyelin-
ation suggest a prenatal onset of lesions.

Genetics

Ornithine transcarbamylase (OTC) is a urea cycle
enzyme coded by a gene located at Xp21.1. The genetic
deficiency may be caused by a wide spectrum of muta-
tions, most of them occurring de novo [4].

Fig. 12.3-1. Ornithine transcarbamylase deficiency.
Gross brain showing swelling and hemorrhage.

Fig. 12.3-2. Coronal section at the mammillary bodies with massive
left intracerebral hemorrhage.
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Fig. 12.3-3. Cerebral cortex shows edema and an early infarct  Fig. 12.3-4. White matter shows necrosis with gliosis, including
with vascular proliferation. H&E. hemosiderin-containing macrophages. H&E.

it

Fig. 12.3-5. White matter shows spongy changes with edema. Fig. 12.3-6. Cerebellum has decreased myelin sheaths and
H&E. internal granular cell loss with gliosis. There are hemosiderin-
laden macrophages. H&E.
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13.1 Homocystinuria

Several genetic abnormalities can produce excessive
excretion of urinary homocystine. Cystathion B-synthase
deficiency (CBS) is the most common. Others include
5,10-methylene tetrahydrofolate reductase deficiency,
defects in cobalamine and folate metabolism, and nutri-
tional deficiencies of vitamin B, and folate.

Pathology

The accumulation of homocystine is postulated to alter
platelet adhesiveness, vascular endothelium, and oxida-
tion of cholesterol. Thus, vascular occlusions and infarcts

characterize the pathology of homocystinuria. Intimal
fibrosis and other vascular abnormalities are found in
the brain.

Genetics

Classic homocystinuria is due to cystathionine B-
synthase (CBS) deficiency. The gene for CBS is located
on 21g22.3. More than 130 mutations, which differ in
prevalence and severity, have been described at the CBS
gene. Mutation p.I278T is extremely prevalent [1]

Fig. 13.1-1. Homocystinuria. Loss of myelin sheaths and
spongy changes in the cerebral white matter. H&E/LFB.

Fig. 13.1-2. Spongy changes in the dentate nucleus. H&E/
LFB.
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Fig. 13.1-3. Necrosis with astrogliosis in the inferior colliculus. Fig. 13.1-4. Axonal swellings in the nucleus cuneatus of the
H&E/LFB. medulla oblongata. H&E/LFB.

Fig. 13.1-5. Decrease of myelinated axons in the sural nerve. Fig. 13.1-6. Psoas muscle showing denervation group atrophy.
Toluidine blue stain of a thin section. H&E.
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13.2 Phenylketonuria and Maple Syrup Urine Disease

Phenylketonuria

The classic form of phenylketonuria (PKU-I) results
from phenylalanine reductase deficiency, whose gene
locus is 12 (g22-12q24.2). This form of hyper-
phenylalanemia causes intellectual disabilities if it is
not treated during the first few weeks after birth.
Dihydropterin reductase deficiency (PKU II) and
biopterin deficiency (PKU III) are rare variants of PKU.
They exhibit progressive neurological disease asso-
ciated with impaired synthesis of the neurotransmitters
epinephrine, norepinephrine, and dopamine.

Pathology

Neuropathology findings are variable, although
microcephaly and generalized myelin pallor are
common. Histology suggests a delay of neuronal and
myelin maturation. The cerebral white matter, exhibit-
ing widespread demyelination or dysmyelination, dis-

AT

Fig. 13.2-1. Phenylketonuria II. Note the slight congestion in
the base of the pons in a case of dihydropterin reductase
deficiency (PKU II).

plays various changes: status spongiosis, myelin necrosis,
macrophage infiltration, or extensive gliosis [1].

Maple Syrup Urine Disease

Maple syrup urine disease is an autosomal recessive
disorder caused by defects in the mitochondrial branched
chain o-keto acid dehydrogenase multienzyme complex.
There are several forms of the disorder. The commonest
presents during the neonatal period. Infants are normal
at birth but within 2 weeks have feeding problems and
become unresponsive. They have breathing irregulari-
ties, apnea, myoclonic jerks, convulsions, and opistho-
tonic spasms. Metabolic acidosis, ketonemia, ketonuria,
and a characteristic odor are present. The toxic effect of
branched-chain amino acids on the brain is not under-
stood. Treatment may prevent death and neurological
handicap in survivors. The neuropathology consists of
edema and a delay in myelination, which are similar to
the manifestations of PKU [1].
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Fig. 13.2-2. Phenylketonuria II. There are congestion and
necrosis in the basal ganglia, thalamus, and deep white
matter.
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Fig. 13.2-3. Maple syrup urine disease. Note the spongy Fig. 13.2-4. Maple syrup urine disease. There are spongy
changes of edema in the cerebral white matter. H&E/LFB. changes in the reticular formation of the midbrain. H&E/
LFB.

Fig. 13.2-5. Maple syrup urine disease. Note the spongy
changes in the pons. H&E/LFB.

Fig. 13.2-6. Maple syrup urine disease. Computed tomogra-
phy (CT) shows diffuse low density in the cerebral white
matter. The third ventricle is narrowed, and the anterior horns
of the lateral ventricles are relatively enlarged.
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14.1 Wernicke’s Encephalopathy

Wernicke’s encephalopathy is a serious neurological
disorder caused by vitamin B; or thiamine deficiency,
chiefly in chronic alcoholics and rarely in children. It
may be associated with starvation, prolonged intrave-
nous treatment without vitamin supplementation,
hemodialysis, and gastric stapling. The classic triad of
clinical symptoms described by Wernicke (gait ataxia,
ophthalmoplegia, confusion) are found in only one-
third of patients during the initial examination.
Thiamine is a helper molecule required by three
enzymes involved in two pathways of carbohydrate
metabolism. Because intermediate products of these
pathways are needed for the generation of other
essential molecules in the cells, a reduction in thiamine
can interfere with numerous cellular functions, leading

Fig. 14.1-1. Wernicke’s encephalopathy. Mammillary bodies
are slightly pigmented from previous hemorrhage in a child.
(Courtesy of Dr. Kanaumi T.)

to serious brain disorders, including Wernicke’s enceph-
alopathy. Typical findings upon magnetic resonance
imaging (MRI) show signal intensities in the medial
thalami and periaqueductal regions of the midbrain.
Single photon emission computed tomography (SPECT)
shows bilateral frontal and frontoparietal hypoperfusion
as well as basal ganglia hypoperfusion. Pathology is
located in the mammillary bodies and periventricular
regions of the third and fourth ventricles and aqueduct.
There may be an acute hemorrhagic lesion, followed by
with acute necrosis, vascular proliferation with endothe-
lial hypertrophy, and relative sparing of neurons. Loss
of myelin and gliosis is present in chronic lesions. Tha-
lamic lesions are common [1].

Fig. 14.1-2. Multiple perivascular hemorrhages are evident in
both mammillary bodies of the case in 14.1-1. H&E.
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. . . . . . Fig. 14.1-4. There are perivascular hemosiderin-laden
Fig. 14.1-3. Higher magnification of histology in the same case macrophages and gliosis in the medial part of the thalamus.
shows perivascular hemorrhage and gliosis. H&E. H&E.

Fig. 14.1-6. T1-weighted MRI shows high intensity in
periventricular parts of the bilateral thalami.

Fig. 14.1-5. CT shows high density in both mammillary
bodies.
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14.2 Subacute Necrotizing Encephalopathy of Leigh (Leigh’s Syndrome)

Leigh’s syndrome results from genetic abnormalities
that produce defects of the pyruvate dehydrogenase
complex, pyruvate carboxylase, cytochrome C oxidase
(complex IV), NADH-dehydrogenase (complex I), or
biotinidase deficiency. Altogether, 18% of the patients
have mitochondrial DNA (mtDNA) mutations [2]. All
ages may be affected, but it usually presents in infants,
with hypotonia, failure to thrive, nystagmus, respiratory
difficulties, ataxia, and psychomotor retardation.

Pathology

In the central nervous system (CNS), there are bilateral,
symmetrical areas of gray and white matter softening,
predominantly in the putamen and periaqueductal gray
matter of the midbrain and often in the thalamus, sub-
stantial nigra, red nuclei, corpora quadrigemina, dentate
nucleus of the cerebellum, inferior olives, and tegmen-
tum of the pons and medulla. There are symmetrical

foci of partial necrosis, spongy changes, capillary
proliferation, and isolated intact neurons. The lesions
resemble those of Wernicke’s disease; however, sub-
acute necrotizing encephalopathy of Leigh (SNE) rarely
has mammillary body lesions, and Wernicke’s disease
does not involve the substantia nigra. Demyelination
may occur in the optic nerves and tracts and the dorsal
spinal columns. Electron microscopy (EM) reveals
abnormal mitochondria in Purkinje cells, granule cells,
and choroid plexus epithelium [2].

Muscle tissue in pyruvate dehydrogenase complex
deficiency shows lipid droplets adjacent to mitochon-
dria and an excess of primitive type IIC fibers, suggest-
ing arrested development. There are rarely ragged red
fibers, but ultrastructural examination frequently shows
mitochondrial changes: increased size, bizarre shapes,
osmophilic inclusions, and disoriented cristae. Hyper-
trophic cardiomyopathy, renal tubulopathy, liver
steatosis, and retinal pigmentary degeneration may be
present.

Fig. 14.2-1. Leigh’s syndrome. There is necrosis in the caudate
nucleus, medial parts of thalamus, and substantia nigra.

Fig. 14.2-2. The putamen shows necrosis with congestion.



Subacute Necrotizing Encephalopathy of Leigh (Leigh’s Syndrome) 197

Fig. 14.2-4. Note the necrosis in the periaqueductal gray
matter (left) and spongy changes in the periaqueductal gray
matter and substantia nigra of the midbrain (right).

Fig. 14.2-3. The basal ganglia, thalamus, and midbrain exhibit
spongy changes, increased vascularity, and relatively preserved
neurons. H&E.

Fig. 14.2-5. Spongy changes, increased vascularity, and rela-
tively preserved neurons are seen in the midbrain. H&E.

Fig. 14.2-6. MRI shows low intensity in the periaqueductal
gray matter and substantia nigra of the midbrain.
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14.3 Mitochondrial Encephalomyopathy, Lactic Acidosis, and Stroke-like

Episode (MELAS) Syndrome

In the mitochondrial encephalomyopathy/lactic acido-
sis/stroke-like episode (MELAS) syndrome, early devel-
opment is normal. Muscle weakness begins before
central neurological dysfunction, which is apparent
between 2 years of age and young adulthood. Most
patients have partial or generalized seizures.

Pathology

There are multiple solitary or confluent foci of necrosis
in both cerebral cortices and occasionally in the thalami
and basal ganglia. These infarct-like lesions vary in size
and age and are located at the top of the cerebral gyri,
not in the sulci. Microscopy reveals loss of neurons and
prominence of capillaries. Layer IV may be preferen-
tially involved. Older lesions cavitate and tend to be in
the occipital cortex. Neurons in Sommer’s sector of
Ammon’s horn are preserved. Gliosis is prominent in
the subcortical white matter. The deep white matter is
normal. Deposits of calcium (seen on neuroimaging) is
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Fig. 14.3-1. MELAS syndrome. The brain shows mild atrophy
with ventricular dilatation and focal softening in the left
inferior frontal gyrus.

present in capillary walls of the caudate nuclei, globus
pallidus, thalamus, and midbrain. In the cerebellum,
Purkinje cells and granular neurons are focally absent.
The dentate nucleus exhibits neuronal loss, astrocytosis,
capillary proliferation, and calcium deposits in the capil-
lary walls. Ultrastructural studies fail to show mitochon-
drial abnormalities in neurons or glial cells, but marked
accumulation of mitochondria (with occasional struc-
tural abnormalities) is observed in the smooth muscle
cells, pericytes, and endothelial cells of small cerebral
arteries. The pathogenesis of the lesions is still being
debated.

Genetics

About 80% of MELAS patients have a mutation
(A3243G) in the tRNA leucine gene that affects the
activities of complexes I and I'V of the respiratory chain.
There is overlap with Leigh syndrome [3-5].

Fig. 14.3-2. Neuronal loss and spongy changes in the cortex.
H&E.
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Fig. 14.3-3. Spongy change, mild fibrillary astrogliosis, and Fig. 14.3-4. Axonal swelling in the cerebral white matter.
increased vascularity in the cortex. Holzer stain. H&E.

Fig. 14.3-5. The cerebellar cortex shows some loss of Purkinje

and granular cells. H&E. Fig. 14.3-6. EM of a muscle biopsy shows altered subsarco-

plasma mitochondria. These mitochondria exhibit variability
in size, shape, and substructure. Most contain crystalline
curvilinear structures reminiscent of “parking lot” inclusions,
which are in continuity with the cristae. x24 000.
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14.4 Alpers-Huttenlocher Syndrome (Progressive Neuronal Degeneration in

Childhood With Liver Disease)

Alpers-Huttenlocher syndrome presents with seizures
(sometimes as status epilepticus) during the first 2 years
of life. Development stagnates, and seizures become
prominent, sometimes with epilepsia partialis continua.
Spasticity, dementia, and blindness ensue. Brain imaging
reveals progressive brain atrophy. The liver disease may
progress to liver failure.

Pathology

The brain shows characteristic regions of thinned,
granular, discolored cortex. The medial occipital cortex
is frequently involved. Histological studies reveal
characteristic widespread, patchy involvement of the
cortex, where astrocytosis, vacuolization, neuronal loss,

hypertrophic astrocytes, and capillary proliferation
replace the cortex. Alzheimer type II astrocytes are seen
when there is liver failure. The liver shows severe diffuse
microvesicular fatty change, hepatocyte necrosis, bile
duct proliferation, and nodular cirrhosis.

Genetics

The disorder is rare, and its pathogenesis is controver-
sial. There have been familial cases with autosomal
recessive inheritance, and there is increasing evidence
of a mitochondrial disorder. Complex IV deficiency,
mtDNA depletion, and mtDNA polymerase deficiency
have been described [4,6].

Fig.14.4-1. Alpers-Huttenlochersyndrome. Coronal
sections of anterior cerebrum showing focal discol-
oration and atrophy in the cortex.

Fig. 14.4-2. Neuronal loss and gliosis in the cortex.
H&E.
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Fig. 14.4-3. Cerebellum. Note the loss of Purkinje cells and

granular cells, H&E Fig. 14.4-4. Substantia nigra exhibits neuron loss and spongy

changes. H&E.

Fig. 14.4-5. Liver cirrhosis. Fig. 14.4-6. Liver cirrhosis with marked fibrosis and regener-
ating nodules. Trichrome stain.
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15.1 Dentato-Rubro-Pallido-Luysian Atrophy

Dentato-rubro-pallido-luysian atrophy (DRPLA) is a
rare familial disorder comprising degeneration of the
cerebellar efferent system and of the pallido-luysian
tracts. Ataxic choreoathetoid, pseudo-Huntington, and
myoclonic epilepsy forms of this syndrome have been
described. The disorder begins between 7 and 20 years
of age.

Pathology

Gross examination discloses a reduction in the size of
the brain stem and the superior cerebellar peduncles.
Histopathological changes consist of atrophy affecting
the dentate nucleus, the globus pallidus (particularly in

the external segment), the corpus Luysii, tegmentum of
the midbrain and pons, superior colliculi and red nucleus,
the reticular formation, and the central gray matter.
Neuronal loss in the fastigial nucleus and degeneration
of the fastigiovestibular system have been described.
There are ubiquitinated neuronal and glial intranuclear
inclusions.

Genetics

The disorder is dominantly inherited. It is caused by
a mutation in the gene for atrophin-1 (located at
12p13p31), which produces a CAG repeat expansion

[1].

Fig. 15.1-1. Dentato-rubro-pallido-luysian atrophy (DRPLA)
Decreased neurons in the dentate nucleus. KB stain.

Fig. 15.1-2. Decreased neurons in the red nucleus. H&E.
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Fig. 15.1-3. Atrophy of the basal ganglia, thalamus, and mid- Fig. 15.1-4. Gliosis in the atrophic globus pallidus. Holzer
brain. KB stain. stain.

Fig. 15.1-5. Neuronal loss and spongy change in the Luysian
body. H&E.

Fig. 15.1-6. T2-weighted magnetic resonance imaging (MRI)
shows atrophy of the cerebrum, dilatation of the lateral and
third ventricles, and focal high intensity of periventricular
white matter.
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15.2 Friedreich’s Ataxia

Friedreich’s ataxia is an autosomal recessive degenera-
tive disorder characterized clinically by an early onset
of progressive spinocerebellar ataxia, corticospinal tract
signs, skeletal involvement, and cardiomyopathy.

Pathology

Friedreich’s ataxia affects both the central nervous
system (CNS) and peripheral nervous system (PNS). In
the CNS, the characteristic lesions are in the spinal cord.
The posterior columns and the dorsal spinocerebellar
tract of Flechsig are shrunken with pale myelin. Neurons
of Clarke’s column disappear. There is fiber loss in the
gracile fasciculus and less in the cuneate fasciculus. The
ventral spinocerebellar tract of Gowers is less severely
involved. The pyramidal tract axons exhibit a dying-
back process showing progressive loss as they descend
in the cord. In the brain stem, there is gliosis and loss of
neurons in the gracile and cuneate nuclei. In the cere-
bellum, there is marked cell loss, with gliosis in the

Fig. 15.2-1. Friedreigh’s ataxia. Spinal cord, with regional loss
of myelin. H&E/LFB.

dentate nuclei associated with degeneration of the supe-
rior cerebellar peduncles. The cerebellar white matter is
gliotic. Variable pathology of the optic nerves and cere-
bral hemispheres has been reported.

In the PNS, there is a decrease in the density and total
number of myelinated fibers. The density of small
myelinated fibers is normal, but the axonal size and
myelin thickness are reduced. There is loss of large
myelinated fibers in the posterior roots, and some fibers
have reduced myelin sheaths for the axonal diameters.
In the spinal ganglion, there is moderate loss of ganglion
cells, with proliferation of capsule cells [1].

Genetics

The disease is an autosomal recessive cerebellar ataxia
caused by a mutation in the gene for frataxin (a mito-
chondrial protein) in the centromeric region of chromo-
some 9.

Fig. 15.2-2. Spinal cord, with loss of myelin sheaths in the
spinocerebellar tract and posterior column. H&E/LFB.
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Fig. 15.2-3. Dorsal root ganglion, with loss of neurons and Fig. 15.2-4. Loss of myelin sheaths in the posterior column.
proliferation of capsule cells. H&E/LFB. H&E/LFB. In some cases, neuronal cell loss is seen in the
nuclei of cranial nerves VIII, XI, and XII.

Fig. 15.2-5. Axonal swellings in the nucleus gracilis. H&E/ Fig. 15.2-6. Cerebellum shows a partial decrease of Purkinje

LFB. cells and myelin sheaths. Depletion of Purkinje cells in the
superior vermis and in neurons in corresponding parts of the
inferior olivary nuclei has been described in some cases.
H&E/LFB.
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15.3 Lafora Body Disease

Lafora body disease is an autosomal recessive inherited
form of progressive myoclonus epilepsy. It has
abnormalities of carbohydrate metabolism with the
accumulation of glucose phosphate polymers
(polyglucosan) in various cells in the body. The first
manifestations begin between 6 and 19 years of age,
with decreased scholastic performance, behavior disor-
der, visual and mental deterioration, and seizures. Ante-
mortem diagnosis may be made by demonstrating
PAS-positive, diastase-resistant, basophilic, and variably
metachromatic inclusion bodies (Lafora bodies) in liver,
striated muscle, or sweat gland biopsies.

Pathology

The brain shows diffuse cortical atrophy, mostly in the
globus pallidus and thalamus. Lafora bodies range in
size from 1 to 30 um in diameter. They have a concentric
organization: a basophilic core surrounded by a pale
zone. They may appear as single or multiple inclusions
in the perikaryon, where they displace the nucleus and
Nissl substance to the side. They may be free in the

Fig. 15.3-1. Lafora body disease. Cerebral cortex exhibiting
concentric Lafora bodies. H&E.

tissue. They are scattered in the gray matter and accu-
mulate in the substantia nigra, dentate nuclei, superior
olive, pontine reticular nuclei, basal ganglia, and cere-
bral cortex.

Electron microscopy (EM) reveals that Lafora bodies
lack a limiting membrane except in striated muscles. The
core contains a dense bundle of fibrils about 6-8 nm in
diameter. Some of the fibrils have a bead-like appear-
ance. The fibrils are arranged in whorls at the center and
radiate out at the periphery. Between the fibrils are
dense, granular structures about 15-50 nm in diameter.
Lafora bodies contain insoluble aggregates of glucose
phosphate polymers (polyglycosans) [2-5].

Genetics

A gene locus is mapped to chromosome 6q. Many cases
of Lafora body disease are caused by mutations in the
EPM2A gene, which codes for the protein laforin, a
protein tyrosine phosphatase, and some in the EPMA2B
gene, which encodes malin, the laforin-interacting
ubiquitin E3 ligase.
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Fig. 15.3-2. Lafora body in the dentate nucleus. Alcian blue.
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Fig. 15.3-5. Multiple Lafora bodies in the precentral gyrus.
H&E.

Fig. 15.3-6. EM of a Lafora body in skeletal muscle.
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15.4 Rett Syndrome

Rett syndrome [6] is a disorder of the nervous system
caused by abnormalities in the MeCP2 gene [7,8], which
is involved in the regulation of gene translation. Most
cases are sporadic, although there are rare familial cases.
The classic disorder affects girls, who appear normal at
birth but have delayed motor and cognitive function
that becomes obvious during the first 2 years of life. The
girls develop characteristic hand stereotypies, abnormal
gait, a delay in head growth, and loss of hand use and
speech. Some girls never walk. They usually develop
seizures, severe autonomic malfunction, and scoliosis.
There are Rett variants; some girls retain some speech

Fig. 15.4-1. Rett syndrome. Coronal sections of a small Rett
brain showing no obvious malformation and a normal cortex,
white matter, and basal ganglia.

or hand use. The disorder occurs in males sometimes
presenting as a severe developmental delay, encepha-
lopathy, and early death. In some boys the phenotype is
that of Angelman syndrome or of mental retardation.
Rett girls may survive for decades, requiring total care.
There is an increased incidence of sudden death during
their teen-age years [9]. The pathology is concentrated
in the nervous system. The brain is microcephalic,
weighing about 900 g. There is maturation failure of
individual neurons, which exhibit a paucity of dendrites
and dentritic spines [10]. As yet there is no specific
therapy [8].

Fig. 15.4-2. Section of Rett cortex and myelin shows normal
staining of the myelin with LFB/H&E.



Fig. 15.4-3. Rett brain (right) and trisomy 21 brain (left). The
brains are approximately the same weight. The cerebellum in
the Rett brain is relatively larger than that in the trisomy 21
brain.
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Fig.15.4-4. Cartoon of MeCP2 expression. (inred) is expressed
in the neuronal nucleus before the first synapses occur and it
continues to be expressed in increasing amounts in the nucleus
as the neuron matures, developing more dendritic branches
and synapses. There is a small amount of MeCP2 in the
cytoplasm.

Fig. 15.4-5. Golgiimpregnation of a pyramidal neuron in Rett
syndrome. Note the paucity of apical dendritic branches.

Fig. 15.4-6. Cortex in a Rett syndrome brain stained with
antibody to MeCP2. Some neurons are negative; others have
a low degree of expression; and still others have a high degree
of expression. There is a small amount of reactivity in the
cytoplasm. The glia and endothelium are negative.
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15.5 Autism

Autism is a persistent neuropsychiatric syndrome of
early childhood with a prevalence of 5-10/10 000 popu-
lation. Males are more often affected than females. The
diagnosis is clinical, based on behavior: failure of social
development, lack of eye contact, delay in verbal or
other communication skills, and stereotypic behavior.
The presentation and clinical progression vary over a
wide spectrum. In Asperger’s syndrome, language skills
are maintained.

Genetics

No single gene has been identified, but several
have been suggested, some involving serotonin and

Fig. 15.5-1. Autism. Gross brain is usually reported to be
normal.

dopamine metabolism. Concordance in monozygotic
twins is >90%. The pathology studies are confusing.
MRI suggests a range of findings: normal brain or
megalencephaly; reduced or enlarged lobules VI and
VII of the cerebellum; enlarged or reduced parietal
lobe; reduced size of the midbrain and medulla.
Neuropathology reports are equally confusing; normal
brain size or megalencephaly; reduced numbers of
Purkinje and granular neurons in the neocerebellar
cortex; increased neuronal numbers in the amygdala
and other limbic regions; reports of aberrant cortical
lamination and malformed inferior olivary nuclei.
SPECT studies suggest that autism is associated with
anomalous cerebral asymmetry and left hemispheric
dysfunction [11].

Fig. 15.5-2. Coronal section reveals a persistent cavum
pellucidum.
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Fig. 15.5-3. The caudate nucleus shows dysplasia, with Fig. 15.5-4. Slightly myelinated fibers are found around the
diffusely increased myelination. H&E/LFB. neurons. H&E/LFB.

Fig. 15.5-5. The central part of the corpus callosum is thin and
irregular.

Fig. 15.5-6. In the hippocampus, the pyramidal cell layer is
thick with increased neuronal density, predominantly in CA3
and CA4. H&E/LFB.
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15.6 Congenital Myotonic Dystrophy

Congenital myotonic dystrophy (DM1) is a dominantly
inherited disease of muscle, heart, brain, and lens. Its
symptoms are evident from birth. The mother has
myotonic dystrophy and passes it on to the child in a
more severe form. Congenital myotonic dystrophy is
associated with developmental delay and intellectual
disabilities. The neonate born from a mother with
myotonic dystrophy (see Chapter 25, Section 25.5)
usually shows marked hypotonia, respiratory distress,
hydrocephalus, and periventricular leukomalacia (PVL)
[12].

Fig. 15.6-1. Congenital myotonic dystrophy. There is atrophy
of the cerebral white matter with periventricular leukomalacia
(PVL).

Neuroimages of congenital DM1 shows characteristic
hyperintensity of the white matter at the posterosuperior
trigone, and ventricular dilatation. Classic DM1 shows
hyperintense lesions in the bilateral frontal and/or
temporal regions [13].

The brainin congenital myotonicdystrophy sometimes
shows hydrocephalus, and there is frequently evidence
of ischemic injury, such as periventricular leukomalacia.
The pathogenesis of intellectual disabilities is unknown.
The role of the expansion of CTG or CCTG repeats is
poorly understood.

Fig. 15.6-2. Histology of PVL shows loss of myelin sheaths
and gliosis in the periventricular white matter. LFB/Nissl.
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Fig. 15.6-3. CT of a neonate shows slight dilata-
tion of the lateral ventricles and low density of
the cerebral white matter. In this case, focal
lesions of PVL are found in the periventricular
white matter.

Fig. 15.6-4. T1-weighted and T2-weighted MRI
at 11 months of age shows dilatation of the lateral
ventricles and white matter atrophy with PVL.

Fig. 15.6-5. There are areas of softening in the cerebellar Fig. 15.6-6. Leptomeningeal glioneuronal heterotopia (LGH)
white matter. H&E/Nissl. is seen at the base of the cerebrum. H&E.
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16.1 Wilson’s Disease

Wilson’s disease is an autosomal recessive disorder in
which excessive amounts of copper accumulate in body
tissues, particularly in the liver, kidneys, cornea, and
brain. It presents initially at ages 8-12 with hepatic,
neurological, or psychiatric disturbances including
movement disorders (dysarthria, rigidity, tremor) and
psychotic behavior. There are characteristic Kayser-
Fleischer rings caused by copper in the limbus of the
cornea. Serum ceruloplasmin and copper levels are low,
and urinary copper is increased.

Magnetic resonance imaging (MRI) shows hyperin-
tense T2-weighted images of the caudate nuclei, lenticu-
lar nuclei, thalamus, and dentate nuclei. Patients with
long-standing cases have brain and cerebellar atrophy.

Pathology

Macroscopically, the putamen, globus pallidus, and
caudate appear reddish brown and atrophic. The

Fig. 16.1-1. Wilson’s disease. Brown pigmentation in the
putamen.

putamen is most severely affected, with cavitation or
spongy changes. The process may involve the cerebral
or cerebellar white matter, with atrophy of the overlying
cortex. There is neuronal loss, chiefly in the putamen,
subthalamic nucleus, and dentate nucleus. The caudate
and globus pallidus are less affected. There is acc-
umulation of Alzheimer’s type II astrocytes in the gray
matter of the cerebrum, brain stem, and cerebellum.
There is vacuolation or loss of myelin and formation of
large cells with foamy or granular cytoplasm called
Opalski cells in the globus pallidus, thalamus, subthala-
mus, and brain stem nuclei. Cirrhosis of the liver is
present.

Genetics

Wilson’s disease is an autosomal recessive disorder with
mutation in the gene (13q14.3) that encodes for a
copper-binding p-type ATPase [1].

Fig. 16.1-2. Necrosis and atrophy of the putamen. H&E/
LFB.
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Fig. 16.1-3. Necrosis and gliosis in the putamen. H&E. Fig. 16.1-4. Alzheimer type 2 glia in the putamen. H&E.

Fig. 16.1-5. T1-weighted MRI
shows low intensity in the
putamen and globus pallidus.

Fig. 16.1-6. The liver shows cirrhosis.
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16.2 Menkes Syndrome

Menkes disease is an X-linked recessive copper trans-
port deficiency. It is characterized clinically by seizures,
psychomotor retardation, failure to thrive, temperature
instability, connective tissue findings, and peculiar hair.
The lactate/pyruvate ratio in blood and cerebrospinal
fluid (CSF) is elevated, copper and ceruloplasmin levels
are decreased, and there is norepinephrine deficiency.

Pathology

There is sparse, wiry, hypopigmented hair that is twisted
(pili torti) and broken (trichorrhexis nodosa). Skeletal
muscle shows enlarged mitochondria with irregular
cristae in a disorderly pattern. The brain shows dilated,
tortuous cerebral arteries, with fragmentation of the
internal elastic lamina. There is diffuse cerebral atrophy
with loss of neurons in the cortex and heterotopic
neurons in the white matter. There is fibrillary gliosis of

Fig. 16.2-1. Menkes’ syndrome. The brain with hemorrhages
in the left cerebral white matter and lateral ventricle.

the cerebral hemispheres and basal ganglia. Lipid drop-
lets accumulate in glial cells and macrophages. In the
cerebellum, the vermis is atrophic, with atrophy of
molecular and inner granular layers. There are signs of
maldevelopment and degeneration: ectopic Purkinje
cells in molecular and granular layers with Purkinje cells
displaying somaticsprouts,dendriticaberrations,swollen
dendrites, weeping willow formations, and medusa head
formations. Electron microscopy (EM) shows mito-
chondrial enlargement with increased matrix, matrix
pallor, and loss of cristae.

Genetics

Menkes disease is an X-linked disorder with the mutant
gene close to the centromere of the long arm of the X
chromosome (q13.3) [2].

Fig. 16.2-2. Circle of Willis and related arteries exhibit focal
dilatation.
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nh  Fig. 16.2-4. Cerebellum of an infant showing an irregular row
of Purkinje cells and glial proliferation in the superficial
molecular layer. H&E/LFB.

Fig. 16.2-3. Cerebellum in neonate showing thin cortex wit
poor cellular arrangement. H&E.

Fig. 16.2-6. Hair. Scanning microscopy shows the hair
characteristically twisted around its axis (pili torti) with a
variety of breaks (trichorrhexis nodosa).

Fig. 16.2-5. Dendritic branchings of a Purkinje cell are
abnormal.
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16.3 Juvenile Huntington Disease

Juvenile Huntington disease usually begins during the
fourth decade with chorea and personality changes;
however, there are also juvenile and early- and late-
onset cases. The clinical and neuropathological features
of Huntington’s disease in children differ from those in
adults, and the average duration of the disease is shorter
in children. During the initial stages of the childhood
illness, ataxia, rigidity, dementia, and seizures are
common neurological features.

Pathology

There is cerebral atrophy and a selective decrease in the
size of the caudate, putamen, and globus pallidus. There
is gliosis and a marked loss of medium-sized spiny pro-
jecting neurons (substance P-, enkephalin-, and GABA-

Fig. 16.3-1. Juvenile Huntington disease. Brain of a case of
juvenile Huntington’s disease exhibits marked cerebellar
atrophy.

containing neurons) in the caudate and putamen. There
is astrocytosis of the globus pallidus. In some children
the cerebellum is atrophic, associated with loss of Pur-
kinje cells and dentate neurons. Neuronal nuclear inclu-
sions may be seen with antibodies to ubiquitin.

Genetics

Huntington’s disease is an autosomal dominant disor-
der caused by mutations in the gene on chromosome 4
encoding the protein huntingtin and causing accumula-
tions of polyglutamine. Predictive testing for relatives
of the patients with Huntington’s disease can be carried
out with a DNA marker that is closely linked to the
defective Huntington’s gene. The mutated gene causes
expansion of the CAG repeats [3].

Fig. 16.3-2. Cerebral hemisphere, with atrophy of the caudate
nucleus.
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Fig. 16.3-4. Caudate nucleus with loss of medium-sized
neurons and gliosis. H&E.

Fig. 16.3-3. Whole mount of cerebral hemisphere. Note
atrophy of the caudate nucleus. H&E/LFB.

Fig. 16.3-5. Cerebellum shows loss of Purkinje cells and gran-
ular cells with increased Bergman cells. H&E.

Fig. 16.3-6. MRI reveals atrophy of the caudate nucleus.



17 Neuroaxonal Degeneration



226 17. Neuroaxonal Degeneration

17.1 Infantile Neuroaxonal Dystrophy (Seitelberger’s Disease)

Infantile neuroaxonal dystrophy is an autosomal reces-
sive neurodegenerative disorder characterized by dys-
trophic changes involving mainly the terminal axons.
The dystrophic axons result from a defective retrograde
axonal transport, but the underlying metabolic defect is
unknown. A disorder with similar axonal pathology
called schindler’s disease is caused by N-acetylgalac-
tosaminidase deficiency. It has been reported in two
siblings with clinical and neuropathological features of
infantile neuroaxonal dystrophy [1]. The both disorder
present during the first 2 years of life with psychomotor
deterioration, hypotonia, pendular nystagmus, and sym-
metrical pyramidal tract signs.

Axonal dystrophy is a feature, of several other dis-
eases; Hallervorden-Spatz disease, late infantile and
juvenile neuroaxonal dystrophy.

Pathology

Gross examination of the brain shows marked atrophy
and sclerosis of the cerebellum, bulbar pyramids, and

Fig. 17.1-1. Infantile neuroaxonal dystrophy. Cerebral hemi-
sphere of infantile neuroaxonal dystrophy exhibiting pallor of
the white matter. KB stain.

optic nerves. The cerebral cortex and white matter are
moderately atrophic, and the globus pallidus is faintly
yellow-brown. The pathognomonic lesion is axonal
swelling in the neuropil of the cortex, basal ganglia,
brain stem, and spinal cord. There is Purkinje and granu-
lar neuronal loss in the cerebellum associated with tor-
pedoes [2]. Also present is cell loss in the lateral
geniculate and dense collections of neutral fat and cho-
lesterol-filled macrophages in the basal ganglia [3].
Peripheral nerve biopsy and nerves in other tissue
biopsies are diagnostic.

Electron microscopy (EM) shows that the cytoplasm
of spheroid bodies contains several types of abnormal
organelle: clusters of branched tubular or vesicular pro-
files and occasionally crystalloid inclusions. Adjacent to
clusters, filamentous structures can be disoriented or
organized in beaded and lattice-like works, forming con-
centric or spiral structures. Mitochondria and synaptic
vesicles are usually found close to these structures, sug-
gesting the proximity of axonal terminals.

Fig. 17.1-2. Spheroids in the nucleus cuneatus of the medulla
oblongata. The accumulation of spheroids is more intense in
the posterior horns of the spinal cord, dorsal columns of the
lower medulla. Bodian stain.
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Fig. 17.1-3. Axonal swellings in the vestibular nucleus of the

medulla oblongata. Neurofilament immunohistochemistry. Fig. 17.1-4. Epon thin section shows spheroid of axonal

swelling in the white matter, and EM reveals several types of
abnormal organelle in the spheroid.

Fig. 17.1-5. Cerebellar hemispheres exhibit atrophy of the
cerebellar cortex and fibrillary astrogliosis. Holzer stain.

Fig. 17.1-6. Magnetic resonance imaging (MRI). Note the
marked high intensity of the cerebellum and brain stem on
T2-weighted imaging [2].
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17.2 Hallervorden-Spatz Disease

Hallervorden-Spatz disease is an autosomal recessive
disorder with mutations in the gene encoding pantothe-
nate kinase 2 (PANK?2). There are two clinical forms.

Pathology

There is atrophy of the globus pallidus and brown dis-
coloration of both the globus pallidus and the pars
reticulate of the substantia nigra. Microscopically, there
is neuronal loss in the pallidonigral system, cerebellum,
and lateral geniculate body, with a large number of
spheroid bodies in most central nervous system (CNS)
structures and deposits of iron, lipofuscin, and melanin

in the globus pallidus and substantia nigra. These findings
are similar to those of the aged brain; and in adult cases
neurofibrillary tangles (NFTs) are found in the
hippocampus, neocortex, nuclei of basal forebrain, sub-
thalamic nucleus, and brain stem reticular formation

[4]-

Electron Microscopy

EM has shown that the dystrophic axons contain various
combinations of degenerating organelles, smooth mem-
branous profiles, neurofilaments, microtubules, and
dense granules [5].

Table 17.1. Phenotypic features of pantothenate kinase-associated neurodegeneration

Early-onset, rapidly progressive (classic)

Feature disease

Late-onset, slowly progressive (atypical) disease

Age at onset First decade
Major neurological features
tract involvement
Pigmentary retinopathy Very common
Rate of disease progression
10-15 years after onset

Brain MRI Eye of the tiger

Extrapyramidal dysfunction, corticospinal

Loss of independent ambulation within

Second or third decade

Speech disorders, psychiatric disorders, extrapyramidal
dysfunction, corticospinal tract

Rare

Loss of independent ambulation within 15-40 years
after onset

Eye of the tiger

Fig.17.2-1. Hallervorden-Spatz disease. Cerebral hemisphere.
Brown pigmentation in the globus pallidus.

Fig. 17.2-2. Midbrain. Brown pigmentation in the pars
reticulate of the substantia nigra.
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Fig. .17-2'3- Glpbus Pallidus shows .ne.ur'onal loss, axonal  Fijg, 17.2-4. Deposits of iron-positive pigments are found in
swelling, deposits of pigments, and gliosis in the whole area.  the cytoplasm of astrocytes, neurons, and microglia around
H&E. vessels. Iron stain of globus pallidus.

Fig. 17.2-5. Spheroids of swollen axons in the globus pallidus.
Bodian stain.

Fig. 17.2-6. MRI with iron accumulation and tissue changes
pigments producing the characteristic “eye of the tiger” sign.
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18.1 Vanishing Leukoencephalopathy (Childhood Ataxia with Central

Hypomyelination Syndrome)

Vanishing leukoencephalopathy is a vacuolating
leukoencephalopathy with subcortical cysts. Symptoms
develop at 18 months to 5 years of age with slowly
progressive cerebellar ataxia, spasticity, variable optic
atrophy, late development of bulbar symptoms, and
preserved mental capacities. There are adult cases.

Pathology

The brain is soft, with widespread swelling and spongi-
ness of the cerebral white matter with gelatinous sub-
cortical cysts. These are present in the anterior temporal
regions and sometimes in frontal and parietal lobes. U
fibers and projection fibers are variably involved. The
cortex and basal ganglia are not involved. Cerebellar
white matter and the brain stem are shrunken. Micros-
copy reveals preserved gray matter with the exception
of cerebellar Purkinje cells. Surrounding the cysts are
naked axons, some myelin fragments, reactive astro-
cytes, macrophages with sudanophilic material, and
increased oligodendrocytes. The lesion of the white
matter is characterized by splitting of the outer lamellae
of the myelin sheaths. The myelin splitting leads to

Fig. 18.1-1. Vanishing leukoencephalopathy. The brain exhib-
its normal-appearing cerebral cortex.

slowly progressive neurological dysfunction. The cortex
remains intact [1,2].

Magnetic Resonance Imaging

During the early stage, MRI reveals that there is exten-
sive involvement of the white matter of the cerebral
hemispheres with signal abnormality and considerable
swelling. The posterior limb of the internal capsule and
cerebellar white matter usually show abnormal signals
without swelling. The corpus callosum and the brain
stem are largely spared, and the cortex and basal ganglia
are always spared [3].

Genetics

One gene found on chromosome 3q27 (EIF2BS5), which
encodes one of five subunits of the translation factor
elF2B, has been found to be mutated in some patients
with vanishing white matter disease [4]. Other patients
have mutations in one of the other genes that encodes
elF2B subunits.

Fig. 18.1-2. Whole mount of cerebral hemisphere demon-
strates the lucency of the white matter.
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Fig. 18.1-3. Microscopy shows normal cortex overlying spongy  Fig. 18.1-4. Microscopy with sudanophilic macrophages
white matter. Nissl stain. infiltrating the white matter. Sudan III.

Fig. 18.1-5. Microscopy demonstrates cystic changes and

T . Fig. 18.1-6. The cerebellum exhibits loss of Purkinje cells and
marked gliosis in white matter. H&E.

granular cells with gliosis. H&E.
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18.2 Metachromatic Leukodystrophy

Metachromatic leukodystrophy (MLD) is an autosomal
recessive sphingolipid storage disease with sulfatide
storage in the central nervous system (CNS), peripheral
nervous system (PNS), and some viscera. It is caused by
a deficiency of arylsulfatase A (gene on 22q13). A similar
disorder is caused by genetic deficiency of sphingolipid
activator proteinl (saposin-B) on chromosome 10.
There are late infantile, juvenile, and adult forms, with
a rare congenital-infantile case. With the infantile form,
there is normal early development, then falling and
spasticity with loss of motor function and language and
spastic quadriplegia and blindness. In the other forms,
progression is slower, and symptoms are milder. Adult
forms may present with a peripheral neuropathy.

Pathology

There is symmetrical demyelination in the CNS and
PNS with sulfatide storage (metachromatic material) in
the CNS, PNS, kidneys, gallbladder, liver, pancreas, adre-
nals, ovaries, and testes. electron microscopy (EM) of
storage materials shows variously described inclusions:
prismatic, tuffstone, herringbone, or honeycomb
patterns.

Magnetic Resonance Imaging

MRI reveals diffuse low intensity in white matter on
T1-weighted images and high intensity on T2-weighted
images [5].

Fig. 18.2-1. Metachromatic leukodystrophy (MLD).
Coronal section of brain through the thalamus with
symmetrical demyelination and preserved U fibers.

‘“:i Fig. 18.2-2. Marked demyelination and fibrillary astro-

gliosis. Holzer stain.
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Fig. 18.2-3. Microscopic section of white matter exhibiting Fig. 18.2-4. Metachromatic substance in macrophages stained
marked astrogliosis and microglial proliferation. H&E. brown with acidic cresyl violet.

Fig. 18.2-5. EM of sural nerve biopsy shows tuffstone bodies
in Schwann cell cytoplasm. PHILIPS &

Fig. 18.2-6. T1-weighted MRI in a case of juvenile MLD
showing marked atrophy, low intensity of cerebral white
matter, and dilated ventricles.
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18.3 Krabbe's Disease (Globoid Cell Leukodystrophy or

Galactosylceramide Lipidosis)

Krabbe’s disease is an autosomal recessive lysosomal
storage disease caused by a deficiency of galactocere-
broside Pgalactosidase (gene on chromosome 14). The
infantile form begins at 3-6 months of age with irritabil-
ity, rigidity, and tonic spasms. Death is at 1-18 months.
The juvenile form begins at 3-10 years of age with slow
development of gait disturbance, spastic paraparesis,
and visual and intellectual decline. The adult form pres-
ents as asymmetrical limb weakness, spastic gait, poor
coordination, and tremor.

Pathology

In the commonest infantile form, the brain is atrophic
with gliotic firm white matter. There is loss of myelin

Fig. 18.3-1. Krabbe’s disease. Demyelination with preserved
U fibers in white matter.

(except U fibers) and some axonal degeneration as well
as gliosis and accumulation of globoid cells (macro-
phages containing PAS-positive materials). EM of
globoid cells reveals slender tubular structures of galac-
tocerebroside. Oligodendrocytes are reduced, and there
are fewer neurons in the thalamus, cerebellum, dentate
nucleus, and brain stem. Peripheral nerves show onion
bulb formation and loss of large axons.

Magnetic Resonance Imaging

MRI shows low intensity in white matter on T1-weighted
images and high intensity on T2-weighted images as well
as atrophy of the caudate nucleus [5].

Fig. 18.3-2. Demyelination and astrogliosis in white matter.
PTAH.
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Fig. 18.3-3. Microscopy showing globoid cells and perivascu-  Fig. 18.3-4. Calcification in the white matter.
lar microglial cells. PAS.

Fig. 18.3-5. EM shows characteristic polygonal or tubular
structures.

Fig. 18.3-6. Computed tomography (CT) shows slight
dilatation of the lateral ventricle and slightly low density in
periventricular white matter.
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18.4 Alexander’s Disease

The infantile form of Alexander’s disease begins at 6
months to 2 years of age with megalencephaly and/or
hydrocephalus, seizures, developmental delay, and
spastic paresis. Death occurs at 2 months to 7 years. The
juvenile form begins at 7-14 years of age with bulbar
weakness, spasticity, ataxia, and mental deterioration.
The adult form is variable, with bulbar symptoms, spastic
paraparesis or quadriparesis, and cognitive dysfunction.

Pathology

Brain appearance depends on the duration of the disor-
der. Early cases are megalencephalic; later cases show
atrophy. There may be hydrocephalus with aqueduct
occlusion and atrophic, yellow discolored granular white
matter. Histology shows accumulation of Rosenthal
fibers in subpial and perivascular locations with dysmy-
elination. Rosenthal fibers are eosinophilic, refractile,
rod-shaped bodies (0.5 um up to 25 um in width and up
to 30 um in length). They are intracellular, non-mem-
brane-bound osmophilic deposits that are intimately
associated with skeins of intermediate filaments com-
posed of GFAP and vimentin filament proteins. The
major protein component of Rosenthal fibers is oB-
crystallin (a 27-kDa heat shock protein) and ubiquitin.

Fig. 18.4-1. Alexander’s disease. Whole mount of the cerebral
hemispheres shows megalencephaly, dilated ventricles, and
poor myelination. H&E/LFB.

In the CNS, aB-crystallin is normally expressed at low
levels in astrocytes and oligodendrocytes, but it can
accumulate in glia and neurons in numerous other neu-
rological disorders [6].

Computed Tomography

CT reveals dilation of the lateral and third ventricles as
well as diffuse, symmetrical, low density of the white
matter, particularly in the frontal lobes.

Magnetic Resonance Imaging

There are prolonged T1- and T2-weighted MRI relax-
ation times in a distribution identical to that of the CT
abnormalities. MRI may demonstrate more white matter
disease than CT [7].

Genetics

The gene responsible for Alexander’s disease is the one
encoding glial fibrillary acid protein. In Alexander’s
disease there is a de novo dominant gain of function
mutation [1].

Fig. 18.4-2. Section of cerebral cortex stained with PAS, which
defines the Rosenthal fibers. Note the PAS-positive processes
in subpial and perivascular areas.
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Fig. 18.4-3. Higher power view of PAS-positive Rosenthal
fibers.
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Fig. 18.4-4. GFAP-positive Rosenthal fibers.

Fig. 18.4-5. Perivascular materials are defined with elastica-
van Gieson (left) and PTAH stains (right).

Fig. 18.4-6. EM (x6825) of a piece of cortex and white matter
from a 3-year-old child. An astrocyte containing filaments (f),
lysosomes (L), and Rosenthal fibers (R) is surrounded by
numerous cell processes, some of which contain Rosenthal
fibers.
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18.5 Canavan’s Disease, Spongy Degeneration of the Neuraxis
(Canavan—van Bogaert—Bertrand Disease)

Canavan’s disease is an autosomal recessive disorder
caused by aspartoacylase (ASPA) deficiency, an enzyme
required for myelin formation. A neonatal form of the
disease presents with lethargy, crying, decreased spon-
taneous movements, hypotonia, feeding difficulties, and
early perinatal death. The infantile form shows loss of
head control and, frequently, megalocephaly during
early infancy, hypotonia followed by spasticity, optic
atrophy, coarse nystagmoid eye movement, seizures, and
autonomic instability. Most patients die before 5 years
of age.

N-Acetylaspartate (NAA) is increased in urine, bone,
and cerebrospinal fluid. ASPA activity in fibroblasts of
individuals with spongy degeneration of the neuraxis
can be absent or reduced. More than 40 gene mutations
for ASPA have been described [2].

Pathology

Megalencephaly is seen in the younger patients. The
hemispheres show poor definition of gray and white
matter, which is gelatinous with the texture of a wet
sponge. Microscopically, there is vacuolization of the
deep cortical layers and most of the white matter includ-
ing the arcuate fibers (U fibers), with relative sparing of
the centrum ovale. Myelin is absent. There is prolifera-
tion of Alzheimer’s type II astrocytes. Spongy change
may be present in the cerebellum between Purkinje
cells and the granular layer. Other structures frequently
involved include the optic nerve, basal ganglia (Palli-
dum), nuclei of the brain stem, and the gray and white
matter of the spinal cord [4,8].

Fig. 18.5-1. Canavan’s disease. Spongy changes in the white
matter. H&E.

Fig. 18.5-2. Spongy change and loss of myelin sheaths. H&E.



Canavan’s Disease, Spongy Degeneration of the Neuraxis (Canavan—van Bogaert-Bertrand Disease) 241

Fig.18.5-4. Cerebellum showing spongy change in the granular
cell layer and white matter. In the cerebellum, Alzheimer’s
type II astrocytes and vacuolization are seen in the subcortical
white matter and in the molecular and Purkinje cell layers of
the cortex. H&E.

Fig. 18.5-3. Myelin pallor in the cerebellar white matter.
H&E/LFB.

Fig. 18.5-5. EM reveals abnormal mitochondria, splits in

myelin lamellae, swelling of the astrocytic perikaryon and pro-

cesses, and gigantic abnormal mitochondria with a dense fila-

mentous matrix and distorted cristae. Fig. 18.5-6. MRI reveals the presence of reduced gliotic white
matter. CT and MRI reveal symmetrical subcortical white
matter change at an early stage.
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18.6 Cockayne’s Syndrome, Connatal Cockayne’s Syndrome

Cockayne’s syndrome is an autosomal recessive disor-
der with signs of premature aging, cachectic dwarfism,
photosensitive dermatitis, and progressive neurological
defects including retinopathy, deafness, peripheral neu-
ropathy, psychomotor retardation, and pyramidal and
cerebellar signs. There are connatal and infantile forms.
The disorder can be diagnosed by demonstrating hyper-
sensitivity of cultured fibroblasts to the lethal effects of
ultraviolet (UV) light and a defective recovery of post-
UV DNA synthesis. It is hypothesized that the lesions
in Cockayne’s syndrome result from impaired repair of
DNA associated with multiple gene defects. One is
DNA helicase (ErcG6 gene) located at 10q11-q21.

Pathology

There is marked microcephaly, basal ganglia and corti-
cal capillary calcifications, atrophy of the cortical mantle,

and reduced white matter. Lipofuscin accumulation,
neurofibrillary tangles, Hirano bodies, and nuclear
atypia have been described in cortical neurons. In the
white matter, there is patchy loss of myelinated fibers in
a tigroid fashion. The corpus callosum is thin, and the
lateral ventricles are enlarged. The cerebellum is fre-
quently atrophic with white matter loss; and there is a
diffuse paucity of Purkinje and granule cells with pro-
liferation of Bergman astroglia. Purkinje cells may
display axonal swellings (torpedoes), dendritic expan-
sions (cactus flowers), and mineralization of the den-
drites. Nuclear abnormalities also occur in cerebellar
neurons. The patchy demyelination with nerve cell loss
may involve the brain stem and spinal cord. EM of
peripheral nerves may show onion bulb formation and
Schwann cells containing granular material [4,9].

Fig. 18.6-1. Cockayne’s syndrome. Coronal section of cerebral
hemispheres showing patchy demyelination (calcification in
white matter), discoloration, and shrinkage of the basal ganglia
(which contain calcific deposits) as well as minimal
hydrocephalus.

Fig. 18.6-2. Radiograph of the case in 18.6-1 shows calcifica-
tion in the basal ganglia and cerebral white matter.
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Fig. 18.6-3. Coronal section through basal ganglia exhibits

. " Fig. 18-6-4. Whole mount exhibits calcification in the basal
calcification.

ganglia and demyelination in the white matter. LFB/H&E.

Fig. 18.6-5. White matter exhibits tigroid-state demyelination.
LFB.

Fig. 18.6-6. CT with basal ganglia calcification.
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18.7 Pelizaeus-Merzbacher Disease

Pelizacus-Merzbacher disease (PMD) is an X-linked
recessive disorder characterized by almost complete
absence of central myelin and sparing of the peripheral
nervous system. In some cases the disorder begins
during the neonatal period with abnormal eye move-
ments, microphthalmia, optic atrophy, head titubation,
and hypotonia. This form is rapidly progressive, leading
to involuntary movements, spasticity of the legs, intel-
lectual failure, and early death. In other cases, the rate
of progression is slower.

Pathology

The brain is atrophic with sulcal widening and ventricu-
lar enlargement. The corpus callosum is thin and hypo-
plastic, and the cortex is preserved; however, a diffuse
lack of myelin staining is characteristic of the disorder.
There are rare islands of preserved myelin in the pro-
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Fig. 18.7-1. Pelizacus-Merzbacher disease. Gross brain

showing normal-appearing cortex.

tracted cases, giving a “tigroid” appearance. The
cerebellum is atrophic with Purkinje cell (PC) and
granular cell loss. Axons are preserved. There are
perivascular macrophages with sudanophilic lipid and
variable degrees of gliosis. There may be associated
heterotopias and microgyria. MRI findings are variable;
brain stem auditory and visual evoked potentials are
abnormal.

Genetics

Most cases of Pelizacus-Merzbacher disease are caused
by a defect of the proteolipid protein (PLP) with abnor-
malities in the gene at Xq21-22. Pelizacus-Merzbacher
disease (PMD) and familial spastic paraplegia type 2
(SPG?2) are also caused by a mutation of the PLP gene
[9-11].

Fig. 18.7-2. Coronal sections show discolored, shrunken white
matter.
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Fig. 18.7-4. White matter shows an absence of proteolipid
protein (PLP). Immunohistochemical preparation.

Fig.18.7-3. Left. Poor staining of myelin sheathsin the cerebral
hemisphere. LFB. Right. Whole mount with a glial stain
showing diffuse white matter gliosis. Holzer stain.

Fig. 18.7-5. Cerebellum shows atrophy and white matter
hypomyelination and gliosis. Left. LFB. Right. Holzer stain.

Fig. 18.7-6. MRI reveals cerebral atrophy and an absence of
white matter myelination.
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19.1 Acute Disseminated Encephalomyelitis (Postinfectious/Postvaccination

Perivenous Encephalomyelitis)

Acute disseminated encephalomyelitis (ADEM) is a
demyelinating disease that affects all ages, except chil-
dren less than 2 years. It occurs during the course of
various infections, particularly the acute exanthematous
diseases of childhood (measles, rubella, chickenpox, and
smallpox immunization), other common viral infections
(i.e., Epstein-Barr virus, adenovirus, cytomegalovirus,
influenza, rhinoviruses, coronaviruses), and following
vaccination against smallpox, measles, and rabies. The
clinical features are the same regardless of the inciting
event. The symptoms develop days to weeks after the
onset of the predisposing cause. The symptoms and
signs of acute disseminated encephalomyelitis are
related to the portion of the central nervous system
(CNS) that is most severely damaged. Death occurs in
20%-30%. There are neurological deficits in survivors.

Pathology

The brain shows mainly involvement of the white matter
with numerous small foci of demyelination. Histologi-
cally, there is a destructive inflammatory reaction with
lymphocytes and occasional plasma cells around small
veins throughout the cerebrum, brain stem, cerebellum,
and spinal cord. Phagocytic microglial cells are present
in the lesions. There is relative sparing of axons and
nerve cells. There is a sharp margin between the foci of
demyelination and normal areas. At later stages, the
extent of gliosis exceeds the area of demyelination. In
ADEM the tissue reaction is the same age everywhere
reflecting the monophasic nature of the disease. This
differs from multiple sclerosis in which lesions are of
differing ages [1].

Fig. 19.1-1. ADEM. Multiple sites of demyelination in the
white matter of the cerebrum.

Fig. 19.1-2. Multiple lesions of demyelination in the cerebel-
lar white matter.
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Fig. 19.1-3. Perivascular small round cell infiltration in the Fig. 19.1-4. Perivascular cuffing with astrogliosis and loss of
cortex and white matter. H&E. myelin sheaths in the same case. LFB.

Fig. 19.1-5. Perivascular cuffing in the white matter in the Fig.19.1-6. Microscopic multifocal demyelination in the same
same case. H&E. case. LFB.
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19.2 Acute Necrotizing Encephalopathy

Acute necrotizing encephalopathy (ANE) is a type of
acute encephalopathy that affects young children fol-
lowing febrile viral diseases such as influenza and
exanthema subitum [2]. ANE is most prevalent in East
Asia but is also present in other regions of the world.
The clinical course of ANE is fulminant, with a rapid
decrease of consciousness, variable degrees of hepatic
dysfunction, and severe neurological sequelae in the
survivors [3].

Pathology

The lesions of ANE exhibit edema, petechial hemor-
rhage, and necrosis, suggesting local breakdown of the
blood-brain barrier. Both the gray and white matter are
involved. The parenchymal lesions have a laminar

Fig. 19.2-1. Acute necrotizing encephalopathy (ANE). Note
the cavity formation with hemorrhagic necrosis in the thala-
mus and white matter of both cerebral hemispheres. (Courtesy
of Dr. Mizuguchi M.)

pattern surrounding vessels, which exhibit excessive
permeability, producing an area of “vasogenic edema.”
This increases, moving deep into the brain away from
the cerebral surface [4].

Magnetic Resonance Imaging

Cranial computed tomography (CT) and magnetic reso-
nance imaging (MRI) show characteristic bilateral brain
lesions in which the multiple, symmetrical brain lesions
affect the bilateral thalami, putamina, cerebral periven-
tricular white matter, cerebellum, and brain stem teg-
mentum. Images of the lesions often exhibit a concentric
structure, such as is seen in the tissue pathology.
The periphery of the lesions shows positive contrast
enhancement [4].

~

Fig. 19.2-2. Whole mount of thalamus shows a focus of hemor-
rhagic necrosis. H&E.
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Fig. 19.2-3. Hemorrhage and necrosis in the thalamus. H&E. ~ Fig. 19.2-4. Axonal swelling in white matter. H&E.

Fig. 19.2-5. Focal necrosis with spongy changes in white Fig. 19.2-6. Cystic necrosis in the midbrain tegmentum. Left.
matter. H&E. H&E. Right. Holzer stain.
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20.1 Congenital Cytomegalovirus Infection

The viruses known to be responsible for significant
intrauterine infections include rubella virus, measles
virus, mumps virus, enteroviruses (coxsackie virus,
echovirus, hepatitis A, poliovirus), lymphocytic chorio-
meningitis virus, human immunodeficiency virus (HIV),
herpes viruses (cytomegalovirus, varicella, herpes
simplex), Epstein-Barr virus, and arboviruses.
Newborns who were infected in utero may present
with: (1) acute or subacute signs of infection; (2) multiple
organsystemmalformation (congenital viralsyndromes);

(3) intrauterine growth retardation; (4) prematurity; or
(5) no immediately evident signs of disease.

Cytomegalovirus (CMV) infection may cause hepati-
tis, pneumonitis, cutaneous petechiae, chorioretinitis,
meningoencephalitis, and myositis during the acute or
subacute stage. Chronic signs of CMV infection are
microcephalus, brain malformation, periventricular cal-
cification, hearing loss, and dental defects. An encepha-
loclastic process that occurs during neuronal migration
leads to polymicrogyria or schizencephaly [1].

Fig. 20.1-1. Congenital cytomegaloviral (CMV) infection.
Cytomegalic cells in the subependymal germinal layer. H&E.

Fig. 20.1-2. Cytomegalic cells and calcification in the subep-
endymal germinal layer. H&E.
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Fig.20.1-3. CMV insituhybrid-
ization shows positive cells in
the subependymal layer. CMV
immunohistochemistry.

Fig. 20.1-4. Calcification in the white matter. H&E.

Fig. 20.1-6. Heterotopic glioneuronal tissue in the leptomen-

Fig. 20.1-5. Radiograph of fetal brain shows calcification in inges and polymicrogyria in a four-layer pattern. H&E.

periventricular areas.
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20.2 Disseminated Varicella Zoster

Varicella infection is sometimes associated with neuro-
logical complications, including acute cerebellar ataxia,
acute encephalopathy (Reye syndrome), acute necrotiz-
ing encephalopathy [2], or a postinfectious encephalitis
or lacunar infarction after varicella infection in children
[3]. Prenatal infection in the mother may result in acute
neonatal encephalitis.

Neuropathology shows acute encephalopathy with
fatty degeneration of the liver (Reye syndrome) in most
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cases; in a few cases the liver exhibits disseminated focal
necrotic foci with chronic inflammatory cell infiltration
and inclusion bodies. Acute encephalitis produces mul-
tiple disseminated necrotic foci in neonates and a focal
necrotic area in injured regions of the brain in children
[4].

Congenital varicella syndrome includes cicatricial
skin lesions (80%), limb deformities (70%), and ocular
deformities (60%)

Fig. 20.2-1. Disseminated varicella zoster. Coronal section of the
cerebrum exhibits brain purpura (multiple petechiae in the
cerebri).

Fig. 20.2-2. Disseminated varicella zoster in the pons
and cerebellum with multiple hemorrhages.
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Fig. 20.2-3. Disseminated varicella zoster. Multiple hemor-  Fig. 20.2-4. Disseminated varicella zoster. Multiple hemor-
rhages in the cerebrum. H&E. rhages in the cerebellum. H&E.

Fig. 20.2-5. Congenital varicella syndrome. Bullae on skin Fig. 20.2-6. Congenital varicella syndrome. Focal inflamma-
containing cells with viral inclusions and necrotic cells. H&E. tory foci and necrosis in the cerebral cortex. H&E.
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20.3 Herpes Simplex Type 1 Encephalitis

Herpes simplex type 1 is the most common cause of
nonepidemic encephalitis. The incidence in the general
population is estimated to be 1/500 000. Herpes simplex
type 1 encephalitis can be seen at any age.

Pathology

The lesions produced by herpes simplex type 1 are char-
acteristically localized to the inferior frontal and medial
temporal regions of the brain. Occasionally, the virus
also damages the brain stem, producing necrotizing
encephalitis. Necrosis is usually asymmetrical. Micro-
scopically, there are perivascular lymphocytic infiltrates

and microglial nodules. In severe acute lesions there
may be granulocytes, necrosis, microhemorrhages, and
macrophages. Eosinophilic Cowdry’s type A intranu-
clear inclusions are seen in neurons, oligodendrocytes,
and astrocytes. Viral antigens can be identified by immu-
nohistochemistry and by electron microscopy (EM),
and virus particles can be identified in nuclei. Virus can
be isolated from brain tissue by cell culture procedures.
Virus DNA in paraffin sections of human brains can be
detected at necropsy by use of the polymerase chain
reaction (PCR).

Subacute herpes simplex virus type 2 meningoen-
cephalitis produces acute encephalitis in the neonate or
aseptic meningitis in adults [5].

Fig. 20.3-1. Herpes simplex type 1 encephalitis. Brain with
temporal subarachnoid hemorrhage associated with focal
herpes simplex encephalitis in a child.

Fig. 20.3-2. Hemorrhagic necrosis in the cortex of the occipi-
tal lobes.
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Fig. 20.3-5. Small foci of inflammatory cells; microglial nodule. ~ Fig. 20.3-6. EM shows viral inclusions in the nucleus.
H&E.
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20.4 Japanese Encephalitis

The most frequently occurring epidemic encephalitides
are caused by arthropod-borne viruses (arboviruses).
Japanese encephalitis virus is the most common cause
ofhuman arboviral encephalitis worldwide. The common
arboviruses causing encephalitis in the United States
belong to three families: (1) Togaviridae (Eastern equine
and Western equine viruses); (2) Flaviviridae (St. Louis
encephalitis virus, Japanese encephalitis virus, West Nile
virus); and (3) Bunyaviridae (La Crosse virus). Mosqui-
toes are the arthropod vectors for most arboviral
encephalitides.

Pathology

Gross examination of the brain shows diffuse or focal
brain edema at the acute stage. Microscopically, the
meninges show granulocytosis during the early phase
and lymphocytosis and monocytosis during later phases.
The lesion of Japanese encephalitis occurs primarily in
the gray matter, similar to St. Louis encephalitis; and it
predominantly involves the thalamus, brain stem, and
cerebellum [5].

Fig. 20.4-1. Japanese encephalitis. Gross brain showing edema.

Fig. 20.4-2. Meningoencephalitis with leptomeningeal and
perivascular inflammatory cell infiltration in the cerebral
cortex.
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Fig. 20.4-3. Perivascular cuffing and necrosis in the Fig. 20.4-4. Breakdown of myelin sheaths in the cerebral
thalamus. white matter. LFB.

Fig. 20.4-5. Focal inflammatory cell infiltration in the dentate  Fig. 20.4-6. Loss of granular cells and Purkinje cells as well as
nucleus of the cerebellum. H&E. cell infiltration in the molecular cortex of the cerebellum.
H&E.
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20.5 Pediatric Human Immunodefeciency Virus (HIV) and Opportunistic

Infection

Congenital HIV infection results from vertical transmis-
sion of maternal HIV infection. Transfusion-acquired
HIV infection is acquired with transfusion of HIV-
contaminated blood or blood products. After a long
incubation period, both acquired and congenital infec-
tions lead to clinical immunodeficiency, which gradually
worsens and is usually fatal [5].

Pathology

The neuro-pathogenesis of HIV-1 infection involves a
cascade of viral products, cytokines and chemokines,
and neurotransmitters. These lead to neuronal injury
and deaths secondary to apoptosis or neurosis, and
astrocytosis, as well as dendritic and synaptic damage.

Fig. 20.5-1. Congenital HIV infection. Gross brain showing
dilatation of vessels in the base of the brain.

Table 20.1. Clinical neurological manifestations of pediatric
HIV infection

Manifestation Common Uncommon
Neurological Developmental delay Seizures
abnormalities Encephalopathy Movement
Microcephaly disorders
Pyramidal tract Cerebellar signs
neuromotor deficits Peripheral
Cognitive impairment neuropathy
Mental regression
Neuroradiological ~ Basal ganglia Low-density mass
findings calcifications lesions in cases

Brain atrophy with
ventricular dilatation
and cortical atrophy

Brain edema of variable
degree

of opportunistic
CNS infections
or CNS tumors

Fig. 20.5-2. Enhanced computed tomography (CT) shows
multiple enhancement of lesions in the brain, including basal
ganglia calcification.
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Fig. 20.5-3. Brain atrophy is predominantly in the Fig. 20.5-4. Left. Focal cystic lesion in the periventricular area. Right.
gray matter. Immunohistochemistry identification of HIV antigen.
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Fig. 20.5-5. Cerebellar atrophy. Fig. 20.5-6. Golgi study shows poor dendritic
development in the visual cortex of a child.
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20.6 Progressive Multifocal Leukoencephalitis and Acute Hemorrhagic

Leukoencephalitis (Hurst’s Disease)
Progressive Multifocal Leukoencephalitis

Progressive multifocal leukoencephalitis (PML) occurs
as an infrequent complication of a wide variety of condi-
tions that compromise the immunological status of the
host. It is rare in children.

Pathology

Multifocal demyelination occurs most prominently in
the subcortical white matter and less commonly in the
cerebellar, brain stem, or spinal cord white matter. PML
is characterized by a triad of findings in demyelinating
areas: (1) oligodendrocytes with enlarged nuclei (two to
three times their normal size); (2) loss of oligodendrog-
lia with relative sparing of axons; and (3) giant astro-
cytes with irregular lobulated hyperchromatic nuclei.
There is little evidence of inflammation.

Electron Microscopy

There is a large number of 28- to 45-mm diameter papo-
vavirus particles in dense crystalline arrays in the swollen
oligodendroglial nuclei. The virus is identified by
immune EM of purified viruses, immunofluorescence, or
the immunoperoxidase test in a paraffin section of the
brain [5].

Acute Hemorrhagic Leukoencephalitis

Acute hemorrhagic leukoencephalitis is one type of
postinfectious encephalomyelitis. A mild viral infection
precedes the onset of neurological symptoms (head-
ache, vomiting, unconsciousness, seizures) by 1 to 3
weeks. Pathology includes perivascular petechial
hemorrhages, necrotizing changes of the vessel wall, and
inflammatory cells around vessels in the white matter.
Demyelination is diffuse or multifocal [6].

Fig. 20.6-1. Progressive multifocal leukoencephalitis (PML).
Note the numerous small foci of demyelination in the frontal
lobe white matter. LFB.

Fig. 20.6-2. Progressive multifocal leukoencephalitis. Giant
astrocyte with multiple nuclei. (H&E). Left. Small foci of
demyelination, Right. Close up of demyelinated area showing
loss of myelin and reactive astrocytes (LFB/H&E).
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Fig. 20.6-3. Progressive multifocal leukoencephalitis. Oligo-
dendrocytes with enlarged nuclei and astrocytes with multiple
nuclei (H&E).

b

Fig. 20.6-4. Progressive multifocal leukoencephalitis. EM
shows characteristic intranuclear inclusions.

Fig. 20.6-5. Hemorrhagic leukoencephalomyelitis. Multifocal

necrotic foci with perivascular hemorrhages in the cerebral
white matter. KB stain. Fig. 20.6-6. Hemorrhagic leukoencephalomyelitis. Multifocal

necrotic foci with spongy changes, inflammatory cell infiltra-
tion, and diffuse gliosis in the cerebral white matter. KB
stain.
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20.7 Rabies, Poliomyelitis, Parvovirus B19 Infection

Rabies is essentially a disease of animals. Most of the
infections in animals and humans are caused by bites of
rabid animals. The incubation time (stage I) is 1-3
months. The prodromal period of nonspecific symptoms
(stage II) is 2-10 days. The acute neurological period
of stage III causes “furious and paralytic” rabies. The
brain and spinal cord show edema and petechial hemor-
rhages. Microscopically, there is lymphocytic perivascu-
lar cuffing in various regions of the central nervous
system (CNS), especially in the basal ganglia. Rabies is
characterized by the presence of Negri bodies [5].

Fig. 20.7-1. Rabies. Histology of Negri bodies, eosinophilic
inclusions, and an organized basophilic central core in the
cytoplasm of large neurons.

Acute poliomyelitis is caused mainly by poliovirus and
sometimes by other viruses (coxsackie virus, echovirus,
and enterovirus). Anterior horn cells are selectively vul-
nerable to poliovirus. Nerve cells show chromatolysis
and neuronophagia (neuron death) accompanied by
inflammatory cell infiltration, edema, and microglial and
macrophage proliferations [5].

Intrauterine parvovirus BI19 infection is one of the
causes of hydrops fetalis. Postmortem examination of a
fetus may reveal the multinucleated giant cells of the
macrophage/microglia [7].

Fig. 20.7-2. Rabies. Negri bodies in intact neurons of the hip-
pocampus. H&E.
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Fig- 20.7-3. Rabies. EM reveals bullet-like viral inclusions. Figo 20.7-4. Acute poliomyelitis. There is inﬂammatory cell

infiltration around small vessels. Some neurons are atrophic
or have disappeared.

Fig. 20.7-5. ParvoB19 infection. Left. This fetal brain shows
focal atrophy in the insular area of right cerebral hemisphere.
Right. There is a cavity formation in right insular region.

Fig. 20.7-6. ParvoB19 infection. Left. Polynuclear giant cells
in perivascular areas of the fetal brain, with reactive astrocytes
and microglia around the lesion. (H&E). Right. Macrophages
and calcification in the cerebral white matter.
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20.8 Subacute Sclerosing Panencephalitis

Subacute sclerosing panencephalitis (SSPE) is a rare
childhood disease occurring in approximately 1/300 000
cases of measles. Typically, the patient has a history of
initial contact with measles at a young age, usually less
than 2 years of age. Neurological symptoms slowly
develop between 5 and 15 years of age.

Pathology

In the early stages, the brain frequently has a normal
weight and gross appearance. In later stages the brain
becomes grossly atrophic. The pathological process
follows a rostrocaudal progression with prominent
involvement of the cortex and subcortical white matter.
Perivascular inflammatory infiltrates consisting of lym-
phocytes and plasma cells are present in both the gray
and white matter. In the gray matter, there is prolifera-
tion of “rod cells”; and inclusion bodies are found in
neuronal and glial nuclei (Cowdry’s type A variety) and
in the cytoplasm of neurons. The inclusion bodies are
difficult to find during later stages of SSPE. Nerve cell
loss is commensurate with the duration and severity of

Fig. 20.8-1. Subacute sclerosing panencephalitis (SSPE).
Brain with ventricular dilatation and marked atrophy.

the illness. In the white matter, there is diffuse demye-
lination and gliosis. In addition to the significant astro-
cyte proliferation there are intranuclear inclusions in
the glial cells. EM shows that the inclusions are com-
posed of measles nucleocapsids. Viral antigens may be
identified in brain tissue by an immunofluorescence
technique.

Similar Diseases

Subacute measles encephalitis (measles inclusion body
encephalitis) occurs as an opportunistic infection in
immunosuppressed or immunodeficient children with
primary defects in cell-mediated immunity or who are
under treatment with immunosuppressive drugs for
lymphocytic malignancies (leukemia or lymphomas) or
nephrosis. Progressive rubella panencephalitis also rep-
resents a slowly progressive encephalopathic disease
with onset usually during the juvenile period. The dis-
order follows either congenital rubella syndrome or
naturally acquired rubella in early life [5].

Fig. 20.8-2. Lesion of the cortex and white matter. Note the
loss of neurons and astrogliosis in the thin cortex and astro-
gliosis in the white matter. H&E.



Subacute Sclerosing Panencephalitis 269

Fig. 20.8-3. Cortex exhibits inflammatory cell aggregates, neu-
ronal loss, and astrogliosis. H&E.

Fig. 20.8-5. Intranuclear inclusion in the cortex. The inclusion  Fig, 20.8-6. Intranuclear inclusion in glial cells in the white
is often found in a degenerating part of the lesion. matter. H&E.
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20.9 Tuberculosis

The incidence of CNS tuberculosis is generally low,
although in some regions with HIV infection it is more
common. The prognosis is poor, and early diagnosis and
treatment are essential. CNS infection with Mycobacte-
rium tuberculosis usually results in both leptomeningitis
and intraparenchymal lesions. PCR based on DNA
sequence-specific tuberculosis with cerebrospinal fluid
(CSF) and other tissues is a useful diagnostic test, but it
may be negative in the tuberculoma itself.

Pathology

Tuberculous meningitis shows a whitish exudate about
the base of the brain, surrounding the circle of Willis

Fig.20.9-1. Tuberculous meningitis. Gross brain. Leptomenin-
geal thickening in the base of the brain.

and cranial nerves. The brain shows ventricular dilata-
tion (hydrocephalus) and infarcts in the thalamus or
basal ganglia. The gross tuberculoma is usually an irreg-
ular, round, firm mass with yellow/tan/white discolor-
ation and a soft caseous center. Microscopically, the
necrotic caseous region is surrounded by epithelioid
cells, macrophages, lymphocytes, plasma cells, and mul-
tinucleated giant cells [8].

Fig. 20.9-2. Coronal section of brain through the basal ganglia
shows edematous cerebral hemispheres.
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Fig. 20.9-3. Granuloma of tuberculosis composed of central Fig. 20.9-4. Tuberculoma in the leptomeninges. H&E.

necrosis, epithelioid cells, and Langhan’s giant cells. H&E.

Fig. 20.9-5. Cerebellar cortex showing dendritic degeneration
in the molecular layer. H&E.

Fig. 20.9-6. CT shows diffuse low density in the cerebral white
matter and dilatation of the third ventricle.
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20.10 Acute Bacterial Meningitis and Brain Abscess

Acute Bacterial Meningitis

Acute bacterial meningitis is a common serious disease
in neonates, who have poor protection against potential
meningeal pathogens because of the absence of trans-
placentally acquired antibodies. Their exposure to men-
ingeal pathogens in amniotic fluid or the maternal birth
canal produces colonization of gastrointestinal or respi-
ratory mucosal surfaces. If there is sustained high-level
bacteremia, it may progress to leptomeningitis. If the
meningitis is not treated early in the infection there is a
risk of vascular occlusions and the production of per-
manent CNS damage.

Brain Abscess

Brain abscesses may develop when pyogenic organisms
are introduced into the brain parenchyma. Both the

Fig. 20.10-1. Acute bacterial meningitis. There is purulent
material in the subarachnoid space.

etiology and location of the abscess are influenced by
the mode of infectious inoculation into the brain, which
include (1) metastatic cerebral abscess from infected
thromboemboli; (2) direct extension cerebral abscesses
from adjacent infected foci, such as the ear, mastoid, or
paranasal sinuses; (3) trauma-related cerebral abscesses;
and (4) idiopathic or cryptogenic cerebral abscess in
which the originating infectious focus is undetermined.

Cerebral abscesses occur in all age groups, with peak
frequencies in the young (4-7 years of age) and in older
adults. Cerebral abscesses in children are associated
with cyanotic congenital heart disease, infective endo-
carditis, and contiguous ear, nose, and throat infections
in approximately equal percentages. Cerebral abscesses
are rare during the perinatal period, except when associ-
ated with gram-negative bacillary meningitis [8].

Lt s -
bt

Fig. 20.10-2. Acute bacterial meningitis. Purulent meningitis
in the meninges at the base of the brain.
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Fig. 20.10-3. Acute bacterial meningitis. There is acute lepto-  Fig, 20.10-4. Acute bacterial meningitis, the sequela of which
meningitis with acute inflammatory neutrophils invading the  is hydrocephalus.
cortex. The vessels are obstructed with fibrin. H&E.
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Fig.20.10-6. Brain abscess. There is a central cavity of necrotic
tissue surrounded by acute and chronic inflammatory cells
with vascular proliferation. H&E.

Fig. 20.10-5. Brain abscess. Note the multifocal lesions in the
periventricular area.
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20.11 Fungal Infections

Mycotic lesions in the CNS vary according to the under-
lying health or immunologic status of the host (see table
below). The symptoms are usually minimal and the
diagnosis is difficult. Hyphal fungi produce septicinfarcts
when the hyphal masses obstruct the arteries. The
inflammatory response in the brain becomes granulo-
matous as the fungal infection persists. Organisms may
be demonstrated with PAS or Grocot methenamine
silver stain.

The most common cerebral mycosis is caused by
Candida albicans. CNS candidiasis occurs primarily in
immunocompromised patients who have been exposed
to broad-spectrum antibacterial agents. Candidiasis is
the most common neonatal fungal infection, developing
in utero from an ascending vaginal infection or postna-
tally via passage through an infected/colonized birth
canal.

Fig. 20.11-1. Candida infection. The infection is in the brain
of a neonate, with multiple widespread areas of focal
NECrosis.

Cryptococcus neoformans is the most common cause
of childhood mycotic leptomeningitis. It may develop
spontaneously in children without underlying illness,
but it is more common in immunodeficient patients

[9].

Table 20.2. Fungal infections

Organisms CNS Lesions (Location) Victims

Candida spp. Leptomeningitis Neonates,
(rare), microabscess, immunosuppressed,
granuloma prior antibacterial

therapy

Aspergillus spp.  Cerebral infarcts, Immunosuppressed
abscess

Cryptococcus Leptomeningitis Immunosuppressed

neoformans

Fig. 20.11-2. Candida infection of the brain. Inflammatory
cells surround the Candida. Calcification is present. H&E.
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Fig. 20.11-3. Aspergillus infection. Focal necrosis in the cortex ~ Fig. 20.11-4. Aspergillus vasculitis. Organisms in the CSF and
of the right middle frontal gyrus. tissues can be seen with the Ziel-Nielsen stain.

Fig. 20.11-5. Cryptococcus infection. There are multiple cavi-

ties in the basal ganglia, which are Cryptococcus abscesses.
Fig. 20.11-6. Cryptoccocus meningitis. Organisms are sur-
rounded by clear spaces in the subarachnoid space and super-
ficial cortex.
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20.12 Toxoplasmosis, Congenital Toxoplasmosis

Congenital toxoplasmosis results when Toxoplasma
gondii crosses the placental barrier. It may occur at any
time during pregnancy, but the greatest risk is during
the second trimester. The organism causes septicemia in
the susceptible fetus, which results in encephalomyelitis.
Parasites proliferate in the ependyma and subependy-
mal region and spread through the brain, which may
result in death in utero. The surviving neonate presents
with seizures, brain calcification, hydrocephalus, and
chorioretinitis. The neurological sequelae include micro-
cephalus, hydrocephalus, and psychomotor retardation.

Acquired toxoplasmosis in children and adults usually
follows a subclinical or benign course. However, in

immunocompromised patients it may result in Toxo-
plasma encephalitis.

Pathology

The lesions of encephalomyelitis, which are usually
acute or subacute, consist of variously sized areas of
granulomatous inflammation containing a central zone
ofnecrosis. With congenital toxoplasmosis, brain atrophy
may be associated with cystic cavities (porencephaly),
ventricular dilation (obstructive hydrocephalus), and
calcified foci throughout the brain, particularly around
the ventricles.

Fig. 20.12-1. Toxoplasmosis. Note the necrosis in the pons and
cerebellum.

Fig. 20.12-2. Toxoplasmosis infection causing leptomeningitis
with lymphocyte infiltration. H&E.
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Fig. 20.12-3. Toxoplasma cyst with positive ) o o )
immunohistochemistry. Fig. 20.12-4. Congenital toxoplasmosis infection in the brain.
Note the cyst and epithelioid cells. H&E.

Fig. 20.12-6. Congenital toxoplasmosis. CT shows periven-
tricular calcifications.

Fig. 20.12-5. Congenital toxoplasmosis infection in the brain.
Note the cyst. H&E.
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20.13 Amebiasis

Free-living amebae invade the CNS in humans and PAM is usually fatal within 2-7 days. Lesions can be
produce encephalitis. Primary amebic meningoencepha- found anywhere in the CNS in the form of acute necro-
litis (PAM) is caused by Naegleria fowleri, and granulo- tizing and hemorrhagic meningoencephalitis with swell-

matous amebic encephalitis (GAE) is caused by ing of affected regions [9].

Acanthamoeba and Balamuthia.

Table 20.3. Free-living amebae pathogenic to humans

Disease Age Immune status Incubation Course
Naegleria meningo encephalitis (PAM) Children Normal 2-15 Days Fulminant
Acanthamoeba granulomatous encephalitis (GAE) Children, adults Compromised Unknown Days to months
Leptomixid granulomatous Children Compromised Unknown Days to months
Amebic encephalitis Adults

Fig. 20.13-1. Naegleria fowleri infection. Acute meningoen-
cephalitis with marked brain edema and congestion. Inflam-
mation gnd softening are more marked in the lower parts of  ; aiiration. H&E.
the hemispheres.

Fig. 20.13-2. Acute Naegleria meningitis. Subarachnoid phle-
bitis with polynuclear and mononuclear inflammatory cell
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Fig. 20.13-3. Naegleria encephalitis with amebae in the cere- Fig. 20.13-4. Chronic amebic encephalitis in the left frontal

bellar internal granular layer but no inflammatory response.  lobe. Focal swelling of the frontal lobe is associated with
marked congestion and hemorrhagic necrosis in the surround-
ing peripheral areas.

Fig. 20.13-5. Chronic Acanthamoeba encephali-
tis. T1-weighted MRI shows a localized low-inten-
sity necrotic lesion in the left centrum semiovale;
and T2-weighted MRI shows high intensity in the
same area.

Fig. 20.13-6. Chronic Acanthamoeba encephalitis. Note the
organisms in a necrotic zone.
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20.14 Echinococcus, Trichinella Spiralis, Cysticercus

Echinococcosis occurs wherever humans live in close
proximity to sheep and dogs (the definitive hosts).
Humans are infected by eggs of the mature worm, which
reside in the intestine of the animals. In humans, after
ingestion of eggs, the eggs hatch in the intestine and
produce oncospores, which spread via the bloodstream
to other organs, especially the liver and brain. Brain
cysts are usually single and may be asymptomatic [9].

Trichinosis in humans is caused by ingestion of Trichi-
nella spiralis larvae in infected meat of wild animals or
pigs. Larvae can enter the circulation after penetrating
the epithelium of the bowel. They survive primarily in
muscle after producing an acute disorder of diarrhea,
vomiting, abdominal pain, fever, myalgia, and facial and
orbital edema. CNS infection is rare.

Fig. 20.14-1. Cysticercosis. T1-weighted MRI shows cavity
formation surrounded by high intensity.

Cysticercosis is an important public health problem.
Taeniasis occurs when humans ingest undercooked
pork, wild boar, or wart hog meat that is contaminated
with the larval stage of Taenia solium. The mature worm
develops in the intestine of humans, and eggs are
excreted in feces. This is the source of infection for the
animals and also for humans. From the ingested eggs the
oncospheres spread via lymphatics and vessels to the
brain and other organs.

The larval form (Cysticercus cellulosae) produces
cysts of various sizes that may produce symptoms, such
as seizures, or create an obstructive hydrocephalus or
focal brain and meningeal inflammation.

Fig. 20.14-2. Cysticercosis. Histology shows the scolex of the
viable larvae.
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Fig. 20.14-3. Cysticercus larvae in a cerebral cyst. Fig. 20.14-4. Trichinella spiralis in mucosa, showing the histol-
ogy of the organism.

Fig. 20.14-5. Cysticercosis. Inflammatory changes in blood Fig. 20.14-6. Cysticercosis. Note the cyst in the cerebral

vessels consist of lymphocytes and plasma cell infiltration of
the arterial lumen and adventitia. There is endothelial prolif-
eration with progressive development of endarteritis.

cortex.
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21.1 Minamata Disease

Minamata disease (methylmercury poisoning) can affect
all ages. In adults all the organs contain increased
mercury, but lesions occur mainly in the nervous system,
particularly the brain. The neurons, especially nonpyra-
midal cells in the cerebral and cerebellar cortices, are
destroyed. In the cerebrum, there is selective involve-
ment of the calcarine and precentral regions involving
neurons in the second and upper third layer and pre-
dominantly in the depth of the sulci. In the cerebellum,
the granular cells are most susceptible and are lost in
the deeper regions of the folia of both hemispheres. In

Fig. 21.1-1. Infantile Minamata disease. Medial view of
cerebral hemisphere showing brain atrophy and thin corpus
callosum, especially in the posterior part (Courtesy of
Dr. Eto K.)

nonfetal infantile Minamata disease there is hypoplasia
of various organs, including the brain. There is wide-
spread disintegration of cortical neurons and secondary
degeneration of myelin sheaths.

Fetal Minamata disease shows hypoplastic and dysplas-
tic changes. The germinal matrix persists in the ventricu-
lar walls, and the corpus callosum is underdeveloped.
The cytoarchitecture of neurons in the cerebral and
cerebellar cortices is abnormal, exhibiting hypoplastic
and dysplastic changes. There is poor myelination
[1-3].

Fig. 21.1-2. Infantile Minamata disease. KB staining of a
coronal section of the cerebral hemisphere shows atrophy of
the cerebral hemisphere (Courtesy of Dr. Eto K.)
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Fig. 21.1-3. Infantile Minamata disease. Bodian stain of the Fig.21.1-4. Fetal Minamata disease. The cerebral cortex of the
cerebellum shows degeneration of Purkinje cells with torpedo  frontal lobe shows an irregular cellular arrangement in the
formation (Courtesy of Dr. Eto). superficial cortex (Courtesy of Dr. Eto).

Fig. 21.1-5. Fetal Minamata disease. The folia of the cerebel- Fig. 21.1-6. Fetal Minamata disease. Mercury stain shows
lum show focal reduction of the granular cell layer (Courtesy positive granules in epithelial cells of the renal tubules (Cour-
of Dr. Eto). tesy of Dr. Eto)
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21.2 Fetal Alcohol Syndrome, Other Drug Intoxication

Alcohol can affect the immature nervous system through
chronic in utero exposure or acute maternal intoxica-
tion. Numerous variable factors such as nutrition, vita-
mins, smoking, and drug intake may play a role in the
production of this syndrome. The neuropathological
features include leptomeningeal glioneuronal heteroto-
pia, lissencephaly, agenesis of corpus callosum, and
migration anomalies in the cerebellum, brain stem, and
cerebrum.

Trimethadione (an anti-epileptic drug) is an impor-
tant teratogen causing fetal trimethadione syndrome,
and spontaneous abortion. Significant malformations
indude anencephaly, microcephaly, and meningomyelo-
cele [4].

Fetal hydantoin syndrome indudes hypoplastic nail,
microcephaly, craniofacial anomalies, and abnormal

Fig. 21.2-1. Fetal alcohol syndrome with facial dysmorphic
features including a saddle-shaped nose, maxillary hypoplasia,
absent philtrum between the nose and upper lip, and a short,
thin upper lip.

motor and mental development. Acute intoxication of
diphenylhydantoin (phenytoin) shows cerebellar signs,
and chronic intoxication is also reported.

Table 21.1. Drugs and toxicants associated with adverse
effects on the developing brain

Trimethadione,
diphenylhydantoin
(phenytoin), valproic acid

Coumarin, warfarin

Cocaine, ethanol, heroin,
methadone

Aminopterin, methotrexate

Antiepileptic drugs

Anticoagulants
Drugs of habituation and abuse

Folic acid antagonists

Fig. 21.2-2. Alcohol intoxication with thin corpus callosum
and a small caudate nucleus and putamen.



Fetal Alcohol Syndrome, Other Drug Intoxication 287

Fig. 21.2-4. Fetal trimethadione syndrome. These 1-cm sec-
tions of the cerebral hemispheres show partial agenesis of the
corpus callosum. Microscopically, leptomeningeal heterotopia
and polymicrogyria are apparent.

Fig. 21.2-3. Fetal trimethadione syndrome. Gross brain shows
hypoplasia of the cerebellar hemisphere.

Fig. 21.2-6. Congenital cocaine syndrome. Polymicrogyria,
residual immature cell groups, and diffuse leptomeningeal
glioneuronal heterotopia are present in a neonate. H&E.

Fig. 21.2-5. Chronic diphenylhydantoin (DPH) intoxication.
Note the loss of Purkinje cells, reduced number of granular
cells, and increased Bergman glia in the cerebellum of a child.
H&E.
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21.3 Carbon Monoxide Intoxication; Other Chemical and Drug Intoxication

Carbon monoxide binds to hemoglobin and to brain
regions rich in iron, especially the globus pallidus and
pars reticularis of the substantia nigra. CO exposure
may cause demyelination of cerebral white matter or a
delay in the myelin formation.

The injury in cadmium intoxication depends on many
factors, including the dose and route of exposure and
the ability to complex with metallothioneine. It inter-
feres with neurotransmitter release and calcium channel
function.

Fig. 21.3-1. Carbon monoxide intoxication in a fire victim.
There is a toxic effect on the cells of the globus pallidus. The
globus pallidus is atrophic.

In Methotrexate intoxication, the combination of
intrathecal administration of methotrexate and cranial
irradiation produces a synergistic detrimental effect
with resultant CNS damage. Toxic effects of methotrex-
ate on oligodendrocytes lead to demyelination. It also
acts as a folic acid antagonist, inhibiting dehydrofolate
reductase, which may cause cell death. In the fetus, CNS
malformations may be caused by methotrexate intoxi-
cation [5].

Fig. 21.3-2. Cadmium encephalopathy with marked brain
swelling.
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Fig. 21.3-4. Methotrexate intoxication and radiation. Marked
necrosis and cavity formation are present in the white matter
of both cerebral hemispheres. There is associated hemorrhagic
infarction in the right hemisphere.

Fig. 21.3-3. Cadmium encephalopathy with tonsilar hernia-
tion caused by marked brain edema.

Fig. 21.3-5. Methotrexate intoxication and radiation. Note the
marked necrosis associated with thick vascular walls and cal-
cification. Masson trichrome stain.

Fig. 21.3-6. Methotrexate intoxication and radiation. T2-
weighted MRI shows high intensity in the cerebral white
matter in a child, suggesting leukoencephalopathy.
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Table 22.1.

WHO classification of brain tumors.
Tumors of Neuroepithelial Tissue
Astrocytic tumors
Diffuse astrocytoma

Fibrillary

Protoplasmic

Gemistocytic
Anaplastic astrocytoma
Glioblastoma

Giant cell

Gliosarcoma
Pilocytic astrocytoma
Pleomorphic xanthoastrocytoma
Subependymal giant cell astrocytoma

Oligodendroglial tumors
Oligodendroglioma
Anaplastic oligodendroglioma

Mixed gliomas
Oligoastrocytoma
Anaplastic oligoastrocytoma

Ependymal tumors
Ependymoma

Cellular

Papillary

Clear cell

Tanocytic
Anaplastic ependymoma
Myxopapillary ependymoma
Subependymoma

Choroid plexus tumors
Choroid plexus papilloma
Choroid plexus carcinoma

Glial tumors of uncertain origin
Astroblastoma

Gliomatosis cerebri

Choroid glioma of the 3™ ventricle

Neuronal and mixed neuronal-glial tumors
Gangliocytoma

Dysplastic gangliocytoma of cerebellum
Desmoplastic infantile astrocytoma/ganglioglioma
Dysembryoplastic neuroepithelial tumor
Ganglioglioma

Anaplastic ganglioglioma

Central neurocytoma

Cerebellar liponeurocytoma

Paraganglioma of the filum terminale

Neuroblastic tumors
Olfactory neuroblastoma
Olfactory neuroepithelioma

Neuroblastomas of the adrenal gland and sympathetic nervous

system

Pineal parenchymal tumors

Pineocytoma

Pineoblastoma

Pineal parenchymal tumor of intermediate
differentiation

Embryonal tumors
Medulloepithelioma
Ependymoblastoma
Medulloblastoma

Desmoplastic medulloblastoma

Large cell medulloblastoma

Medullomyoblastoma

Melanotic medulloblastoma
Supratentorial primitive neuroectodermal
tumor

Neuroblastoma

Ganglioneuroblastoma
Atypical teratoid/rhabdoid tumor

Tumors of Peripheral Nerves
Schwannoma

Neurofibroma
Perineurioma
Malignant peripheral nerve sheath tumor

Tumors of the Meninges
Tumors of meningothelal cells

Meningioma
Mesenchymal, non-meningothelial tumors

Primary melanocytic lesions

Lymphomas and Haemopoietic Neoplasms

Germ Cell Tumors
Germinoma
Embryonal carcinoma
Yold sac tumor
Choriocarcinoma
Teratoma
Mature
Immature
with malignant transformation
Mixed germ cell tumor

Tumors of the Sellar region

Craniopharyngioma
Adamantinomatous
Papillary

Granular cell tumor

Metastatic Tumors
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22.1 Astrocytic Tumors

Brain tumors are the commonest solid tumors of child-
hood. They range from hamartomas to pleomorphic,
highly aggressive, undifferentiated neoplasms, many of
which are unique to childhood. Their behavior depends
on several factors: cell type, location in the brain, and
age of the child. Despite scientificand technical advances,
their treatment remains a challenge. Exceptional out-
comes challenge molecular biologists, geneticists, oncol-
ogists, and surgeons to better understand and treat these
common lesions.

In this chapter the classification and description of
tumors are those of the World Health Organization [1].
The more common tumors of childhood are illustrated.
Developmental lesions and cysts that may present as
mass lesions have also been included in this chapter.

Five groups of astrocytic tumors are identified by
their morphology and/or site. They include the diffusely
infiltrating astrocytoma, the pilocytic astrocytomas, the

Fig. 22.1-1. Astrocytic tumors. Astrocytic cell. GFAP.

pleomorphic xanthoastrocytoma (see Section 22.3), the
desmoplastic cerebral astrocytomas of infancy (see
Section 22.8) and the subependymal giant cell astrocy-
toma (see Section 22.3).

In the diffuse infiltrating astrocytoma there is evidence
that there is transformation from the grade II astrocy-
toma to a higher grade. The transformation may be
associated with multiple genetic alterations. In grade II
astrocytomas, 7P53 mutations and overexpression of
PDGFR may occur. Anaplastic astrocytomas (grade I1I)
often show loss of homozygosity (LOH) on19q. Pro-
gression to glioblastoma multiforme (grade IV) may be
associated with LOH on 10q and sometimes alterations
in PDGFRA. In the diffuse astrocytoma, the higher his-
tological grade is defined by an accumulation of aggres-
sive features, such as nuclear atypia, mitoses, vascular
endothelial proliferation, and necrosis.

Fig. 22.1-2. Electron microscopy (EM) of characteristic inter-
mediate filaments.
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Fig. 22.1-3. Diffusely infiltrating astrocytoma. H&E. Fig. 22.1-4. Grade III astrocytoma (anaplastic astrocytoma).
Note the prominent cellularity, nuclear atypia, and mitoses.
H&E.

Fig.22.1-5. Grade IV astrocytoma (glioblastoma multiforme).
Note the foci of necrosis surrounded by pseudopalisades of
poorly differentiated tumor cells. H&E.

Fig. 22.1-6. Glioblastoma multiforme. T1-weighted magnetic
resonance imaging (MRI) with contrast shows it as a ring
enhancing lesion in the left frontal lobe.
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22.2 Pilocytic Astrocytoma

The pilocytic atrocytoma, the most common glioma in
children, usually occurs along a highway that goes from
the optic nerve (optic nerve glioma, see also Section
22.22) posteriorly to include the hypothalamus, thala-
mus, and basal ganglia, down into the brain stem (exo-
phytic brain stem glioma), and out into the cerebellum.
The cerebral hemispheres and spinal cord can also be
involved. It is grossly circumscribed, often cystic, and

composed of bipolar cells with a biphasic, loose, compact
pattern. Rosenthal fibers and eosinophilic granular
bodies (EGBs) are present in variable numbers. It has
a prominent delicate vasculature that at the margin of
the tumor may have a proliferative histology. It is slowly
growing with MIB-1 labeling of 0%—-3% and is classified
as grade I. Malignant transformation is rare.

Fig. 22.2-1. Pilocytic astrocytoma. Touch preparation shows
bipolar extension of the cellular cytoplasm. H&E.

Fig. 22.2-2. Note the biphasic pattern centrally within a
compact region. H&E.
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Fig. 22.2-3. This pilomyxoid astrocytoma (which lacks the Fig. 22.2-4. The pilocytic astrocytoma extends into the sub-
usual biphasic pattern, Rosenthal fibers, and EGBs) forms a  arachnoid space. GFAP.
loose perivascular collar of tumor cells. H&E.

Fig.22.2-5. The same features as seen in 22.2-4 are shown here
with a reticulin stain.

Fig. 22.2-6. T1-weighted MRI with contrast shows a circum-
scribed enhancing pilocytic astrocytoma extending into the
fourth ventricle, producing obstructive hydrocephalus.
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22.3 Miscellaneous Astrocytomas

Optic nerve gliomas are pilocytic astrocytomas that occur
alone or as a manifestation of neurofibromatosis type 1.
They are usually a tumor of childhood with a favorable
course; adult tumors are more aggressive. The tumor
may arise in the optic nerve or in the chiasm, where it
carries a worse prognosis. In the optic nerve, the tumor
grows into the subarachnoid space (see Section 22.22),
causing hyperplasia of the arachnoid cells [2].

Brain stem gliomas of childhood and adolescence are
classified as intrinsic or exophytic tumors. The intrinsic
type arises within the brain stem, usually the pons,
causing diffuse expansion by a diffusely infiltrating
astrocytoma with a potential for transformation to a
high-grade tumor. The less aggressive exophytic and
pilocytic tumor arises focally from a portion of the brain

Fig. 22.3-1. Optic nerve glioma. Gross specimen shows the
tumor expanding the optic nerve.

stem and extends dorsally in an exophytic growth
pattern [3].

Pleomorphic xanthoastrocytoma (PXA) is a grade 11
astrocytic tumor of children and young adults. It occurs
usually in the superficial cerebrum and involves the
meninges. It has pleomorphic, lipidized GFAP-reactive
astrocytes. There is a rich reticulin network, and lym-
phocytes and eosinophilic granular bodies can be seen.
Some PXAs have anaplastic features [4].

Subependymal giant cell astrocytoma (SEGA) is a
benign, slowly growing grade I tumor in patients with
tuberous sclerosis (see Section 22.22). It arises in the
wall of the lateral ventricle and is composed of large
pleomorphic cells that exhibit both astrocytic and neu-
ronal phenotypes [5].

| i
Fig. 22.3-2. Optic nerve glioma. Histology of the tumor that

is expanding the optic nerve adjacent to the normal optic
nerve.
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Fig. 22.3-3. Pleomorphic xanthoastrocytoma. Left. Pleomor-
phic tumor cells. H&E. Right. They tend to be surrounded by
reticulin.

Fig. 22.3-4. Brain stem glioma. Transverse section shows
recent hemorrhage in the tumor that has expanded and dis-
torted the brain stem.

Fig. 22.3-6. Subependymal giant cell astrocytoma (SEGA).
Left. Large tumor cells. H&E. Right. They frequently show
reactivity for o,f-crystalin.

Fig. 22.3-5. Brain stem glioma (same case as in 22.3-4). Base
of brain projection shows distortion of external anatomical
landmarks by the expanding brain stem.
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22.4 Ependymomas and Oligodendrogliomas

Ependymomas [6] typically arise from the ependymal
lining of the cerebral ventricles and the spinal cord in
young children and young adults. The ependymoma
(grade II) accounts for up to 30% of intracranial tumors
under the age of 3 years. It is common in the fourth
ventricle and spinal cord. The cells are regular and
associated with perivascular pseudorosettes (tumor
cells around blood vessels) and/or true ependymal
rosettes (tumor cells around a central lumen).
Histological variants include cellular ependymoma,
papillary ependymoma, clear cell ependymoma, and
tanycytic ependymoma. Tumor cells express GFAP,
S100, and epithelial membrane antigen (EMA) immu-
noreactivity. EM reveals cilia, microvilli, and junctional
complexes. About 30% of ependymomas show changes
in chromosome 22. Rare low-grade cortical tumors with
ependymal features have been reported and represent
a nosological challenge [7,8].

Fig. 22.4-1. Ependymoma. Gross specimen of an ependy-
moma arising within and expanding the fourth ventricle.

® Anaplastic ependymoma is an ependymal tumor of
children with a high mitotic index, and microvascular
proliferation; necrosis with pseudopalisading cells
may be present.

* Myxopapillary ependymoma (grade 1) is a slowly
growing tumorsof young adults usually located in the
caudal spinal cord.

* Subependymomas (grade 1) are composed of clusters
of glial cells in a fibrillary matrix. They are usually
found incidentally in adults at autopsy.

Representingonly about 6% ofall oligodendrogliomas,
pediatric oligodendrogliomas are rare [9]. When
compared to adult tumors, molecular studies of
chromosomes 1 and 19 suggest that pediatric
oligodendrogliomas may arise from different molecular
alterations [10,11]. A common differential diagnostic
consideration is DNET (see Section 22.9).

Fig. 22.4-2. Microscopy showing a perivascular pseudorosette
(left) and a true rosette (right). H&E.
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Fig. 22.4-3. EM shows microvilli.

Fig. 22.4-4. EM shows cilia (leff) and junctional
complexes (right).

Fig. 22.4-6. Anaplastic ependymoma. EMA immunoreactivity
(left) and MIB labeling (right). Note that the EMA is “dot-like
reactivity”.

Fig. 22.4-5. Anaplastic ependymoma. Microscopy shows pleo-
morphic nuclei and prominent mitotic figures. H&E.
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22.5 Choroid Plexus Tumors

Choroid plexus tumors, which arise from the epithelium
of the choroid plexus, are the commonest brain tumor
during the first year of life The choroid plexus papilloma
(grade 1) is a papillary “caulifiower”-like growth com-
posed of a delicate fibrovascular stoma covered by a
single organized layer of cuboidal-to-columnar epithe-
lium. The cells are immunoreactive for vimentin and
cytokeratins and are variably reactive for S-100 and
transthyretin. They grow into the ventricle and may
cause hydrocephalus.

The choroid plexus carcinoma (grade I1I) may display
solid sheets of pleomorphic cells, with loss of papillary
structure. They have a high mitotic index and show brain
invasion. There is an intermediate “atypical choroid
plexus papilloma” of undefined behavior. Recently, two
tumor suppressor genes, TP53 and hSNF5/INI-I, have
been implicated in the tumor’s biology. Choroid plexus
tumors have been reported in two familiar cancer syn-
dromes: Li-Fraumeni syndrome (7P53) and rhabdoid
predisposition syndrome (INI-I) [12].

Fig. 22.5-1. Choroid plexus papilloma. Gross appearance of
the papillary lesion.

Fig. 22.5-2. Choroid plexus papilloma. Whole
mount shows the delicate papillary structure.
Trichrome.
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Fig. 22.5-3. Choroid plexus papilloma. Microscopy shows a
single layer of epithelium on a delicate vascular core. H&E
(left)/Trichrome (right). This is the same case as Fig. 22.5-2.

Fig. 22.5-4. Choroid plexus papilloma. Transthyretin
immunoreactivity.

Fig. 22.5-5. Atypical choroid plexus papilloma microscopy
shows loss of a single layer of epithelium and pleomorphic
nuclei. H&E.

Fig. 22.5-6. Choroid plexus carcinoma. Microscopy shows
brain invasion. H&E.
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22.6 Neuroepithelial Tumors of Uncertain Origin

Neuroepithelial tumors of uncertain origin [13] are rare
neuroepithelial tumors with a unique histology.

The astroblastoma (not graded) has rarely been
reported in infants or young adults. It is composed of
GFAP-positive perivascular astrocytes radiating to a
central blood vessel. Its behavior is unpredictable.

Gliomatosis cerebri (grade I11) is a diffuse glial tumor
showing involvement of at least two lobes of the brain,
often spreading to the posterior fossa and spinal cord.

Fig. 22.6-1. Astroblastoma. MRI (axial FLAIR) shows a
superficial tumor and cyst extending from the cortex to the
posterior lateral ventricle and distorting the thalamus.

It produces diffuse enlargement without destruction of
the brain and is difficult to diagnosis even with imaging.
It may present as a diffuse lesion without a tumor mass
(type I) or as a diffuse lesion with a tumour mass (type
II). The tumor cells usually resemble elongated astro-
cyte that grows between brain cells and along fiber
tracts. However, there are some reports of an oligoden-
droglial appearance. The genetic data are inconclusive
as to the cell of origin.

Fig. 22.6-2. Astroblastoma. Histology of a papillary region.
H&E.
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Fig. 22.6-4. Gliomatosis cerebri. Microscopy shows diffusely
infiltrating tumor cells in white matter of the cerebral hemi-
sphere. H&E.

Fig. 22.6-3. Astroblastoma. Histology. GFAP
immunohistochemistry.

Fig. 22.6-5. Gliomatosis cerebri. Microscopy shows a cluster  Fig, 22.6-6. Gliomatosis cerebri. Microscopy shows spread of
of tumor cells. H&E. tumor cells to the subpial region.
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22.7 Neuronal and Mixed Neuronal-Glial Tumors

Gangliogliomas and gangliocytomas contain mature
neoplastic neurons (ganglion cells) with glial cells
(ganglioglioma) or without glial cells (gangliocytoma).
Gangliocytomas are considered grade I. and most gan-
gliogliomas are grade I or II. They may be found
throughout the neuroaxis, including the pineal and pitu-
itary glands. Most are in the temporal lobe, where they
are associated with temporal lobe epilepsy. The ganglio-
glioma contains dysplastic ganglion cells accompanied
by tumor astrocytes. There is a delicate vascular pattern,
and lymphocytes commonly cuff the vasculature.

Fig. 22.7-1. Ganglioglioma. T1-weighted MRI with contrast
shows a tumor with a large cystic component in the left tem-
poral lobe.

Eosinophilic granular bodies may be present. There is
reticulin throughout the tumor. The malignant variants
show anaplastic changes in the astrocytic component of
the tumor, with increased mitotic activity, vascular endo-
thelial proliferation, and necrosis [14].

Papillary glioneuronal tumor is low-grade brain neo-
plasm classified as variant of ganglioglioma. Its mor-
phology shows pseudopapillary structures composed of
blood vessels, after hyalinized, lined by uniform small
astrocytes and proliferation of neurocytic cells.

Fig. 22.7-2. Ganglioglioma.
described in the text. H&E.

Histology shows the features
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Fig. 22.7-3. Ganglioglioma.
Immunohistochemistry with chromo-
granin (left) and GFAP (right).

Fig. 22.7-5. Papillary glioneuronal tumor. Histology. H&E.

Fig. 22.7-4. Papillary glioneuronal tumor. MRI shows a
multicystic low-intensity lesion in the left frontal lobe.

Fig. 22.7-6. Papillary glioneuronal tumor.
Immunohistochemistry with neurofilament (left)
and GFAP (right).
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22.8 Desmoplastic Infantile Astrocytoma and Desmoplastic

Infantile Ganglioglioma

Desmoplastic infantile astrocytomas and ganglioglio-
mas [9] are large cystic grade I tumors seen primarily in
infants. They are located in the cerebral hemisphere
attached to the dura. These tumors are composed of

neuroepithelium (astrocytes with or without ganglion
cells) with desmoplastic stroma and poorly differenti-
ated cells. The neoplastic cells have basal lamina, sug-
gesting that they are derived from subpial cells.

Fig. 22.8-1. Desmoplastic infantile ganglioglioma (DIG). Computed tomog-
raphy (CT) shows a huge superficial cystic tumor.

Fig. 22.8-2. Gross appearance of the tumor asso-
ciated with the meninges.
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Fig. 22.8-3. Microscopy shows the mixture of neuroglial ele- Fig. 22.8-4. Desmoplastic component shows GFAP-reactive
ments. H&E. spindle cells.

Fig. 22.8-5. Reticulin-rich desmoplastic component. Fig. 22.8-6. Touch preparation shows astrocytic and spindle
components. H&E.
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22.9 Dysembryoplastic Neuroepithelial Tumor (Grade [)

Dysembryoplastic neuroepithelial tumor (DNET)
(grade I) [14] is a benign glial-neuronal neoplasm
thought to arise at sites of secondary germinal layers. It
is usually found in the cerebral cortex in children and
youngadults,causing drug-resistantseizures. A “complex
form” is in the cortex and is multinodular, with a char-
acteristic glioneuronal element composed of columns of
axons lined by “oligodendroglia-like cells (S-100-posi-
tive, GFAP-negative). Between the columns, normal-
appearing neurons float in a pale (Alcian blue staining)
mucinous matrix. The “simple form” of DNET is com-

Fig. 22.9-1. Dysembryoplastic neuroepithelial tumor, grade I
(DNET). T2-weighted fast spin echo MRI shows a multinodu-
lar lesion of the right medial temporal lobe.

posed of only the glioneuronal element. Cortical dyspla-
sia may be associated with the DNET.

The central neurocytoma (grade II) is usually seen in
young adults, although it has been reported in infants.
It is found in the lateral and third ventricles. A similar-
appearing lesion elsewhere is called an extraventricular
central neurocytoma. The tumor resembles an oligoden-
droglioma, with regular cells surrounding delicate
vessels. It usually has immunohistochemical and EM
features of a neuronal tumor.

Fig. 22.9-2. Whole mount of the resected tumor displaying its
multinodular nature. Trichrome.
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Fig. 22.9-3. Microscopy of one nodule that displays a micro- Fig. 22.9-4. High-power view of the glioneuronal element.
cystic appearance. H&E. H&E.

e
Lo Rl

Fig. 22.9-5. Glioneuronal element stained with neurofilament
reveals the columns of axons with associated small
oligodendroglia-like cells and floating neurons.

Fig. 22.9-6. The mucinous material in the cystic spaces stains
with Alcian blue.
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22.10 Embryonal Tumors

Embryonal tumors [15] account for a large portion of
pediatric brain tumors. Three of them—ependymoblas-
toma, medulloblastoma (Fig. 22.11), supratentorial
primitive neuroectodermal tumor (PNET) (Fig.22.12)—
have a similar undifferentiated round cell histology that
exhibits divergent patterns of differentiation. The
medulloepithelioma (Fig. 22.10) and the atypical tera-
toid/rhaboid tumor (Fig. 22.13) have distinctive
histologies.

The medulloepithelioma (grade 1V), a rare malignant
tumor in young children, is composed of neoplastic neu-
roepithelium. It has a papillary or trabecular arrange-
ment of cells with an external limiting membrane
(PAS-positive). There is a pseudostratified epithelium
with many mitoses; and, characteristically, the mitotic
activity is at the top of the epithelium, adjacent to the

Fig. 22.10-1. Medulloepithelioma. T1-weighted MRI with
contrast shows a large optic nerve tumor.

lumen. In addition, there may be sheets of cells with
astrocytic, neuronal, ependymoblastic, and oligoden-
droglial differentiation. There are ependymoblastoma-
tous and ependymal rosettes. The epithelium marks
with nestin, vimentin, and MAPS. Regions show immu-
noreactivity to antigens characteristic of each cell type.

Ependymoblastoma (grade 1V) occurs in infants and
young children The tumors are usually supratentorial,
near the ventricle, well circumscribed, but with micro-
scopic invasion and cerebrospinal fluid (CSF) spread.
Microscopy reveals a primitive neuroectodermal tumor
with multilayered rosettes around a central lumen. The
mitotic rate is high. The cells express S100, vimentin,
cytokeratin, GFAP, and carbonic anhydrase isoenzyme
II. EM reveals junctional complexes and cilia.

Fig. 22.10-2. Gross mass in the optic nerve region.
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Fig. 22.10-4. Histology shows neuronal differentiation.
H&E.

Fig. 22.10-3. Histology shows the primitive neuroepithelium

and characteristic placement of mitoses. H&E.

Fig. 22.10-5. Histology shows ependymal differentiation, Fig.22.10-6. Histology showing glial cells adjacent to pigment-
including an ependymal rosette. H&E. containing cells. H&E.
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22.11 Medulloblastoma (Grade V)

22. Tumors

Medulloblastoma (grade IV) [15] is an embryonal tumor
of the cerebellum showing primitive neuroectodermal
cells with neuronal differentiation. The classic form has
neuroblastic rosettes (tumor cell nuclei around cyto-
plasmic processes). Mitoses and apoptoses may be fre-
quent. Giant cells, vascular proliferation, and massive
hemorrhage are rare. The desmoplastic medulloblas-
toma has nodules of tumor cells surrounded by densely
packed cells that produce an intercellular reticulin
network. The nodules may contain advanced neuronal
differentiation.

The large cell medulloblastoma [16] has large pleo-
morphic nuclei with prominent nucleoli and more cyto-
plasm than the classic form. There is nuclear molding,
areas of necrosis, and regions with apoptosis and high
mitotic activity.

Medulloblastomas express synaptophysin and vimen-
tin; and some cells express GFAP. Some tumors express
NF proteins and retinal S antigen as well as the nerve
growth factors NGF, BDNF, and NT3 and their recep-
tors TrkA, TrkB, and TrkC. Electron microscopy reveals
neuronal and astrocytic features. Cytogenetic studies
have shown that 50% of tumors have isochromosome

Fig. 22.11-1. Medulloblastoma. Whole mount of tumor
expanding from the cerebellum into the fourth ventricle.

17q. Chromosome 1 abnormalities are frequently iden-
tified. About 30%-40% of medulloblastomas have LOH
on 17p and a loss of genetic material on 1q and 10q; 20%
of medulloblastomas have amplification of MYC. Some
medulloblastomas have abnormalities in the hedgehog/
patched, APC, and Wnt signaling pathways.

This common tumor has been extensively studied;
and the combined use of surgery, chemotherapy, and
radiotherapy has improved the 5-year survival from
30% during the 1960s to 50%—70% currently. There is
some correlation of survival with histology. The nodular
variant has a better prognosis than the classic
medulloblastoma. The large cell variant has the worst
prognosis.

The medullomyoblastoma (grade IV) is a rare embry-
onal cerebellar tumor composed of medulloblastoma
with a striated muscle component.

The melanotic medulloblastoma (grade 1V) is a rare
childhood tumor reported in the cerebellum and pineal
regions. It is composed of medulloblastoma with a small
pigmented epithelial component forming tubules or
clusters.

Fig. 22.11-2. CSF showing cytology, positive for a malignant
cells. Wright stain.
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Fig. 22.11-3. Histology of classic medulloblastoma composed Fig. 22.11-4. Many tumor cells show synaptophysin
of round to elongated nuclei, little cytoplasm, and delicate ~mmunoreactivity.
vessels. H&E.

Fig. 22.11-5. Nodular type with tumor cells arranged in small ~ Fig. 22.11-6. Large cell type showing large irregular nuclei
and large nodules separated by less organized tumor stroma. ~ With molding and prominent mitoses.



314 22. Tumors

22.12 Supratentorial Primitive Neuroectodermal Tumors

The supratentorial primitive neuroectodermal tumor
(sPNET) is a grade IV embryonal tumor of poorly dif-
ferentiated neurepithelial cells that may display diver-
gent differentiation: neuronal, astrocytic, ependymal,
muscular, or melanocytic. Those with definite neuronal
differentiation are called cerebral neuroblastomas. If
ganglion cells are present, they are called ganglioneuro-
blastomas. They are found in the cerebrum or supra-
sellar region. They may be massive with cysts or
hemorrhages. The histology resembles that of the classic

medulloblastoma. The cells vary from round to pleo-
morphic with little cytoplasm. Homer-Wright rosettes,
ependymal canals, or cells containing melanin can be
found. There is a variable desmoplastic component.
Immunohistochemistry and EM reveal the components
of the individual tumor. The proliferation index is high.
Genetic studies suggest that sSPNETS differ from medul-
loblastomas, and their prognosis is worse than that for
medulloblastoma.

Fig. 22.12-1. Supratentorial primitve neuroectodermal
tumor (sPNET). Whole mount of spinal cord sur-
* rounded by metastasizing PNET.

Fig. 22.12-2. sPNET. MIB-1 immunohistochemistry shows a

high proliferative index.
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Fig. 22.12-3. sPNET. Histology of regular tumor cells infiltrat-  Fig. 22.12-4. sPNET. Immunohistochemistry for neuron-
ing brain fascicles. H&E. specific enolase.

Fig. 22.12-5. sPNET. Immunohistochemistry for MAP2. Fig. 22.12-6. sPNET. Immunohistochemistry for GFAP.
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22.13 Atypical Teratoid/Rhabdoid Tumor (Grade V)

Atypical teratoid/rhabdoid tumor (AT/RT) is an embry-
onal childhood tumor with rhabdoid cells with or
without areas of PNET, epithelial tissue, and neoplastic
mesenchyme. AT/RT usually occurs in the cerebello-
pontine angle but also in the cerebrum, pineal region,
or spinal cord or at multiple sites. It metastasizes through
the CNS axis early. Typical rhabdoid cells are round-to-
oval, medium-sized cells with a fine granular cytoplasm
that may contain a denser pink body, which, as seen by
EM, is composed of whorled bundles of intermediate
filaments. Cell borders are distinct, and mitoses are
common. The PNET component may display rosettes.

Fig. 22.13-1. Atypical teratoid/rhabdoid tumor (AT/RT). His-
tology shows a mixture of rhabdoid cells and undifferentiated
cells. H&E.

The mesenchymal element may appear as spindle cells
or as denser areas of sarcoma. There may be an epithe-
lial component that resembles adenocarcinoma or squa-
mous epithelium. The rhabdoid cells express EMA,
vimentin,andsometimes SMA. Theymay express GFAP,
NFP, and keratin. They are negative for germ cell tumor
markers. About 90% of CNS AT/RTs demonstrate
monosomy or deletion of chromosome 22. The affected
gene is ASNF5/INI found on chromosome 22q11.2. This
gene has also been identified to be inactive in choroid
plexus tumors (see Section 22.5) [12]. Prognosis for sur-
vival beyond 1 year is bleak.

Fig. 22.13-2. Microscopy shows rhabdoid cells.



Atypical Teratoid/Rhabdoid Tumor (Grade IV) 317

Fig. 22.13-3. Microscopy shows undifferentiated cells. Fig. 22.13-4. Histology shows malignant epithelial cells.

Fig. 22.13-5. EM shows dense cytoplasmic whorls of interme-
diate filaments.

Fig. 22.13-6. Immunohistochemistry for EMA
(left) and SMA (right).
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22.14 Peripheral Neuroblastic Tumors

The neuroblastic tumors outside the central nervous
system (CNS) are important tumors during childhood.
Olfactory neuroblastoma is a rare malignant neuroec-
todermal tumor possibly arising from the olfactory
receptor neurons. It invades the cribriform plate and
other nasal structures, the skull, and the brain. It may
contain neuroendocrine elements and secrete ACTH.
There are two histological patterns: neuroblastoma-like
and neuroendocrine carcinoma-like. The first has small
round tumor cells (which may show Flexner rosettes)
and ganglion cells. A variant of the neuroblastoma type
has large epithelial-like cells in a lobular pattern resem-
bling a paraganglioma. The neuroendocrine carcinoma
variant resembles carcinoid or small cell carcinoma of
the lung. The tumor cells stain for neuronal or epithelial
markers, depending on the type. Molecular genetics
suggest that it differs from a classic neuroblastoma.
Neuroblastic tumors of the adrenal gland and sympa-
thetic nervous sytem. These tumors are the most common
extracranial solid tumor of childhood and are derived
from the neural crest cells of the adrenal medulla or

Fig. 22.14-1. Olfactory neuroblastoma. Histology shows loose
lobules of tumor cells. H&E.

sympathetic nervous system. They are located in the
adrenal gland and in abdominal, thoracic, cervical, and
pelvic sympathetic ganglia. There are four histological
types: neuroblastoma (schwannian stroma-poor); gan-
glioneuroblastoma containing neuroblastic elements at
various stages of maturation with >50% of volume
comprised of schwannian stroma (schwannian stroma-
rich); ganglioneuroblastoma composed of a neuroblastic
nodular component mixed with ganglioneuroblastoma
or ganglioneuroma components (schwannian stroma-
rich/stroma-dominant and stroma-poor); and ganglio-
neuroma composed of schwannian stroma with maturing
or mature ganglion cells (schwannian stroma-dominant).
There are some genetic associations with this tumor:
deletion of the short arm of chromosome 1p, loss of
chromosome 11q, amplification of MYCN and overex-
pression of its RN A and protein, trisomy for 17q. There
are numerous prognostic factors that have been identi-
fied related to patient age, tumor morphology, and gene
expression.

Fig. 22.14-2. Olfactory neuroblastoma. S100 immunohisto-
chemistry, showing the S100 reactive sustentacular cells.
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Fig. 22.14-3. Olfactory neuroblastoma. NB84
(left) and NF (right) immunohistochemistry.

Fig. 22.14-4. Ganglioneuroblastoma. T1-weighted MRI with contrast
shows a pineal-region tumor.

Fig. 22.14-5. Ganglioneuroblastoma. Histology shows both Fig. 22.14-6. Ganglioneuroblastoma. There is widespread
undifferentiated and ganglionic elements. H&E. synaptophysin immunoreactivity.



320 22. Tumors

22.15 Pineal Parenchymal Tumors

The pineoblastoma (grade IV) is an embryonal tumor
(grade IV) of children composed of sheets of small cells
with round or irregular nuclei and little cytoplasm. It
resembles other PNETs. There may be Homer-Wright
or Flexner-Wintersteiner rosettes and fleurettes.
Melanin, cartilage, and rhabdomyoblastic differentia-
tion may be present. It can be admixed with pineocy-
toma. Cells react with synaptophysin, NSE, NF, class I11
B-tubulin, chromogranin A, and retinal S antigen. The
tumors are large and invasive with frequent CSF dis-
semination. The tumor shares histological and immuno-
logical features of the developing pineal gland and
retina. Patients with retinoblastomas occasionally have
a pineal tumor resembling a pineoblastoma.
Pineocytoma (grade I1) is a pineal parenchymal tumor
of all ages composed of cells resembling mature pineo-

Fig. 22.15-1. Pineoblastoma. Microscopy shows sheets of
undifferentiated cells. H&E.

cytes (cells with club-shaped cytoplasmic expansions).
Pineocytomas are localized to the pineal region and
may expand to compress the aqueduct or grow into the
third ventricle. The pineocyte has neuroendocrine and
photosensory function, and the tumor cells mark with
neuronal markers, serotonin, the retinal S antigen, and
rhodopsin. EM shows electron-dense granules and clear
vesicles, junctional complexes, synapses, and cilia.

Pineal parenchymal tumor of intermediate differentia-
tion is a tumor that presents at all ages. It has a mono-
morphous appearance, nuclear atypia, and occasional
mitosis. The clinical behavior is variable with rare
metastases.

Fig. 22.15-2. Pineoblastoma. Microscopy shows cerebellar
subarachnoid spread. H&E.
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Fig. 22.15-3. Pineoblastoma. Left. H&E. Right. MIB-1
immunohistochemistry.

Fig. 22.15-4. Pineocytoma. Gross brain in a sagit-
tal section showing a localized tumor in the pineal
region.

Fig. 22.15-5. Pineocytoma. Histology shows monomorphic Fig. 22.15-6. Pineocytoma. Histology at higher magnification.
round nuclei on a fine fibrillary background. H&E. H&E.
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22.16 Meningeal Tumors

Meningeal tumors [17] are rare during childhood but do
occur and are diagnostic challenges. A recent review is
useful and comprehesive [18]. All histological types of
meningiomas have been reported in children, and they
may be encountered in unusual sites: within the ventri-
cles, in the posterior fossa, or in spinal epidural regions.
In infantile cases the tumors are usually unique. They
may be very large, contain cysts, and arise from menin-
gothelial cells of the parenchyma in Virchow-Robins
spaces. They may have an anaplastic histology and
behave aggressively. There is an equal male and female
distribution. Meningiomas are associated with NF2 and
can occur following irradiation. Meningiomas may be
grade I, grade II, or atypical. In atypical meningiomas
there is a mitotic index of 4 or more per 10 high-power
fields or three of the following histological features:
sheeting architecture, macronuclei, small cells with a

Fig. 22.16-1. Atypical meningioma in a 14-year-old girl as seen
using T1-weighted MRI with contrast.

high nuclear/cytoplasmic ratio, hypercellularity, necro-
sis. Grade III meningiomas have anaplastic/malignant
carcinomatous, sarcomatous, or melanoma-like
appearances.

There are rare primary sarcomas in the meninges of
children. They include the hemangiopericytoma, fibro-
sarcoma/malignant fibrous histiocytoma, mesenchymal
chondrosarcoma, rhabdomyosarcoma, and leiomyosar-
coma. Some benign or low-grade tumors of the menin-
ges are the chondroma, low-grade chondrosarcoma,
hemangioma, lipoma, and solitary fibrous tumor.

Melanocytic meningeal tumors have been reported in
children. They may arise from the meningeal melano-
cytes or as a component of neurocutaneous melanosis.
There are both low-grade melanocytomas, and high-
grade melanomas.

Fig. 22.16-2. Atypical meningioma. Histology shows atypical
features. H&E.
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Fig. 22.16-3. Atypical meningioma. MIB-1 immunohisto-
chemistry.

Fig. 22.16-4. Meningeal sarcoma. MRI shows a dural based
lesion, in the region of the right cerebellar pontine angle, that
is pressing on and distorting the brainstem.

Fig. 22.16-5. Meningeal sarcoma. A biopsy of the tumor (22. Fig. 22.16-6. Meningeal sarcoma, undifferentiated. Reticulin
16-4) shows it to be an undifferentiated sarcoma. H&E. stain.
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22.17 Tumors of the Sellar Region: Developmental Mass Lesions and Cysts

The craniopharyngioma is a benign grade I epithelial
tumor derived from Rathke pouch epithelium. These
lesions account for 5%-10% of childhood intracranial
tumors. They are usually suprasellar, frequently with an
intrasellar component. There are two histological types.
The adamantinomatous form contains multistratified
squamous epithelium with peripheral palisading of
nuclei on a basement membrane. They contain nodules
of compact keratin and calcifications. There may be
cholesterol clefts, foamy cells, and chronic inflammation.
The papillary craniopharyngioma is composed of
disrupted sheets of squamous epithelium with a fibro-
vascular stroma, thus forming pseudopapillae [19].
Pituitary adenomas occasionally present during child-
hood. Skull-based lesions may expand to involve the

pituitary gland, optic nerve, or hypothalamus. The chor-
doma [20] can arise from notochordal tissue at either
end of the vertebral column. Some chordomas arise
from notochordal ectopias, the ecchordosis. The tumors
are bulky and may invade the dura and subarachnoid
space, causing compression of the base of the brain.
Chordoma cells are large with dense nuclei and vesicu-
lar  cytoplasm. They have a characteristic
immunohistochemical profile: EMA-, S100-, and
CK-reactive.

The lesions of Langerhans histiocytosis may occur in
the sellar region (see Fig. 22.19). The hypothalamus is
the usual site of the type of hamartomas to read like
pituitary adenomas or Langerhans, benign masses that
are composed of mature neurons and normal neuropil.

Fig. 22.17-1. Craniopharyngioma. Note the large cystic calci-
fied lesion below the brain and above the sella.

Fig. 22.17-2. Craniopharyngioma. Note the adamantinoma-
tous stratified squamous epithelium with basal palisading and
keratin nests. H&E.
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Fig. 22.17-3. Craniopharyngioma. There are keratin nests,
cholesterol clefts, and inflammatory cells (leff) and a cranio-
pharyngioma, adamaninomatous type, with projection into
the surrounding hypothalamus which shows innumerable
Rosenthal fibers (right). H&E.

Fig.22.17-5. Notochordal ecchordosis. The prepons lesion was
found incidentally at autopsy.
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Fig. 22.17-4. Hypothalmic hamartoma at the base of the brain.
Gross illustration.

Fig. 22.17-6. Chordoma. Histology. Left. H&E. Right. EMA
immunoreactivity.
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22.18 Developmental Masses and Cysts

Epidermoid tumors may be found throughout the neur-
axis. They are composed of the superficial layers of the
skin [21].

Dermoid cysts are frequently associated with a dermal
sinus and are found in the occipital region involving the
cerebellum and fourth ventricle, the lumbar spinal
region, and the anterior fontanelle. They contain all skin
layers and appendages.

There are other cysts in the CNS [16] that are uncom-
mon and are poorly classified. They may be composed
of fibrous tissue with arachnoid or ependyma or neuro-
epithelial linings. Depending on their site of origin,
these cysts may present with spinal cord compression,
seizures, hydrocephalus, or hypothalmic dysfunction.
They are found along the spine in an intra- or extradural

Fig. 22.18-1. Arachnoid cyst of the posterior fossa. CT scan.

position. The benign teratomatous cyst is located poste-
rior to the spinal cord. The neuroenteric cyst (which may
contain respiratory and/or intestinal mucosa sometimes
with muscle layers) is usually anterior to the spine and
can involve the posterior mediastinum.

Spinal arachnoid cysts are commonly posterior to the
mid-thoracic cord, and intracranial arachnoid cysts are
usually in the temporal or frontal fossas and the para-
collicular regions. Epithelial or ependymal cysts may be
found along the sylvian fissure, in the paracollicular
region, or in the third ventricle. Some cysts occur in the
brain parenchyma.

Glial heterotopias are located in the subarachnoid
space, particularly at the base of the brain, with or
without other malformations of the brain.
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Fig. 22.18-2. Glial ependymal cyst of the third ventricle. Gross
specimen.
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Fig. 22.18-3. Glial ependymal cyst of the third ventricle. Fig: 22.18-4. Neuroenteric cyst of the posterior mediastinum.
Microscopy shows an ependyma-like lining over a glial wall. Microscopy shows intestinal epithelium in one region. H&E.
H&E.

Fig. 22.18-5. Neuroenteric cyst of the posterior mediastinum.

IIEIIZICE the mixture of esophageal and respiratory epithelium. copy shows stratified squamous epithelium lining the cyst.

H&E.

Fig. 22.18-6. Epidermoid cyst of the posterior fossa. Micros-
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22.19 Tumors of the Hematopoietic System

Leukemia, Hodgkin’s lymphoma, and non-Hodgkin’s
lymphoma together make up 40% of neoplasms in chil-
dren under 15 years of age [22]. In some cases of acute
lymphoblastic leukemia (ALL) the disease presents in
the meninges, and in acute myeloblastic leukemia
(AML) a mass may form on the dura. Malignant lym-
phomas of the CNS do occur rarely in children, particu-
larly in children with an inherited immunodeficiency.
The lymphoma may present in all regions of the CNS
as single or multiple lesions. They are diffusely infiltrat-
ing in an angiocentric pattern. Most are B-cell lympho-
mas marking with CD20 and CD79a. All subtypes have
been reported, with diffuse large cell or large cell immu-
noblastic lymphomas being the most common.
Histiocytic disorders are classified as dendritic cell
disorders, such as Langerhans cell histiocytosis (LCH)

Fig. 22.19-1. Lymphoma of the CNS. Coronal section shows a
large discolored area of softening extending from the cingu-
late gyrus through the centrum semiovale to the thalamus.

and juvenile xanthogranuloma, or as macrophage-
related disorders, such as lymphohistiocytosis and Rosai-
Dorfman disease. Malignant histiocytic disorders, such
as monocytic leukemia and histiocytic sarcoma, may
present during childhood.

Langerhans cell histiocytosis is classified as unifocal,
multifocal, or disseminated. The commonest lesion is an
osteolytic lesion of the skull or spine. The hypothalamus
is frequently involved in the multifocal variant. The
gross lesions may be yellow and discrete or infiltrating.
The histology consists of Langerhans cell histiocytes
expressing CD1la and langerin; and EM may reveal
them to have Birbeck granules. Rosai-Dorfman disease
in children usually affects lymph nodes.

Fig. 22.19-2. Acute lymphocytic leukemia. Histology shows
invasion of the dura, producing nodular masses on the inner
surface. H&E.
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Fig. 22.19-3. Acute lymphocytic leukemia. CSF shows cytol-
ogy that is positive for malignant cells. Wright stain.

Fig. 22.19-4. Langerhans cell histiocytosis. MRI.

Fig. 22.19-5. Langerhans cell histiocytosis. Histology of a skull
lesion exhibiting Langerhans cells and foamy macrophages.
H&E.

Fig. 22.19-6. Langerhans cell histiocytosis. Immu-
nohistochemistry CDla (left) and Langerin

(right).
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22.20 Germ Cell Tumors

Germ cell tumors [23] of the CNS occur mostly in chil-
dren and teenagers. They are the same as the germ cell
tumors of the gonads. Germinomas and teratomas occur
as pure tumor types. Most of the others are a mixture
of types. They are found along the midline, usually in
the pineal or suprasellar regions, and may be associated
with precocious puberty. They produce tissue-related
proteins that are measurable in the blood and CSF. Pla-
cental alkaline phosophatase (PLAP) is associated with
germinoma. B-Human choriogonadotrophin (B-HCG)
is observed in choriocarcinomas and in germinomas
containing HCG-producing giant syncytiotrophoblastic
cells. o-fetoprotein (AFP) is seen with yolk sac tumors.
The gross appearance suggests the tumor type. The ger-
minoma is solid with or without small cysts. The chorio-
carcinoma usually has hemorrhage and necrosis. The
teratoma may contain teeth, hair, or bone.

The germinoma is composed of large, uniform cells
with prominent nucleoli; and it characteristically reacts
for PLAP and CD117. There is a variable infiltrate of

lymphocytes, and there may be syncytiotrophoblastic
giant cells.

The teratoma contains elements from the three germ
cell layers. The mature teratoma has well-differentiated
adult tissues. The immature teratoma has incompletely
differentiated components that resemble fetal tissue.
The teratoma with malignant transformation contains
malignant elements of a somatic cancer, such as
rhabdomyosarcoma.

The yolk sac tumor is composed of primitive epithe-
lial cells (from the yolk sac) in a loose myxoid matrix
that resembles extraembryonic mesoblast. There are
hyaline globules that are reactive for AFP.

Embryonal carcinoma is composed of large cells that
grow in sheets, forming structures that resemble early
embryonic tissues.

Choriocarcinoma differentiates along extraembry-
onic lines with cytotrophoblasts and syncytiotropho-
blastic giant cells. The latter label with B-HCG and
human placental lactogen (HPL).

Fig. 22.20-1. Germinoma. Touch preparation shows large
tumor cells and lymphocytes. H&E.

Fig. 22.20-2. Germinoma. Immunohistochemistry with some
cells showing PLAP reactivity.
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Fig. 22.20-3. Choriocarcimona with large syncytiotrophoblas- Fig. 22.20-4. Choriocarcinoma. Immunohistochemistry for

tic cell. H&E. B-HCG.

Fig. 22.20-5. Yolk sac tumor. Epithelial-like cells in a loose
matrix. H&E.

Fig. 22.20-6. Teratoma. Microscopy shows mature epi-
thelial elements. H&E.
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22.21.1 Tumors of Cranial and Peripheral Nerves:

Schwannoma and Neurofibroma

Schwannoma (grade 1), a slow-growing tumor that may
be found anywhere in the peripheral nervous system, is
commonly seen in cranial nerve VIII [24]. It is com-
posed of spindle-shaped Schwann cells with alternating
dense (Antoni A) and loose (Antoni B) areas. Cells are
S100-positive and show basal lamina by EM. Vessels are
thick-walled and hyalinized. Most of these tumors are
sporadic, but in neurofibromatosis type II (NF2) there
are bilateral schwannomas of cranial nerve VIII. The
NF2 gene is a tumor-suppressing gene that is mutated
in 60% of schwannomas.

The neurofibroma (grade 1) is composed of a mixture
of Schwann cells, perineurial cells, and endoneurial
fibroblasts surrounded by collagen fibers and a myxoid

Fig. 22.21.1-1. Schwannoma. Neurofibromatosis type II with
bilateral acoustic nerve schwannomas.

matrix [24]. They may remain in the perineurium of
large nerves or infiltrate the surrounding tissues of small
nerves. Plexiform neurofibromas are multiple nerves
expanded by the tumor and collagen. The Schwann cells
are S-100-positive, and the perineurial cells (S100-
negative) react for EMA. EM reveals Schwann cells
with a basement membrane and perineurial cells with a
thick basement membrane, scattered juctional com-
plexes, and pinocytotic vescicles and fibroblasts with
abundant rough endoplasmic reticulum and having no
basement membrane. They may be solitary and sporadic
or multiple and associated with pigmented café au lait
spots and freckling of the axilla in neurofibromatosis
type I (NF1) (see Chapter 7, Section 7.2).

Fig. 22.21.1-2. Microscopy shows compact (Antoni A) and
loose (Antoni B) regions. H&E.
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Fig. 22.21.1-4. Plexiform schwannoma. Whole mount view of
a subcutaneous lesion from a digit.

2 microng

Fig. 22.21.1-3. EM shows cells processes surrounded by base-
ment membrane.

Fig. 22.21.1-5. Plexiform schwannoma: histology. H&E. Fig. 22.21.1-6. Plexiform schwannoma. Immunohistochemis-
try for S100.
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22.21.2 Tumors of Cranial and Peripheral Nerves: Perineurinoma and
Malignant Peripheral Nerve Sheath Tumor

The perineurioma (grade 1) is a rare benign tumor com-
posed of perineurial cells. It may be located in a nerve or
in soft tissues. In the nerve it produces an onion skin
appearance. Cellsreact with EMA but not with S100. The
perineurioma exhibits monosomy of chromosome 22.
Malignant peripheral nerve sheath tumors (MPNSTSs)
(grades III or IV) are rare in children. They are malig-
nant tumors arising from large nerves of the buttock,

thigh, brachial plexus, upper arm, and paraspinal region.
They are composed of fascicles of hyperchromatic
spindle cells and exhibit geographic necrosis and a high
mitotic index. They grow in the perineurium but can
break into adjacent soft tissues. The malignant triton
tumor is a MPNST with rhabdomyosarcomatous dif-
ferentation. The MPNSTSs react for both S-100 and p53.
One-half of patients with this tumor have NF1.

Fig. 22.21.2-1. Perineurinoma. HPS

stain.

Histology.

Fig. 22.21.2-2. Perineurinoma. EM shows delicate
cell processes with variable numbers of pinocytotic
vesicles, discontinuous basement membrane and
scattered, intercellular junctional complexes.
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Fig. 22.21.2-4. Plexiform neurofibroma. Histology. H&E.

Fig. 22.21.2-3. Plexiform neurofibroma. Gross view of a lesion
from the chest wall.

Fig. 22.21.2-5. Malignant peripheral nerve sheath tumor

(MPNST). Whole mount of the malignant tumor. Fig. 22.21.2-6. MPNST. Left. H&E. Right. Inmunohistochem-

istry for S100.
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22.22 Familial Tumor Syndromes Involving the Nervous System

There are some tumors of the nervous system that have
been identified in families who have a constellation of
lesionsandabnormalgenes[25]. Some of these syndromes
have been described elsewhere in this book. They are
repeated here to emphasize these associations so genetic
counseling can be considered in appropriate cases.

Neurofibromatosis 1. The gene is NFI. There are skin
lesions with café au lait spots and axillary freckling.
There may be hamartomas of the iris, bone lesions,
pheochromocytomas, and leukemia. The nervous system
tumors are neurofibromas, MPNST, optic nerve gliomas
and astrocytomas. (see Sections 22.3 and 22.21)

Neurofibromatosis 2. The gene is NF2. There may be
retinal hamartomas and lens opacities. The nervous
system tumors are bilateral VII schwannomas, periph-
eral schwannomas, meningiomas, meningiangiomatosis,
spinal ependymomas, astrocytomas, and glial hamartias
(see Section 22.21).

Von Hippel-Lindau. The gene is VHL. There may be
retinal hemangioblastomas, renal cell carcinomas, pheo-
chromocytomas. The nervous system tumor is the
hemangioblastoma.

Tuberous sclerosis. There are two genes, TSCI and
TSC2. The skin lesions are angiofibromas and sub-

Fig. 22.22-1. Optic nerve glioma. Whole mount showing cir-
cumferential growth of the tumor in the subarachnoid space
around the optic nerve. Trichrome.

ungual fibromas. The somatic lesions include cardiac
rhabdomyomas, polyps of small bowel, cysts of lungs
and kidneys, and renal angiomyolipomas. The brain
tumors are subependymal giant cell astrocytomas and
cortical tubers (see Chapter 7, Section 7.1 and Section
22.1).

Li-Fraumenisyndrome. The geneis TP53. The somatic
lesions are breast cancer, sarcoma, adrenocortical carci-
noma, and leukemia. The brain tumors are PNET and
astrocytomas.

Cowden syndrome. The gene is PTEN. The somatic
lesions are colonic polyps and thyroid neoplasms. Brain
findings include the dysplastic gangliocytoma (Lher-
mitte-Duclos) and megalencephaly.

Turcot syndrome. There are several genes involved.
With an abnormality of APC there are colorectal polyps
and medulloblastoma. With abnormalities of AMLHI
and hPSM?2 there are café au lait spots and colorectal
polyps. The brain tumor is glioblastoma multiforme.

Nevoid basal cell carcinoma syndrome (Gorlin). The
gene is PTCH. The skin lesions are basal cell carcino-
mas and palmar and planter pits. The somatic lesions are
cysts of the jaw, ovarian fibromas and skeletal abnor-
malities. The brain lesion is the medulloblastoma.

Fig. 22.22-2. Dysplastic gangliocytoma (Lhermitte-Duclos).
Microscopy shows disorganization of the internal granular
layer, which contains large ganglion cells, an absence of
Purkinje cells, and enlargement of the molecular layer.
H&E/LFB.
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Fig. 22.22-3. Higher magnification of the case in 22.22-2. Dys-

plastic gangliocytoma (Lhermitte-Duclos). Fig. 22.22-4. Hemangioblastoma. T2-weighted fast spin echo
MRI shows a large tumor in the inferior vermis.

Fig. 22.22-6. Hemangioblastoma. Histology shows the stromal
cells and vascularity associated with this tumor. H&E.

Fig. 22.22-5. Hemangioblastoma. Gross specimen of the cer-
ebellum shows a discrete mural nodule and adjacent cyst.
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23.1 Spinal Muscular Atrophy (Werdnig-Hoffmann Disease)

The most common childhood forms of spinal muscular
atrophy (SMA) are early-onset severe type 1 SMA
(Werdnig-Hoffmann disease), chronic intermediate type
2 SMA, and chronic mild type 3 SMA (Kugelberg-
Welander disease). Werdnig-Hoffmann disease (WHD)
is an autosomal recessive, early-infantile form of spinal
and bulbar muscular atrophy, sparing only the extraocu-
lar muscles. In late-infantile forms of SMA, the onset is
between 3 and 24 months of age. The juvenile form of
SMA (Kugelberg-Welander syndrome) has its onset
between 2 and 10 years, or adolescence.

Muscle biopsy from WHD shows group atrophy of
many small, rounded muscle fibers, variable intermix-
ture of normal-sized fibers in some fascicles, and the
presence of hypertrophied fibers three to four times
the normal size for the patient’s age. Histochemically,
the smallest caliber fibers are a mixture of type 1 and
type 2 fibers.

Pathology

The spinal cord shows atrophy of the anterior spinal
nerve roots. The primary pathological abnormality is
progressive degeneration of the anterior horn cells of

Fig. 23.1-1. Werdnig-Hoffmann disease. Macroscopically, the
spinal cord exhibits marked atrophy of the anterior roots.

the spinal cord, which exhibit various stages of degen-
eration, such as chromatolysis and neuronophagia.
Sparing of the phrenic motoneurons and nucleus of
Onuf in the anterior horn correlates with clinical symp-
toms in that diaphragmatic movement and sphincter
functions are usually not affected. In the brain stem, the
nucleus of cranial nerve XII is most commonly and
severely affected. The same changes are usually seen in
the motor nuclei of cranial nerves V, VI, VII, IX, X, and
XI. The brain stem is relatively spared in Kugelberg-
Welander syndrome. In unusual variants of WHD, there
is prominent involvement of areas outside the lower
motor neuron territory, including, in decreasing fre-
quency, the dorsal root ganglion, posteroventral nuclei
of the thalamus, and cerebellum [1].

Genetics

Spinal muscular atrophy is caused by a deficiency of
the ubiquitous protein (survival of motor neuron,
SMN) whose genes SMNI and SMN2 are mainly on
chromosome 5q11.3-13.3. At least three SMA-related
genes have been identified: SMN, NAIP, and p44.

Fig. 23.1-2. The anterior roots of the spinal cord are markedly
atrophic and lack myelination. KB stain.
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Fig. 23.1-3. Anterior horn cells show central chromatolysis.

Fig. 23.1-4. Neuronophagia of anterior horn cells. H&E.

Fig. 23.1-5. Oculomotor nucleus shows central chromatolysis.
H(%LE Y Fig. 23.1-6. Muscle shows group atrophy. H&E.
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24.1 Peripheral Neuropathy Diseases

The primary diseases of the peripheral nervous system
are clinically classified as sensorimotor neuropathies
and motor or sensory neuropathies. They present with
some of the following signs and symptoms: weakness,
sensory loss, muscle atrophy, autonomic dysfunction.
The disorders may present as symmetrical polyneuropa-
thies (usually hereditary disorders) or as focal and mul-
tifocal neuropathies (usually diabetes, arteritis, trauma).
In children and adolescents, the hereditary disorders are
the commonest causes of peripheral nerve disease. In
some cases the peripheral neuropathy is a part of a mul-
tisystem disorder, involving other parts of the nervous
system and/or body, whereas with other disorders the
peripheral nerve is the main site of the disease.

Pathology

The pathology may be related to segmental demyelin-
ation, sometimes with remyelination and onion bulb

formation (associated with decreased nerve conduction
velocity) or to primary neuroaxonal degeneration (with
loss of nerve fibers). Frequently there is a mixture
of these pathologies. In patients with sensorimotor
and motor polyneuropathies the differential diagnosis
includes hereditary sensorimotor neuropathies, diseases
of the anterior horn cells (spinal muscle atrophies), leu-
kodystrophies (metachromatic leukodystrophy and
Krabbe’s disease), and Refsum’s disease. For the disor-
ders with predominant sensory and autonomic symp-
toms, the differential diagnosis includes the hereditary
sensory and autonomic neuropathies, Fabry’s disease,
and Friedreich’s ataxia [1].

Fig. 24.1-1. Peripheral nerves. Electron microscopy (EM) of
a normal nerve shows a good complement of large and small
myelinated axons interspersed with groups of nonmyelinated
axons.

Fig. 24.1-2. Abnormal nerve biopsy. Paraffin preparation of a
longitudinal section stained with LFB/H&E shows a severe
loss of myelin.
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Fig. 24.1-3. Abnormal nerve biopsy. Thick section shows a  Fig. 24.1-4. Teased fiber preparation shows several unmyelin-
reduction in the number of large myelinated axons. ated axons and the central axon with a short internode of
hypomyelination suggesting remyelination.

Fig. 24.1-5. EM shows a normal axon with a Schwann cell
nucleus situated above a second axon exhibiting remyelin-
ation. The axon is the same diameter as the normal one above
but has reduced thickness of myelin.

Fig. 24.1-6. EM shows remyelinating axons surrounded by
Schwann cell cytoplasm, which forms “onion bulbs.”
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24.2 Hereditary Motor and Sensory Neuropathies

(Charcot-Marie-Tooth Disease)

Charcot-Marie-Tooth disease (CMT) is the commonest
Mendelian disorder of the peripheral nervous system,
with a prevalence of 1:2500. It constitutes a group of
clinically similar but genetically heterogeneous disor-
ders that occur sporadically or with autosomal domi-
nant, autosomal recessive, or X-linked inheritance. The
pathology is either myelinopathy (previously named
CMTI) or axonopathy (previously named CMT?2). There
are now four recognized disorders associated with
demyelination: early-onset CMT, previously named
Dejerine-Sotas syndrome (DSS); congenital disorder of
myelin formation, or congenital hypomyelinating neu-
ropathy (CHN); hereditary neuropathy with liability to
pressure palsy (HNPP); and, the most common, CMTT.
Genetic analyses of the various presentations of CMT
have identified numerous genes that are associated with

demyelination: peripheral myelin protein 22 (PMP22),
myelin protein zero (MPZ), early response gene 2
(EGR2), myotubularin-related protein 2 (MTMR2),
connexin (GJBI).

CMT?2 is an axonopathy. In the dominantly inherited
form, several genes including MPZ and neurofilament
light gene (NF-L) have been found to be abnormal. The
X-linked dominant disorder of CMT2 has a mutation in
the GJBI gene.

There are complex forms of CMT in which other
disease symptoms are associated. One is CMT with
tremor, also known as Roussy-Levy syndrome, which
is associated with a mutation of the MPZ gene and
duplication of PMP22 as well as point mutations in
GJBI [2].

Fig. 24.2-1. Abnormal peripheral nerve, teased fiber prepara-
tion showing several axons without myelin and two axons
showing Wallerian degeneration.

Fig.24.2-2. Abnormal peripheral nerve, axonopathy. Electron
microscopy (EM) shows two axons undergoing degeneration.
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Fig. 24.2-3. Peripheral nerve in Dejerine-Sotas disease. There
are increased number of Schwann cells in onion bulb fashion

around axons (hypertrophic neuropathy). Fig. 24.2-4. Peripheral nerve in congenital hypomyelinating

neuropathy. Note the presence of many axons without
myelin.

Fig. 24.2-6. Peripheral nerve in Dejerine-Sotas syndrome.
Note the large number of “onion bulbs” producing the hyper-
trophic neuropathy.

Fig. 24.2-5. Abnormal peripheral nerve in hereditary neu-
ropathy with a liability to pressure palsy (HNPP). Note several
enlarged nerves fibers which exhibit tonacula.
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24.3 Hereditary Sensory and Autonomic Neuropathies

Hereditary sensory and autonomic neuropathies
(HSANSs) II-V are autosomal recessive conditions that
begin at birth and are nonprogressive.

e HSAN II has an absence of myelinated fibers and
decreased numbers of unmyelinated fibers.

e HSANIII (Riley-Day syndrome) has a normal density
of myelinated fibers, decreased number of unmyelin-
ated fibers, and decreased neurons in the autonomic
and spinal ganglia.

Fig. 24.3-1. Peripheral nerve biopsy in vasculitis. There are
several small vessels with inflammatory cells in the walls.
During this healing phase there is endothelial proliferation,
with a reduction in the diameter of the lumen.

e HSAN IV has normal myelinated fibers, an absence
of unmyelinated fibers, and an absence of small
neurons in the spinal ganglia.

e HSAN V has a decrease of both small myelinated
fibers and unmyelinatedfibers.

It is apparent that the diagnosis of the inherited neu-
ropathies is complex, requiring a careful examination,
history, including family history, electrical studies, and
DNA analysis. In some cases nerve biopsy provides
useful information [2].

e i

Fig. 24.3-2. Peripheral nerve biopsy in vasculitis. Thick section
shows a marked reduction in the number of axons.
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Fig. 24.3-3. Peripheral nerve biopsy in vasculitis. EM shows a

marked reduction in the number of axons. . .
Fig. 24.3-4. Muscle biopsy. EM shows atrophy of one muscle

fiber caused by denervation. Note the decreased diameter of
the fiber and the redundant basement membrane.

Fig. 24.3-5. Arm of a child with median nerve injury.

Fig. 24.3-6. Peripheral nerve biopsy following trauma shows
a “traumatic neuroma.” Small groups of axons are surrounded
by collagenous scar tissue.
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Table 25.1. Classification of childhood muscle disease

Muscular dystrophy
Duchenne/Becker muscular dystrophy (dystrophinopathy)
Facioscapulohumeral dystrophy (telomeric deletion disease)
Limb-girdle dystrophy (sarcoglycanopathy)
Emery-Dreifuss dystrophy (defective nuclear membrane proteins)
Congenital muscular dystrophies
Fukuyama congenital muscular dystrophy
Merocin deficiency (mutations in merocin o7 integrin)
Myotonic dystrophy (repeat expansion disorders)
Congenital myotonic dystrophy
Congenital myopathies
Nemaline (rod) myopathy
Centronuclear and myotubular myopathy
Central core disease
Congenital fiber type disproportion
Desminopathies
Metabolic myopathies
Glycogen storage disease
Lipid disorders
Mitochondrial myopathies
Inflammatory myopathies
Infective myositis
Dermatomyositis syndrome
Polymyositis
Disorders of muscle membranes (channelopathies)
Myotonia congenita
Periodic paralysis
Paramyotonia congenita
Diseases of neuromuscular junction
Congenital myasthenic syndromes
Myasthenia gravis
Neurogenic atrophies
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25.1 Muscle Development

Skeletal muscle begins to develop in the mesodermic
somites at 2-3 weeks’ gestation. At 4-5 gestational
weeks (GW), the myotomes develop as a syncytium of
nuclei and cytoplasm. At 7-9 GW, the syncytium elon-
gates, and cells fuse and form the primitive myotubes.
These are multinucleated cells with nuclei situated cen-
trally in a hollow tube of thin cytoplasm. This process
continues, with the newest myotubes being the smallest.
Actin and myosin filaments develop and form myofi-
brils in the myotubes. At 10 GW, the embryonic muscle
is well formed into myotubes. The muscle fibers are
larger, and striations are evident. At 12 GW, motor end

- - ‘lEN

Fig. 25.1-1. Developing muscle. At 8 GW. Note myotubes with
central nuclei. H&E.

plates and muscle spindles are developing. At 13 GW,
the myofibrils become thicker in the older fibers, and
new smaller myotubes continue to develop. At 15 GW,
two populations of muscle fibers are present: (1) large,
more mature fibers with peripheral nuclei and filled-in
cytoplasm and (2) smaller, more immature myotubes.
After 16 GW, all of the muscle fibers continue to increase
in size, and the myotubes gradually disappear. However,
the pattern of large and small muscle fibers persists into
the postnatal period and into the second year of life. The
large fibers have been called Wohlfart B and the smaller
fibers Wohlfart A [1].

Fig. 25.1-2. At 11 GW. Some fibers have peripheral nuclei.
H&E.
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Fig. 25.1-3. At 15 GW. Note the Wohlfart B (large) and Fig. 25.1-4. At 20 GW. Note that most fibers have peripheral
Wohlfart A (small) fibers. H&E. nuclei. H&E.

Fig. 25.1-5. At 40 GW. Fibers are generally uniform with iso-  Fig- 25.1-6. At 4 months of age. H&E.
lated larger fibers. H&E.
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25.2 Classification of Muscle Disease: Normal Muscle Structure

Previous classification of muscle disease was based on
the histological or histochemical appearance of the
muscle. The types of muscle disorder, based on mor-
phology, were the dystrophies and the congenital,
inflammatory, and metabolic myopathies. In the muscu-
lar dystrophies the muscle fibers exhibit a loss of struc-
tural integrity; there is a variation in fiber size, a central
location of nuclei, a breakdown of fibers, regeneration
of fibers, and fibrosis. In the congenital myopathies the
muscle fibers appear to be malformed. There may be
central cores of irregularity, central nuclei, or abnormal
structures of Z bands. In the inflammatory myopathies
there is invasion and destruction of muscle by an inflam-
matory process. In the metabolic myopathies there are
abnormalities in the staining characteristics of muscle
mitochondria, lipid, or glycogen (Table 25.1).

In this molecular era of myopathology, gene defects
have been shown to produce defects in muscle proteins
that account for structural changes in the muscle cell or
for its dysfunction, damage, or death. This identification
of previously unknown muscle proteins has provided
immunocytochemical tools for the identification of

Fig. 25.2-1. Normal muscle. Uniform fiber size, peripheral
nuclei, normal connective tissue and vessels, no inflammation.
H&E.

structural deficiencies that are not otherwise apparent.
This new approach to myology has allowed muscle dis-
eases to be classified according to an etiology that may
be genetic or related to abnormal immune regulation,
or it may be related to an exogenous toxin or drug [2].

The muscle biopsy specimen is usually taken from a
limb muscle. The extrinsic muscle fibers are round,
uniform in size, with peripheral nuclei and no obvious
interstitial collagen. The muscle fibers with their associ-
ated capillaries are arranged into fascicles separated by
collagenous septa that contain nerves, larger vessels, and
muscle spindles and terminate as tendons. Near the
tendons where muscle fibers are generated, there is
variation in fiber size and internal nuclei. The diameter
of the limb muscle fibers is 15-20 um at birth and
increases by 2 um per year until reaching adult size
(50-60 um). The intrinsic muscles of the muscle spindle
are smaller and are intimately related to specialized
nuclear bag or flower spray nerve endings. Biopsies
in very young patients require expert surgeons and
knowledge of the normal changes in developing
muscle [1].

Fig. 25.2-2. Left. PAS. Note the even staining in all fibers.
Right. Sudan black-B. Type I fibers have stronger staining.
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Fig. 25.2-3. Modified Gomori trichrome stain. Mitochondria ~ Fig. 25.2-4. ATPase reaction at pH 4. Type I and II fibers are
are red, as are the nuclei. arranged in a checkerboard distribution.

Fig. 25.2-6. Cytochrome c oxidase (COX). The intensity is
higher for type I than for type II fibers. This reaction is nega-
Fig. 25.2-5. Left. Succinate dehydrogenase (SDH). The inten- tive in fibers with cytochrome c oxidase deficiency.

sity is higher for type I than for type II fibers. Right. NADH

(NADH-tetrazolium reductase). The intensity is higher for

type I than for type II fibers.
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25.3 Progressive Muscular Dystrophy

Many of the previously recognized “muscular dystro-
phies” have been shown to have abnormalities on the
surface of the muscle fiber, the sarcolemma, which is
composed of the basal lamina and the plasma mem-
brane. The basal lamina is part of the extracellular
matrix, providing a mechanical connection between the
muscle and the endomysial connective tissue. Some of
its proteins—merosin, perlecan, integrin—may be
altered in muscle disease: The plasma membrane is the
boundary between the intracellular and extracellular
compartments and is critically related to the endoplas-
mic reticulum of the fiber. The plasma membrane con-
tains ion channels and receptors and is the source of the
T tubules. Some of the plasmalemmal proteins that may
be altered in disease include dystrophin, sarcoglycans,
dysferlin, and caveolin [3,4].

Fig. 25.3-1. Duchenne muscular dystrophy with variation in
fiber size, internal nuclei, and endomysial fibrosis. Masson
trichrome.

Duchenne muscular dystrophy with dystrophin defi-
ciency has the most severe dystrophic changes, with
variation in fiber size, central nuclei, muscle fiber break-
down, fiber hypertrophy with characteristic eosinophilic
staining of cytoplasm, basophilic changes in regenerat-
ing fibers, endomysial fibrosis, loss of muscle fibers with
fatty replacement, and some inflammation.

Becker’s muscular dystrophy with minimal dystrophin
deficiency produces less degeneration and fibrosis than
Duchenne dystrophy. Regeneration is prominent.

o-Sarcoglycan deficiency produces dystrophic changes
in the muscle that resemble those of the dystrophinopa-
thies. The severity of the muscle fiber degeneration is
related to the type of mutation in the gene [4].

Fig. 25.3-2. Duchenne muscular dystrophy with fiber degen-
eration and cellular response by myoblasts and lymphocytes.
H&E.
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Fig. 25.3-3. Duchenne muscular dystrophy illustrating seg-
mental breakdown of muscle fibers. H&E.

Fig. 25.3-5. a-Sarcoglycan deficiency showing variation fiber
size, internal nuclei, fiber degeneration and regeneration, and
slight endomysial fibrosis. H&E.

Fig. 25.3-4. Becker’s muscular dystrophy with partial loss of
dystrophin staining.

Fig. 25.3-6. Muscle immunohistochemistry reveals complete
absence for adhalin, a dystrophin associated glycoprotein. This
results from mutation in the sarcoglycan complex. (left). Right.
Normal muscle with anti-adhalin antibody.
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25.4 Congenital and Other Muscular Dystrophies (Merosin Deficiency,
Fukuyama Congenital Muscular Dystrophy)

Fukuyama Congenital Muscular Dystrophy. See Chapter
2, Section 2.14.

Merosin deficiency (laminin 02) is a congenital dys-
trophy with absence of merosin in the basal lamina.
There is an associated white matter abnormality. Com-
plete absence of merosin leads to infant fatality [5].

Sarcoglycan deficiency causes dystrophic change in
muscle. The sarcoglycans are four integral membrane
proteins that are directly associated with the dystrogly-
cans and indirectly with dystrophin.

Fascioscapular humeral dystrophy is an autosomal
dominant dystrophy with deletion of 3.3-kb D474
repeat units in the subtelomeric region of chromosome
4q. The weakness begins in the shoulders and spreads.
There may be cardiac conduction blocks, deafness, sco-
liosis, and retinal vasculopathy [6].

Congenital myotonic dystrophy is a dominantly inher-
ited disease of muscle, heart, brain, and lens. There are
three forms of myotonic dystrophy: a congenital form,
a classic form, and a minimal phenotype form [7].

Fig. 25.4-1. Merosin immunohistochemistry in
normal muscle (leff) and merosin deficiency

(right).

Fig. 25.4-2. Merosin deficiency: muscle shows interstitial
fibrosis, Masson trichrome stain.
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Fig. 25.4-3. Merosin deficiency (laminin 02) is a congenital ~Fig. 25.4-4. Fascioscapular humeral dystrophy shows degen-
muscular dystrophy with inflammation and white matter eration and regeneration of fibers, some inflammation, and
disease. H&E. some angular fibers. Masson trichrome.

Fig. 25.4-5. Fukuyama congenital muscular dystrophy with Fig. 25.4-6. Fukuyama congenital muscular dystrophy with
mild variation in fiber size, degeneration, and regeneration in ~ severe variation in fiber size, degeneration, and fibrosis in a
a neonate. H&E. child. H&E.



360 25. Muscle Disease

25.5 Congenital Myotonic Dystrophy and Late-Onset Myotonic Dystrophy

Myotonic dystrophy is a multisystem syndrome involv-
ing brain, muscle, heart, and lens and includes myotonic
dystrophy type 1 (DM1), type 2 (DM2), and type 3
(DM3). DM1 is caused by the expansion of a cytosine-
thymidine-gaunine (CTG) repeat in the DM protein
kinase (DMPK) gene on chromosome 19; and DM2 is
caused by expansion of a cytosine-cytosine-thymine-
guanine (CCTG) repeat in the zinc finger protein 9
(ZNF9) gene on chromosome 3. DM3 is a multisystem
disorder with myotonic dystrophy and frontotemporal
dementia with linkage to chromosome 15q21-24.

In congenital myotonic dystrophy, distal muscles are
more severely involved than proximal muscles. Muscle

biopsy shows round fibers, large central vesicular nuclei,
a type 1 predominance, lack of type 2B fiber differentia-
tion, and undifferentiated type 2C fibers, all indicative of
delayed maturation. The neonate born to a mother with
myotonic dystrophy usually shows marked hypotonia,
intellectual delay, respiratory distress, hydrocephalus,
and periventricular leukomalacia. Neuroimaging of con-
genital DM1 shows characteristic hyperintensity of white
matter at the posterosuperior trigone and ventricular
dilatation. Classic DM1 shows hyperintense lesions in
the bilateral frontal and/or temporal region; and the
muscle biopsy shows type 1 predominance, central nuclei,
ringed fibers, and sarcoplasmic masses [7].

Fig. 25.5-1. Congenital myotonic dystrophy. Note the small,
round fibers with central nuclei. H&E.

Fig. 25.5-2. Congenital myotonic dystrophy. NADH staining
shows poor fiber type differentiation and central concentra-
tion of mitochondrial enzyme activity.
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Fig. 25.5-3. DMI1. Myotonic dystrophy fibers with variation in ~ Fig. 25.5-4. DM1. ATPase pH 9.4 with type I predominance.
size and internal nuclei. H&E.

Fig. 25.5-5. DM1. Trichrome shows variation in fiber size and
internal nuclei.

Fig. 25.5-6. Limb girdle dystrophy showing variation in size
and internal nuclei. H&E.
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25.6 Congenital Myopathies; Myopathies With Abnormal Structure

Congenital myopathies develop during muscle forma-
tion. Clinically, they are usually characterized by an
early onset, a slow course, and hypotonia. Genetic
defects are recognized in some disorders. Muscle pathol-
ogy is characteristic.

Centronuclear myopathy has two forms: early child-
hood onset with ophthalmoplegia and bulbar signs and
adult onset with limb-girdle involvement. No genetic
defect has been identified. The childhood form is more
severe (but not as severe as the X linked myotubular
myopathy) [8].

X- linked myotubular myopathy is severe congenital
myopathy with floppy muscles, decreased movement,
respiratory and feeding distress, and joint contractures.
There is a defect in the myotubularin gene [9].

Nemaline myopathy consists of a diverse group of
disorders with nemaline bodies in the muscle. There is
a severe neonatal form, a classic adult form, and a child-
hood autosomal dominant form. There are defects in
various thin filament protein genes, such as o-actin, -
tropomyosin, and slow troponin T [10].

Central core myopathy usually manifests as nonpro-
gressive limb weakness and hypotonia. It is associated
with malignant hyperthermia and mutant ryanodine
receptor proteins [11].

Congenital fiber type disproportion is usually a non-
progressive disorder with predominance and hypotro-
phy of type I fibers. The clinical course is variable, and
no genetic defect is known [12].

Y lit

Fig. 25.6-1. Centronuclear myopathy with 25%-75% central
nuclei. H&E.

Fig. 25.6-2. Myotubular myopathy with small fibers and
central nuclei. H&E.
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Fig. 25.6-3. Nemaline myopathy. Red rods are seen with Fig. 25.6-4. Electron microscopy (EM) of nemaline rod
Gomori stain. myopathy with streaming of Z-band elements.

Fig. 25.6-5. Central core myopathy with nonstaining cores.
NADH.

Fig. 25.6-6. Congenital fiber type disproportion with large
type 1I fibers and hypoplastic type I fibers. ATPase pH 9.4.
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25.7 Inflammatory Myopathies

Childhood dermatomyositis is a relatively common,
serious disorder. It presents with an erythematous skin
rash on the extensor surfaces of the joints and on the
face as well as weakness and tenderness in limb-girdle
muscles. There may be a generalized vasculitis that
involves the gastrointestinal tract, causing mucosal
ulceration and hemorrhage. In the muscle there is
inflammatory cell infiltration (B cells and CD4 T cells)
in perivascular spaces. The vessels develop endothelial
swelling, sometimes producing vascular occlusion and
muscle infarction. There is a reduction in the number of
capillaries and a characteristic perifascicular atrophy of
type I and type II fibers. Immune complexes containing

Fig. 25.7-1. Childhood dermatomyositis with perifascicular
atrophy, perivascular and intrafascicular inflammation, fiber
degeneration and regeneration, and slight fibrosis. H&E.

immunoglobulin G (IgG), IgM, and C3 are present in
arterial walls; and there is deposition of membrane
attack complex. The muscle fibers undergo segmental
necrosis and are invaded by macrophages and T
lymphocytes. There is regeneration of muscle fibers
by the satellite cells. Endomysial fibrosis may be
present.

Polymyositis may occur as an isolated muscle disease
or in association with a collagen vascular disorder. The
biopsy shows fiber atrophy, isolated fiber degeneration,
and inflammatory cells.

Myositis can be caused by parasites, viruses, and
immune disorders [13].

Fig. 25.7-2. Childhood dermatomyositis with vascular endo-
thelial hyperplasia leading to occlusion and loss of intrafas-
cicular capillaries. H&E. See also Fig. 25.6-6.
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W

Fig. 25.7-3. Childhood dermatomyositis with perivascular and  Fig. 25.7-4. Childhood dermatomyositis. EM of a capillary
intrafascicular inflammatory cell infiltration. H&E. shows endothelial tubular arrays.

Fig. 25.7-5. Inflammatory myopathy caused by Trichinella Fig. 25.7-6. Inflammatory muscle biopsy, showing granuloma-
infestation. H&E. tous inflammation in a case of sarcoidosis. H&E.
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25.8 Metabolic Myopathies

The muscle biopsies in these disorders is not usually
pathognomonic of a specific disease but suggest meta-
bolic pathways that can be further investigated bio-
chemically or genetically. Glycogen storage and lipid
storage (related sometimes to carnitine deficiency) in
muscle is illustrated below.

Pompe’s disease, or the infantile form of generalized
glycogenesis (infantile type II glycogenesis), is an auto-
somal recessive lysosomal glycogen storage disease
resulting in early onset of cardiomegaly, hypotonia,
cerebral dysfunction, failure to thrive, and early death.
Lysosomal glycogen storage affects practically all the
tissues in the body and results from a deficiency of acid
maltase. Screening the peripheral blood may demon-
strate disease-specific lysosomal inclusions in lympho-
cytes. Both the central nervous system (CNS) and the
peripheral nervous system (PNS) are involved (see

Fig. 25.8-1. Glycogen storage myopathy in Pompe’s disease
with a marked increase in muscle glycogen. PAS.

Chapter 10, Section 10.1). In the PNS neuronal glycogen
storage is prominent in the dorsal root ganglia, auto-
nomic ganglia, neurons of the myenteric plexus, and
ganglia cells of the retina. EM demonstrates lysosomal
glycogen in Schwann cells, mesenchymal cells, mural
cells of the vasculature, and perineural cells. In the CNS,
neuronal glycogen storage is most severe in anterior
horn cells of the spinal cord and motor nuclei of the
brain stem (cranial nerves I11-XII).

Lipid myopathy occurs in the presence of primary
carnitine deficiency and acyl-CoA dehydrogenase defi-
ciencies including medium-chain acyl-CoA dehydroge-
nase (MCAD), long-chain acyl-CoA dehydrogenase
deficiency (LCAD), short-chain L-3 hydroxyacyl-CoA
dehydrogenase deficiency (SC HAD), and coenzyme
Q10 deficiency. These may present during infancy or
childhood [14].

Fig. 25.8-2. Glycogen storage myopathy. EM reveals glycogen
accumulation, both free and in lysosomes, and disruption of
the muscle architecture.
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Fig. 25.8-3. Pompe’s disease with ballooned neurons contain-
ing glycogen in the brain stem. H&E.

Fig. 25.8-4. Glycogen storage myopathy in McArdle’s disease
(myophosphorylase deficiency). PAS reaction shows increased
glycogen in isolated fibers.

Fig. ?5-8'5- Lip.id storage in carni.ti.ne deficiency. Oil red O Fig, 25.8-6. Lipid storage in carnitine deficiency. Ultrastruc-
reaction shows increased neutral lipid. tural demonstration of increased myofiber lipid.
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25.9 Mitochondrial Cytopathies

The muscle biopsy may reveal abnormalities in mito-
chondrial respiratory chain enzymes or in the structure
of mitochondria that suggest the presence of nuclear
or mitochondrial DNA mutations. Histochemistry may
define a specific deficiency or demonstrate increased
enzyme reactivity, reflecting a nonspecific mitochondrial
response to deficits in muscle energy metabolism.
Further studies of specific respiratory chain enzymes or
mitochondrial DNA will further define the etiology.
Some examples are the following.

e MELAS (mitochondrial encephalomyopathy with
lactic acidosis and stroke-like episodes) may exhibit
“ragged red fibers,” reflecting increased numbers and

Fig. 25.9-1. Mitochondrial encephalomyopathy with lactic aci-
dosis and stroke-like episodes (MELAS). Muscle in a case of
MELAS. Gomori stain demonstrates ragged red fibers.

size of muscle mitochondria. Most cases are related
to an A3243G point mutation in the tRNA gene.

o Cytochrome c oxidase (COX) deficiency can be caused
by several nuclear or mitochondrial genetic defects.

o Kearns Sayre syndrome is a multisystem disorder
(cardiac conduction system, diabetes mellitus, ataxia,
retinitis pigmentosis, and neurodegeneration) and is
caused by large-scale mitochondrial DNA deletions.
Chronic progressive external ophthalmoplegia may
be a mild form of this disease.

e Myoclonus epilepsy with ragged red fibers (MERRF),
neuropathy, ataxia, retinitis pigmentosis (NARP), and
Leber hereditary optic neuropathy (LHOH) are also
expressed during childhood [14,15].

Fig. 25.9-2. Muscle in a case of MELAS. NADH shows
increased oxidative enzyme reactions.
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Fig. 25.9-4. Kearns-Sayre syndrome. EM demonstrates abnor-
mally enlarged mitochondria with paracrystalline inclusions.

Fig. 25.9-3. Cytochrome c oxidase reaction in muscle exhibit-
ing many negative fibers, suggesting a primary cytochrome c
oxidase (COX) disorder. Negative parts of the COX reaction
are segmental in long muscle fibers.

Fig. 25.9-5. Unclassified metabolic myopathy. EM indicates ~ Fig. 25.9-6. Unclassified metabolic myopathy. EM reveals
an increase in the number of mitochondria. enlarged abnormal mitochondria.
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25.10 Miscellaneous Muscle Pathology

There are morphological features of muscle biopsies
that suggest certain pathogenic mechanisms. For
example, generalized type 1 atrophy suggests a myo-
pathic process.

Generalized type 2 atrophy may be seen in CNS dis-
orders, with steroid effects, and with disuse [1].

Generalized muscle fiber hypoplasia can be seen in
infants who have been paralyzed [16].

Generalized muscle fiber hyperplasia is seen in malig-
nant hyperthermia and in myotonic dystrophy.

Poor differentiation of fiber types may be seen in
Duchenne muscular dystrophy and in congenital sensory
neuropathy [17].

Rhabdomyolysis, in which there is extensive break-
down or degeneration of muscle fibers associated
with a regeneration of muscle fibers, can be seen in
the presence of muscle exertion, ischemia, toxic infec-
tions, hyperthermia, muscle injury, electrolyte distur-
bances, drugs, toxins, and idiopathic rhabdomyolysis
[1].

Deposition of immunoglobulins in vessels and muscles
suggests an immune etiology for the muscle disease.

Fig. 25.10-1. Generalized type 1 atrophy and predominance.
ATPase pH 9.4.

Fig. 25.10-2. Generalized type 2 atrophy. ATPase pH 4.3.
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Fig. 25.10-3. Generalized fiber hypoplasia. H&E. Fig. 25.10-4. Poor differentiation of fiber types. NADH

reaction.

2 .
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Fig. 25.10-5. Rhabdomyolysis with fiber degeneration and

regeneration (basophilic fibers with large nuclei). H&E. Fig. 25.10-6. Deposition of immunoglobulins and membrane
attack complex in small arterioles and veins in a case of
dermatomyositis.
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25.11 Muscle in Neurogenic Disorders

The anterior horn cells of the spinal cord are motor
neurons with axons that extend into the periphery,
where they innervate muscle fibers. The axon and the
muscle fibers it innervates constitute the functional
motor unit of the neuromuscular system. During muscle
development (at approximately 18 gestational weeks)
each anterior horn cell determines the muscle fiber type
of the muscle fibers in its motor unit. The mixture of
types creates a normal checkerboard distribution of

3o

fiber types. The ratio of the two main fiber types in
infants and young children is approximately 50%. With
neurogenic disorders the muscle fibers become atrophic,
and surviving axons reinnervate the muscle, changing
the fiber types and producing a “reinnervation pattern.”
The effects of denervation are well illustrated in spinal
muscular atrophy type 1, which is caused by a genetic
defect at 5q13 [2].

Fig. 25.11-1. Muscle biopsy showing a reinnervation
pattern consisting of large groups of type I or II fibers
and loss of the normal checkerboard pattern of fiber
types. ATPase pH 9.4.

Fig. 25.11-2. Muscle with neurogenic atrophy. Small groups of
small denervated fibers stained with neuron-specific enolase.
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Fig. 25.11-3. The selective atrophy of type II fibers suggests

neurogenic atrophy, disuse, or steroid therapy. ATPase

pH 4.3. Fig. 25.11-4. SMA type I, exhibiting small fibers with occa-
sional internal nuclei, reflecting abnormalities of early muscle
development in a congenital denervating condition.

Fig. 25.11-6. SMA3, showing groups of small denervated
muscle fibers and large remaining fibers.

Fig.25.11-5. SMA1. ATPase reaction at pH 4.3 shows rounded
muscle fibers with atrophy of type I and II fibers and hyper-
trophy of surviving type I fibers.
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26.1 Ammon’s Horn Sclerosis

Epilepsy is more common during childhood than in
adulthood, suggesting that the developing brain is more
prone to seizure activity than the mature brain. Epilepsy
has been defined as an episodic disorder of the central
nervous system (CNS) characterized by paroxysmal
abnormal brain electrical activity and recurrent behav-
ioral seizures [1]. The pathological substrates of epilepsy
include malformations, metabolic errors, neoplasia,
hypoxic-ischemic and traumatic lesions, and infection
and are discussed elsewhere in this present volume. In
this chapter the lesions that are observed during surgical
resection for intractable epilepsy are illustrated.
Ammons horn sclerosis (AHS) is the commonest
temporal lobe lesion responsible for intractable complex
partial seizures [1]. In classic AHS, the dentate gyrus
exhibits neuronal loss and frequently dispersion of the
granular neurons. There is also loss of neurons in CA4,

CA3, and CALl. In a less common lesion, end folium
sclerosis, there is loss of neurons only in CA4. In classic
AHS, surviving granule neurons produce abnormal
sprouting of their axons, causing reorganization of the
circuitry, which creates an excitable epileptogenic focus.
Figure 26.1-6 depicts the normal and AHS hippocam-
pus. The granule neurons of the dentate gyrus (yellow)
are kept from discharging by inhibitory interneurons
(blue). In AHS there is loss of this inhibition. A continu-
ous excitatory circuit is established by the sprouting of
aberrant mossy fibers of the granule neurons, which
excite both the pyramidal neurons of Ammon’s horn
and the granular neurons of the dentate. The cause of
AHS is not known, but infantile febrile seizures (par-
ticularly complex febrile seizures) are a risk factor. In
families with febrile seizures, mutations in sodium
channel genes have been identified [2].

Fig. 26.1-1. Normal hippocampus, showing the dentate gyrus
and the four sectors of Ammon’s horn. Cresyl violet stain.

Fig. 26.1-2. Hippocampus resection for intractable epilepsy
showing Chaslin’s subpial gliosis. GFAP.



Ammon’s Horn Sclerosis 377

Fig. 26.1-3. Dentate gyrus in Ammon’s horn sclerosis (AHS)  Fig. 26.1-4. CA1 in AHS showing almost complete loss of
showing dispersion of the granule neurons. H&E. pyramidal neurons. H&E.

Fig. 26.1-5. AHS with accumulation of corpora amylacea.
PAS.

Fig. 26.1-6. Normal hippocampus (top) and AHS hippocam-
pus (bottom).



378 26. Epilepsy

26.2 Microdysgenesis

Abnormalities of the microarchitecture of the cortex
and white matter observed in the brains of patients with
generalized epilepsy are named microdysgenesis [3].
These abnormalities are not visible grossly or by current
imaging techniques but are present to a variable degree
in the resected brains from cases of intractable epilepsy
associated with AHS, tumors, and malformations. Their
significance in the pathogenesis of seizures is controver-
sial because they have also been recorded in some
normal subjects and in patients with other neurological
disorders. [4,5]

Ectopic neurons are those neurons present in the
white matter in greater than normal numbers [5].

Gray matter heterotopia are foci of displaced “gray
matter” composed of neurons, glia, and neuropil char-

acteristic of the cortex. They are probably the result of
a migration abnormality. They may be microscopic in
size or large enough to be seen on imaging studies
[3.4].

Hamartia are microscopic collections of small, round
“oligodendroglia-like” cells. They may be in cortex or
white matter and have some staining characteristics of
immature neurons [3].

Perivascular glia nuclei refer to the presence of chains
of bare glial nuclei in the white matter, around vessels,
or in the white matter neuropil [4].

Neuronal clusters are present in the cortex of some
epilepsy patients [4].

Fig. 26.2-1. Ectopic neurons in the white matter of a patient
with intractable epilepsy. These neurons are more numerous
than in normal white matter.

Fig. 26.2-2. Gray matter heterotopia in the temporal lobe.
AHS was also present.
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Fig. 26.2-3. “Hamartia”: clusters of immature looking oligo-  Fig. 26.2-4. Lateral temporal cortex exhibiting clusters of cor-
dendroglia-like cells. tical neurons.

Fig. 26.2-5. Gray matter heterotopia in the temporal lobe. Fig. 26.2-6. White matter showing chains of perivascular glial
nuclei.



380 26. Epilepsy

26.3 Epilepsy with Inflammatory Lesions

Seizures may occur during the course of CNS infections;
and in some cases epilepsy develops subsequently. Infec-
tions that are particularly prone to produce seizures are
brain abscesses and parasitic and protozoan infections.
Rasmussen’s syndrome or encephalitis is an inflamma-
tory condition of unknown etiology that presents as an
intractable seizure disorder. It occurs in children 14
months to 14 years of age beginning as an abrupt onset
of partial seizures that increase in severity and produce
unilateral (usually) inflammatory brain lesions and neu-
rological deficits. There is brain atrophy, and the menin-
ges contain lymphocytes and macrophages. In the cortex

there are microglial nodules, a diffuse inflammatory cell
infiltrate of lymphocytes and microglia, capillary prolif-
eration, and perivascular inflammatory cell cuffing. The
changes may involve part or all of the cortex and white
matter. As the lesion advances there is gliosis and cell
loss, with microcyst formation. Many infectious agents
and autoimmune phenomena have been investigated,
but as yet the responsible cause has not been identified.
Treatment, which is challenging, includes surgical resec-
tion, high-dose steroids, immunoglobulins, plasmapho-
resis, and immunosuppression [6].

Fig.26.3-1. Rasmussen’s encephalitis. Microscopy (low power)
shows diffuse loss of neurons. H&E.

Fig. 26.3-2. Microscopy of the cortex shows focal inflamma-
tory cells. H&E.
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Fig. 26.3-3. Microscopy shows neuronophagia. H&E. Fig. 26.3-4. Microscopy of white matter shows increased
microglial cells. H&E.

Fig. 26.3-5. Microscopy shows inflammation in the meninges  Fig. 26.3-6. Microscopy shows a microglial nodule. H&E.
and cuffing of vessels by lymphocytes. H&E.
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26.4 Malformations and Epilepsy

Epilepsy is usually associated with severe brain malfor-
mations, including lissencephaly, focal cortical dysplasia,
heterotopia [particularly periventricular nodular het-
erotopias and band heterotopias (double cortex)], and
hemimegalencephaly. These disorders may be diagnosed
by imaging studies, and genetic abnormalities have been
identified in some (e.g., there is an abnormality of the
Lis —1 gene in Miller Dieker syndrome, which exhibits
lissencephaly). The fukutin gene is abnormal in the cor-
tical dysplasia associated with Fukuyama muscular dys-
trophy; doublecortin is abnormal in X-linked band
heterotopia. Vascular malformations may also cause
epilepsy [1,7].

Focal cortical dysplasia refers to a focal region of the
cerebral cortex that shows loss of laminar organization,
isolated abnormally large neurons, disorientation of
neurons, and widening of the cortex with poor distinc-
tion between white mater and cortex (see Chapter 2,
Section 2.13) [8].

Diffuse cortical dysplasia shows numerous regions of
cortical dysplasia, sometimes interspersed with more
normal cortex.

& % PR LR \ - i Fig. 26.4-2. Hemimegalencephaly. The thick cortex is com-
' : : i : posed of polymicrogyria (see Chapter 2, Section 2.13).

Fig. 26.4-1. Cortical dysplasia. Silver stain reveals abnormally
large neurons.
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d Fig. 26.4-4. Microscopy of cortical dysplasia containing

Fig. 26.4-3. Polymi ia. Note th ly f d gyri
& oy eyia. Tote the poorly formed gyrt an balloon cells (see Chapter 2, Section 2.13). H&E.

four-layer cortex. H&E.

Fig. 26.4-5. Microscopy of cortical dysplasia. Note the vertical ~ Fig. 26.4-6. Microscopy of cortical dysplasia. Note the clusters
columns of large neurons. H&E. of large dysplastic neurons. H&E.
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26.5 Tumors and Epilepsy

Low-grade tumors frequently present as a seizure dis-
order. The tumors are very slow growing, and surgical
excision is usually curative regarding the tumor and the
seizures. These tumors are described elsewhere in the
Atlas and include the ganglioglioma, the dysembryo-
plastic neuroepithelial tumor (DNET), the desmoplas-
tic infantile ganglioglioma, and the pleomorphic
xanthoastrocytoma. Masses produced by infectious
agents may mimic low-grade neoplasms [1].

Fig.26.5-1. Dysembryoplasticneuroepithelial tumor (DNET)-
gross. This tumor resection demonstrates the superficial and
cystic nature of some DNETs.

Some tumors, such as the ganglioglioma and the
DNET, are associated with foci of cortical dysplasia.
This association raises questions about whether the
tumor arose in the abnormal cortex or the seizure dis-
order caused by the neoplasm was responsible for the
dystrophic changes in the nearby cortex [9].

Fig. 26.5-2. DNET. Microcystic areas contain a myxoid mate-
rial that typically stains with Alcian Blue. Centrally an isolated
neuron in noted amongst the obligodendroglial-like cells
which tend to drape delicate strands of tissue.
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Fig. 26.5-4. Ganglioglioma composed of neurons and astro-
cytes with a delicate vasculature. H&E.

Fig. 26.5-3. DNET. The neuronal component is stained with
anti-neurofilament.

Fig. 26.5-6. Brain mass and inflammation caused by cysticer-

Fig. 26.5-5. Desmoplastic infantile ganglioglioma with a :
cosis. H&E.

mixture of mature neurons and astrocytes. H&E.
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27.1 Trauma During Infancy

Head and brain injury after birth may be the result of
accidental trauma or nonaccidental trauma. Impact
injuries can be divided into those in which the head is
struck by an object, as with a blow, or the head hits a
surface, as with a fall. In the former circumstance, the
head may be struck by a hand, fist, elbow, or foot or by
a held or falling object. When the blow is by a “blunt”
instrument, it usually leaves no identifying mark.
Analysis of bruises is an important aspect of the
forensic examination. A primary principle, especially in
infants and children, is that the degree of physical injury

4

Fig. 27.1-1. Head trauma. Subarachnoid hemorrhages are
found at the left temporal tip and brain stem in an infant.

to underlying tissues and organs may not correspond in
severity to the surface bruising. Usually the underlying
injuries are more extensive and severe than one would
be led to expect on the basis of external injuries alone.
Correlating external injuries with internal injuries at
autopsy is vital. It requires diagrams, sketches, a verbal
description, or photographs as well as a histological
sample of many or all external injuries for evaluating
the process of aging and for dating the lesions. No
special permission need be obtained if the autopsy has
been officially requested or ordered [1].

Fig. 27.1-2. Head trauma. Subarachnoid and cortical hemor-
rhages in the deep sulci of the frontal lobes.
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T T I T
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Fig. 27.1-3. Head trauma. Pontine hemorrhage.

Fig. 27.1-4. Motor vehicle accident and cervical-to-thoracic
spinal cord hemorrhage.

G S Y
A ORI SEATY,

Fig. 27.1-5. Head injury. Remote hemorrhage with hemosid- ~ Fig. 27.1-6. Head injury. Cavity formation and hemosiderin

erin-laden macrophages. deposition in remote lesions of a subcortical hemorrhage.
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27.2 Sudden Infant Death Syndrome

Sudden infant death syndrome (SIDS) accounts for
26%—46% of all post neonatal deaths, and its cause is
unknown. It is defined as “the sudden death of an infant
under 1 year of age which remains unexplained after a
thorough case investigation, examination of the death
scene, and review of the clinical history.” Characteristics
of SIDS are (1) victims are found apneic or dead in their
cribs, when asleep, or in transition between sleep and
waking; (2) there are no pathological or circumstantial
findings at autopsy to adequately explain death; (3)
victims are less than 1 year of age, usually 24 months;
(4) the male/female ratio is 60:40; (5) there is a seasonal
drop in cases between March and September; (6) the
incidence of SIDS has decreased from 2/1000 to less
than 0.5/1000 live births per year since the campaign of
placing babies to sleep in the supine position in a no-
smoking environment. The factors that may contribute
to the risk of prone sleeping include rebreathing of

expired gases, hypoxia, asphyxia, upper airway obstruc-
tion, impaired arousal mechanisms, and compromised
upper airway reflexes. These factors suggest that there
is impaired brain stem activity. A triple-risk hypothesis
for SIDS suggests that SIDS occurs when three factors
are present: an underlying vulnerability in the infant’s
homeostatic mechanisms; a critical developmental
period for autonomic, respiratory, and arousal reflexes;
and an exogenous stressor such as hypoxia, hypercap-
nea, reflex apnea in the prone position, or hyperthermia
from overbundling [1,2].

Inthe brains of SIDS victims, there are subtle patholog-
ical changes, such as subcortical leukomalacia [3], brain
stem gliosis [4], delayed development of dendritic spines
and abnormalities of catecholaminergic and serotonergic
neuronsinrespiratorycenters [5-7]. These variouslesions
may be indicative of the infants’ underlying vulnerability
in their brain stem homeostatic mechanisms.

Fig. 27.2-1. Sudden infant death syndrome (SIDS). Section of
cerebral hemisphere showing focal translucent area of subcor-
tical leukomalacia underneath the cortex of the deep sulcus.

Fig.27.2-2. Whole mount of cerebralhemisphere withsubcorti-
cal leukomalacia. PTAH.
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Fig. 27.2-4. Gliosis in the tegmentum of the medulla oblon-
gata. Holzer stain.

Fig. 27.2-3. Histology of subcortical leukomalacia shows
rarefaction area with spongy changes.

Fig. 27.2-5. Substance P immunoreactivity in the trigeminus  Fig. 27.2-6. Incidental leptomeningeal glioneuronal heteroto-
nucleus. pia in the base of a SIDS brain. GFAP.
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27.3 Child Abuse

Whiplash or shaking injuries involving the brain are
unique forms of willful trauma seen almost exclusively
in infants. Shaking is particularly dangerous because the
infant has insufficient strength to control the head
owing to the disproportionate mass of the head and the
lack of muscular development and coordination in the
neck. The head “whips” back and forth in response to
shaking, imposing accelerative and decelerative forces
on the brain, meninges, and eyes. There is controversy
as to whether an impact injury is also required when
severe brain injury occurs. The injuries of child abuse
include retinal hemorrhage, epidural and subdural hem-

Fig. 27.3-1. Child abuse. Subcutaneous hemorrhage in the ret-
roauricular region.

orrhage, subarachnoid hemorrhage, cerebral contusion,
white matter injury, and diffuse axonal injury [1]. A
careful examination of the infant is mandatory. The
external injuries appear less severe than the internal
injuries.

Inflicted traumatic brain injury often results in
subdural, subarachnoid, retinal, and optic nerve sheath
hemorrhage. Recent hemorrhage sometimes is associ-
ated with hemosiderin-containing macrophages, sug-
gesting repeated trauma. B-amyloid precursor protein
immunostains may be helpful inillustrating the traumatic
nature of the injuries [8].

Fig. 27.3-2. Child abuse. Hemorrhage in the retina.
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Fig. 27.3-3. Child abuse. Dura mater with chronic subdural
hematoma showing fibrous thickening and recent
hemorrhage.

Fig. 27.3-4. Child abuse. Optic nerve sheath
hemorrhage. There are hematomas in the
retrobulbar optic nerve sheaths of bilateral eyes
in a case of shaking baby syndrome.

!Ii:f'rIIII'I

Fig. 27.3-5. Head injury. Petechial hemorrhage in the corpus  Fig. 27.3-6. Brain trauma. Axonal injury in the white matter
callosum and cortical infarction. expressing amyloid precursor protein immunoreactivity.
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McArdle’s disease 367 microcephaly 62, 80, 84, 190, 242, 262, 286
measles 248, 268 microcysts 97

measles inclusion body encephalitis 268 microdysgenesis 378, 379

measles virus 254 microencephaly 70

Meckel-Griiber syndrome 62, 63 microglia 142, 152

MeCP2 210, 211 microglial activation 96

medial longitudinal fasciculus 70 microglial aggregation 102

median nerve injury 349 microglial nodules 258, 259, 380, 381
medium-chain acyl-CoA dehydrogenase 366 microgyria 84, 172

medulla oblongata 65, 105, 152 microphthalmia 80
medulloblastoma 291, 310, 312, 313, 336 microtubules 228
medulloepithelioma 291, 310 microvesicular fatty change 200
medullomyoblastoma 291, 314 microvilli 299

medusa head formation 220 midbrain 57, 64, 68

megalencephaly 48, 212, 336 migration disorders 84, 130
meganeurites 143 Miller-Dieker syndrome 382
melanin 314 Minamata Disease 284

melanocytic meningeal tumor 322 minimal dystrophin deficiency 356
melanocytoma 322 mitochondria 354, 355, 368, 369
melanoma 322 mitochondrial DNA 196, 368
melanotic medulloblastoma 291, 314 mitochondrial DNA deletions 368
MELAS 198, 368 mitochondrial DNA mutations 368
membrane attack complex 364, 371 mitochondrial encephalomyopathy with lactic acidosis
membrane-bound round to ovoid inclusions 145 and stroke-like episodes (MELAS) 198, 368
membrane protein 150 mitochondrial encephalopathy 94
membranous bodies 140 mitochondrial membranes 108
meningeal sarcoma 323 mitochondrial myopathies 351
meningeal tumor 322 mitochondrial protein 206
meningiangiomatosis 336 mitochondrial respiratory chain enzymes 368
meningioma 291, 322, 336 mitotic index 300, 322

meningocele 66 mixed germ cell tumour 291
meningoencephalitis 260, 278 mixed gliomas 291
meningoencephalocele 66 mixed neuronal-glial tumors 304
meningomyelocele 286 MKS1 62

Menkes syndrome 220 MKS2 62

mental deficiency 50 MKS3 62

mental retardation 50, 62, 66, 84, 118, 130, 134, 210 MLD 234

mercury stain 285 Moebius syndrome 64, 104, 105
mercury 284 molar tooth sign 67

merosin 357 molar tooth sign on MRI 66
merosin deficiency 358, 359 monosaturated (C26:1) VLCFA 172
MERRF 368 monosomy 82
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neonatal asphyxia 95
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port-wine stain 134
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posterior roots 206
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primitive neuroepithelium 311
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principal olivary nucleus 65, 173

progressive cerebellar ataxia 136
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progressive hemiplegia 176
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protein C deficiency 118

protein S 120

proteolipid protein (PLP) 244, 245
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pseudorosettes 298
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Purkinje cell heterotopias 172
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reinnervation pattern 372
remyelinating axons 345
remyelination 344, 345

renal cell carcinomas 336
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renal tubule 285

renal tubulopathy 196
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respiratory chain 198
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reticulin stain 295
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retinal ganglia cells 168
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trisomy 21 brain 211

tRNA leucine gene 198

TSCI (hamartin) 130, 336

Subject Index

TSC2 (tuberin) 130

tuber 131

tuberculosis 270

tuberculous meningitis 270
tuberous sclerosis 116, 130, 131, 296, 336
tubular and fibrillary inclusions 144
tubular epithelium 165

tubular structures 237
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X-linked adrenoleukodystrophy 174
X-linked band heterotopia 382
X-linked congenital hydrocephalus 50
X-linked lysosomal disorder 152
X-linked myotubular myopathy 362

Y
yellow staining 108
yold sac tumour 291, 330, 331

V/

Z bands 354

zebra bodies 152, 160

Zellweger spectrum 171

Zellweger’s syndrome (ZS) 64, 65, 171, 172, 174
Ziel-Nielsen stain 275

zinc finger protein 9 (ZNF9) 360

zona fasciculata 176





