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Preface to First Edition


The pace of change in neuropathology is such that it is increasingly difficult for the diagnostic pathologist to keep abreast of all fields in this exciting discipline. One has only to think of recent conceptual and diagnostic innovations in the field of neurodegenerative diseases, advances in our understanding of the molecular basis of brain tumors, recognition of the spectrum of CNS pathology associated with human immunodeficiency virus infection, and the correlation of neuropathologic findings with specific genetic defects in a wide range of disorders, for this conviction to be reinforced.


We recognize that the diagnostic pathologist is often under pressure to survey and distil a large amount of clinical, pathologic and molecular genetic information relating to diverse disorders, and usually within a very limited amount of time! Our aim has been to produce a reference book in which this information is presented in an integrated, rapidly accessible format. In a speciality like neuropathology, the practice of which depends primarily on morphology, a clear illustration is often worth more than a page of prose. Consequently, much of the information in Neuropathology is incorporated in a wealth of color illustrations, which number over 2500. But while illustrations are a key feature of this book, they are also accompanied by a large amount of clinical and scientific data previously available only from a variety of sources. Techniques for facilitating access to information have been incorporated in the layout of this book, which has benefitted from the design expertise of Mosby. Illustrations and descriptions of pathology are arranged around color-coded boxes of information, each with its particular emphasis.


Each section also contains many tables and diagrams which are designed to facilitate clinicopathological correlation, and to present key background facts.


Compromises have been inevitable to accommodate such a large amount of visual and factual information in a book of this size. It has not been possible to include some rare entities, and we have deliberately used an annotated style in the presentation of some data. We have restricted the number of references and most of these are to key review articles or to the larger neuropathology reference books.


The practice of neuropathology is reaping great rewards from recent scientific advances. We hope that this book conveys some of the excitement of these advances whilst also integrating them into a practical account of the current principles of neuropathologic diagnosis.
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Preface to Second Edition


Our aim in producing the first edition of Neuropathology was to provide a reference book that was heavily biased towards the use of color illustrations, yet included much more information than an atlas. The response to this concept was gratifying, and has prompted this second edition. In response to developments in the field and aided by supportive and constructive feedback, we have covered more topics in this edition, which includes 364 additional figures and extra tables and data boxes. The new edition includes more than twice as many references as its predecessor, and they are now subdivided thematically, where appropriate.


Neuropathology is the foundation of our understanding of almost all neurologic disease, and in recent years the scope of neuropathology has been greatly extended by the application of immunological and molecular genetic techniques. Increasingly, these are being incorporated in routine diagnostic practice. It is partly with this in mind that all of the chapters have been revised and updated, some extensively.


The additional content has been accommodated largely by a more efficient layout, but the number of pages is slightly more than in the previous edition. Compromises have again been necessary; a few rare entities have been omitted, and to minimize clutter and maximize use of space, we have again decided not to incorporate citations in the main text of the chapters.


As in the first edition, color coding has been used to facilitate the retrieval of different types of information from within the text:





[image: image] PATHOGENESIS / ETIOLOGY
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[image: image] DIFFERENTIAL DIAGNOSIS / PRACTICAL ADVICE ON DIAGNOSIS






We hope that this book captures some of the excitement of a rapidly changing field, while also facilitating access to the most relevant information and guiding the diagnostic process.
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S.L.





2003








Preface to Third Edition


When writing the preface for the first edition of this book, we emphasized two elements of its composition: (1) a comprehensive library of macroscopic and microscopic images and (2) information on biological aspects of CNS diseases and their potential impact on diagnostic neuropathology. Almost 15 years later, these elements remain the foundations of the third edition.


Introducing novel biological information and updating existing molecular data represent the most substantial changes to this latest edition, but high-quality images remain central to our educational approach, and there are many additional or improved figures. Boxes containing clinical and scientific information or approaches to differential diagnosis retain the format and color schemes from earlier editions, but have been updated and more have been included. Major textbooks or review articles are still the focus of reference lists, but these too have been updated and expanded. In all, content has been increased by approximately 10%.


Inevitably, compromises that characterized earlier editions endure. In particular, several rare entities or entities not yet incorporated into official classifications have been omitted. Even so, we have aimed, as before, to compile a reference source of information on neuropathology that will be of everyday utility for pathologists, neurobiologists, and practitioners and students of the clinical neurosciences.


This is an exciting time in the field, as morphological, biochemical, molecular genetic and functional evaluations of CNS disease combine to guide patient management. Advanced radiological investigations yield high-resolution structural, metabolic and functional information to be used alongside neuropathological investigations, which increasingly provide data on protein chemistry, molecular genetics, biological behavior and treatment options, as well as diagnosis. Neuropathologists will require additional skills to enhance their reporting with pertinent reference to these aspects of disease, and those in the other clinical neurosciences will require a better appreciation of neuropathology to make best use of the opportunities it offers to optimize the management of disease in individual patients. We hope that our book facilitates these interactions.
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S.L.





2012





Section 1


Pathologic reactions in the CNS
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Pathologic reactions in the CNS






PATHOLOGIC RESPONSES IN NEURONS





NORMAL NEURONAL CYTOLOGY AND STAINING


The cytologic appearance of neurons varies depending upon their location. In general, neurons have moderate to abundant cytoplasm and a relatively large round nucleus with a prominent nucleolus. Projecting from the neuronal cell body are branching dendrites and a single axon. A range of tinctorial and immunohistochemical staining techniques are used for demonstrating neurons and their processes (Table 1.1).




Table 1.1


Histologic demonstration of neurons: techniques and comments concerning their applications


Conventional staining


Hematoxylin and eosin


 Good for assessing general cytoarchitecture


Nissl stain (e.g. cresyl fast violet)


 Good for assessing general cytoarchitecture. Allows estimation of cell density in thick sections; may be combined with stains for myelin (e.g. Luxol fast blue).


Axon silver impregnation techniques


 Good for demonstration of axons and some neuronal inclusions. Used in conjunction with myelin stains to distinguish between demyelination and fiber degeneration


Golgi stain


 Allows visualization of fine detail of neuronal cell processes. A technically difficult stain to perform which depends on block impregnation


Immunohistochemistry


Neurofilament proteins


 Strongly expressed in perikaryal and axonal cytoplasm (in normal neurons, perikaryal neurofilament proteins are non-phosphorylated and axonal neurofilament proteins phosphorylated)


NeuN


 Neuron-specific nuclear protein, strongly expressed in neuronal nuclei. NeuN antibodies also show weak labeling of the neuronal cytoplasm


Neuron specific enolase


 Strongly expressed in neuronal and axonal cytoplasm


Synaptophysin


 Antibodies to synaptophysin detect neurosecretory vesicles, which are mainly located at synapses, with little staining of neuronal cell bodies


PGP9.5


 An antibody to neuron-specific ubiquitin C-terminal hydrolase, which is abundant in neurons and neuronal cell processes


Chromogranin A


 Antibodies detect dense-core neurosecretory vesicles, which are sparsely distributed within the perikaryon of some neurons and concentrated at the synapses. Moderate staining of neuronal cell bodies


Neurotransmitter-related


 Antibodies allow detection of neurotransmitter substance or enzyme involved in its biosynthesis













ABNORMALITIES OF NEURONAL MORPHOLOGY





AXONAL DEGENERATION


Axonal degeneration inevitably follows the death of the neuron of which it is a part. A severed or severely damaged axon undergoes distal degeneration without usually provoking death of the proximal part of the neuron, although this does undergo a series of structural and metabolic changes (i.e. axon reaction and chromatolysis, see below). Within days, the distal part of the axon fragments and the surrounding myelin sheath breaks up into ovoids. Over the next 3 weeks or so, the axon and myelin debris are taken up by macrophages, which infiltrate the degenerating fiber tracts. Several methods can be used to demonstrate degenerating nerve fibers in the CNS. These include specialized silver impregnation techniques and stains for degenerating myelin and for lipid (Fig. 1.1).
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1.1 Tract degeneration.
Adjacent sections of cervical spinal cord 1 month after an infarct involving the internal capsule. The infarct has caused degeneration of the descending crossed (C) and uncrossed (U) corticospinal tract fibers. (a) Stained with Oil red O. (b) Stained with Marchi’s method.





Marchi’s method, and oil red O or other stains for neutral lipid are particularly useful. During the first 2–3 weeks after injury when most of the products of fiber degeneration are still extracellular, their demonstration by Marchi’s method requires staining of unembedded tissue that has not fixed long in formalin. If there has been a longer period of time since the injury and much of the debris has been taken up by macrophages, Marchi’s method can be used on frozen sections and the staining is not affected by the duration of formalin fixation. Degeneration of fiber tracts can be demonstrated for several months with stains for neutral lipid, and for several years by Marchi’s method. In addition, immunohistochemistry for macrophage markers (e.g. with antibodies to CD68 and HLA class 2 antigen) is useful for detection of degenerating fiber tracts.









AXON REACTION AND CHROMATOLYSIS


Damage to the axon provokes a series of morphologic and biochemical changes in the neuronal cell body. These are collectively referred to as the axon reaction (Figs 1.2, 1.3). The changes include disruption and dispersion of Nissl bodies (chromatolysis) associated with rearrangement of the cytoskeleton and marked accumulation of intermediate filaments. The axon reaction is conspicuous in large neurons with axons that project into the peripheral nervous system and in some of the larger neurons with central projections. Chromatolysis is not visible on conventional light microscopy of small neurons or certain large neurons such as the cerebellar Purkinje cells, but changes can be demonstrated in these cells by electron microscopy and immunohistochemistry.
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1.2 Axon reaction.
The changes that constitute the axon reaction have been most extensively investigated in anterior horn cells after peripheral nerve injury, as depicted in this figure, but neurons undergo similar alterations after injury to axons in the CNS. (a) A normal neuronal cell body is characterized by well-organized dendritic branches making synaptic contact with other neurons. Nissl bodies are prominent. (b) Following axonal damage there is degeneration of the peripheral axon. Dendrites that normally form synapses retract and synaptic contacts are lost. The rough endoplasmic reticulum becomes reorganized into small vesicular elements. The neuron inactivates genes coding for high molecular weight neurofilament protein (NFH) and switches on genes for peripherin. Neurofilaments and peripherin accumulate in the neuronal cell body. At this stage the neuronal cell body is swollen, shows only weak acidophilia, and lacks Nissl bodies. Denervated muscle fibers atrophy. (c) The axon regenerates in the peripheral nervous system (but not within the CNS). NFH synthesis is re-established with axonal elongation. (d) If the target tissue is reinnervated, the neuronal dendrites re-establish synaptic contact with other neurons and the normal cytologic appearance of the cell body is regained.
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1.3 Ultrastructural characteristics of the axon reaction.
Several morphologic changes are seen in neurons after axonal damage.












SWOLLEN NEURONS


Swollen or ballooned neurons are a feature both of the axon reaction and of a variety of diseases in which perikaryal changes occur independently of axonal damage (Table 1.2). Histologically, they appear as distended, weakly-staining cells with large, relatively clear nuclei (Fig. 1.4). Occasionally the cells contain small vacuoles. In conventionally processed tissues an artefactual lacuna is often present around the abnormal cell. Swollen or ballooned neurons can be demonstrated with several immunohistochemical markers (Fig. 1.5, Table 1.3).




Table 1.2


Causes of ballooning of neurons


Physiologic


 Anterior horn motor neurons, with age


Nutritional


 Pellagra (niacin deficiency): spinal, brain stem, and cortical neurons


Developmental


 Localized cortical dysplasia with cytomegaly
 Cortical dysplasia with hemimegalencephaly
 Tuberous sclerosis


Neurodegenerative


 Several types of frontotemporal lobar degeneration, including Pick’s disease and FTDP-17: neocortical and some basal neurons
 Corticobasal degeneration: neocortical and some basal neurons
 Swollen neurons can also occur in Alzheimer disease, argyrophilic grain disease, progressive supranuclear palsy and several other neurodegenerative diseases


Prion disease


 Cortical and some basal neurons








Table 1.3


Immunohistochemical profile of swollen neurons


Neurofilament protein


 Accumulation of highly phosphorylated high-molecular-weight neurofilament protein, which is normally restricted to the axon


αB-crystallin


 Accumulation of αB crystallin, which is not normally expressed by neurons


Tau protein


 Accumulation of abnormally phosphorylated tau protein by a proportion of swollen neurons in corticobasal degeneration and Pick’s disease


Ubiquitin


 Variably increased immunoreactivity for ubiquitin-protein conjugates


PGP9.5


 Variably increased immunoreactivity for this ubiquitin C-terminal hydrolase
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1.4 Swollen neurons.
The cytoplasm lacks Nissl bodies and is weakly eosinophilic. The nucleus is large and vesicular. (a) Example from the anterior horn of the spinal cord. (b) Example from the cerebral cortex in corticobasal degeneration (see Chapter 28).
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1.5 αB-crystallin immunoreactivity.
This is a characteristic feature of swollen neurons in most conditions. The protein is not, however, expressed by swollen neurons in pellagra (see Chapter 21), suggesting that neuronal swelling in this disorder has a different mechanism.












TRANS-SYNAPTIC NEURONAL DEGENERATION AND OLIVARY HYPERTROPHY


Neurons within some nuclei in the CNS atrophy and degenerate in response to deafferentation. Examples are neurons in the lateral geniculate nucleus, which degenerate after optic nerve or tract lesions, and neurons in the pontine nuclei, which degenerate after interruption of descending frontopontine afferent fibers. Neurons in the inferior and accessory olivary nuclei undergo an unusual form of trans-synaptic degeneration after a destructive lesion (such as an infarct) of the ipsilateral central tegmental tract (Fig. 1.6). The olivary ribbon as a whole becomes thickened and neurons show marked enlargement, cytoplasmic vacuolation, and some dispersion of Nissl bodies. Olivary hypertrophy is associated with the development of palatal myoclonus in some patients.
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1.6 Hypertrophy of the left olive due to a lesion involving the left central tegmental tract.
(a) Normal right olive. (b) Hypertrophy of the left olive. The lesion involving the left central tegmental tract is not shown. Compare the normal-sized neurons in the right olive with the enlarged vacuolated neurons in the left olive. (c) Normal neurons of the right inferior olivary nucleus stained with cresyl violet. (d) Neurons of the hypertrophic left inferior olive are enlarged and vacuolated.












HYPOXIC CELL CHANGE


Neurons are especially vulnerable to damage from hypoxia, which causes the following distinctive histologic changes (Fig. 1.7):
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1.7 Hypoxic cell change in neurons.
Affected neurons become shrunken and eosinophilic. The nuclei become condensed and lose their crisp contours. In this illustration the neuron in the center is affected while surrounding neurons appear normal.








[image: image] Microvacuolation (visible only at an ultrastructural level), due to swelling of endoplasmic reticulum and mitochondria.


[image: image] Shrinkage of the cell body and increasing cytoplasmic acidophilia.


[image: image] Condensation of nuclear chromatin and nuclear pyknosis.


[image: image] Later, disappearance of the nuclear chromatin, resulting in increased acidophilia of the nucleus, which appears to merge into the surrounding cytoplasm (nuclear ‘drop out’).






Histologic changes identical to these can be induced in neurons by hypoglycemia or by exposure to excessive amounts of excitotoxic neurotransmitters.


Cell stress proteins are expressed at an early stage of hypoxic injury and are demonstrable by immunohistochemical techniques.


Neurons in certain parts of the brain that are especially vulnerable to hypoxic damage are:





[image: image] pyramidal neurons in the CA1 field of the hippocampus


[image: image] pyramidal neurons in layers 3 and 5 of the neocortex


[image: image] Purkinje cells in the cerebellum.






The pattern of regional susceptibility to hypoxia differs between infants and adults (see Chapters 2 and 8).









FERRUGINATION


Although dead neurons usually undergo liquefaction or are removed by phagocytosis, they may instead become encrusted and replaced by mineral salts, a process termed ferrugination. This is particularly prominent in the infant brain in response to hypoxic–ischemic damage (Fig. 1.8).
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1.8 Ferruginated neurons.
Ferruginated neurons become encrusted in mineral deposits and appear dark purple in sections stained with hematoxylin and eosin. The mineral deposits contain both calcium and iron and can be stained by Perls’ method and von Kossa’s technique. (a) Many ferruginated neurons in the cortex of a neonate who had hypoxic brain damage. Astroglial cells are not affected. (b) Higher power illustration of neurons replaced by mineral deposits.


















NUCLEAR INCLUSIONS









MARINESCO BODIES


These are small spherical nuclear inclusions that are brightly eosinophilic and are often seen in neurons of the adult substantia nigra (Fig. 1.9a). They may also occur in other neurons, such as the pyramidal cells of the hippocampus and neurons in the tegmentum of the brain stem. Marinesco bodies are most common in the elderly and in dementia with Lewy bodies. They have an increased prevalence in neurons containing Lewy bodies.
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1.9 Marinesco bodies.
These intranuclear inclusions are visible in several neuronal groups. (a) Marinesco bodies are brightly eosinophilic intranuclear inclusions about the same size as a large nucleolus. (b) As shown here, they are strongly immunoreactive for ubiquitin.





Ultrastructurally, Marinesco bodies are composed of filaments with the same diameter as intermediate filaments, and may be derived from the nuclear lamins. They are immunoreactive for ubiquitin, an 8 kD polypeptide involved in the degradation of many abnormal or short-lived proteins (Fig. 1.9b).









VIRAL INCLUSIONS


Nuclear inclusions are a feature of infection by several viruses (see Chapters 13 and 14), for example cytomegalovirus infection, which produces particularly striking nuclear inclusions (Fig. 1.10).
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1.10 Intranuclear cytomegalovirus inclusion.
While several viruses cause intranuclear inclusions the most impressive are those caused by cytomegalovirus, here seen as eosinophilic intranuclear bodies.


















NEURONAL CYTOPLASMIC INCLUSIONS


Neuronal cytoplasmic inclusions can be divided into those composed of cytoskeletal elements, cytosolic inclusions, and membrane-bound inclusions.





CYTOSKELETAL AND FILAMENTOUS INCLUSIONS








Hirano bodies


These are brightly eosinophilic rod-shaped or elliptical cytoplasmic inclusions that may appear to overlap the edge of a neuron (Fig. 1.11). They are immunoreactive for actin, actin-associated proteins, and caspase-cleaved TDP43.
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1.11 Hirano bodies.
These are brightly eosinophilic inclusions of varied shape. (a) The majority are small rod-shaped structures with rounded ends. (b) Others have a globular appearance.





Ultrastructurally, Hirano bodies consist of a regular lattice of multiple layers of parallel 10–12 nm filaments, the filaments in one layer being transversely or diagonally oriented with respect to those in the adjacent layers.


Hirano bodies are most numerous in the CA1 field of the hippocampus. Their density in the stratum lacunosum increases until middle-age and declines gradually thereafter, except in chronic alcoholics, in whom the density may continue to increase. In the elderly, the number of Hirano bodies increases in the stratum pyramidale, and they are particularly numerous in this region in Alzheimer disease, Pick’s disease, some sub-types of Creutzfeldt–Jakob disease, and Guam parkinsonism–dementia.









EOSINOPHILIC THALAMIC NEURONAL INCLUSIONS


These are smaller than Hirano bodies, but are otherwise similar in shape and tinctorial staining characteristics. They occur in thalamic neurons in normal middle-aged and elderly individuals, but are commoner in patients with myotonic dystrophy.









ROD-LIKE CYTOPLASMIC INCLUSIONS


These eosinophilic cytoplasmic inclusions occur in large neurons of the caudate nucleus. The inclusions resemble loose bundles of twigs and, like the thalamic neuronal inclusions described above, are common in patients with myotonic dystrophy. However, they are sometimes an incidental finding in elderly patients who do not have neurologic or muscular disease. The rod-like inclusions stain strongly with phosphotungstic acid/hematoxylin (Fig. 1.12).
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1.12 Rod-like cytoplasmic inclusions in the caudate nucleus.
These occur exclusively in large neurons in the caudate nucleus. The inclusions may be an incidental finding, particularly in the elderly, but are most common in myotonic dystrophy. (Courtesy of Dr D A Hilton, Derriford Hospital, Plymouth.)












OTHER FILAMENTOUS NEURONAL INCLUSIONS


There are several other types of neuronal inclusion that comprise or include elements of the cytoskeleton and usually occur in the context of specific neurodegenerative diseases (Table 1.4). These inclusions are described in more detail and illustrated in the sections concerned with the relevant diseases.




Table 1.4


Examples of inclusion bodies in specific conditions and diseases






	Inclusion

	Association

	Main constituents






	Lewy bodies

	Aging, Parkinson’s disease, dementia with Lewy bodies

	α-synuclein, neurofilament protein, and ubiquitin






	Neurofibrillary tangles

	Aging, Alzheimer disease, progressive supranuclear palsy, post-encephalitic parkinsonism, Guam parkinsonism–dementia, myotonic dystrophy, subacute sclerosing panencephalitis, Niemann–Pick disease type C, other rare disorders

	Phosphorylated tau protein (3R, 4R), ubiquitin






	Pick bodies

	Pick’s disease

	Neurofilament protein, phosphorylated tau protein (3R), ubiquitin






	MND inclusions

	Motor neuron disease/amyotrophic lateral sclerosis

	TAR DNA-binding protein 43 (sporadic cases) or superoxide dismutase 1 (some familial cases) or fused-in-sarcoma protein (other familial cases) ubiquitin, p62




















CYTOSOLIC INCLUSIONS





LAFORA BODIES


These are composed of polyglucosans (polymers of sulfated polysaccharides) and are similar to corpora amylacea in composition and staining characteristics (see below). They are present in large numbers in Lafora’s disease (see Chapter 7), both in the CNS and in certain peripheral tissues such as sweat glands, liver, and skeletal muscle. Lafora body formation has been linked to aberrant glycogen hyperphosphorylation. The inclusions usually have a round core that is intensely periodic acid–Schiff (PAS)-positive (Fig. 1.13). Spicules of the core may radiate outwards, into a surrounding zone of less intensely PAS-positive material.
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1.13 Lafora bodies in both neurons and glia in the cerebral cortex.
The strong affinity of the polyglucosans for PAS reagent is not affected by diastase digestion. Many of the inclusions consist of a deeply stained core surrounded by a concentric zone of less intensely PAS-positive material.












EOSINOPHILIC INCLUSIONS IN THE INFERIOR OLIVES


A characteristic feature of aging is the development of ill-defined eosinophilic inclusions in the neurons of the inferior olivary nuclei. These inclusions are intensely immunoreactive with antibodies to ubiquitin (Fig. 1.14) and should not be confused with lipofuscin, which also accumulates with age (see below) and is particularly abundant in neurons of the inferior olivary nuclei.
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1.14 Eosinophilic inclusions in the inferior olives.
(a) There are ill-defined eosinophilic inclusions surrounded by lipofuscin in these inferior olivary neurons. (b) The inclusions are intensely immunoreactive with antibodies to ubiquitin (arrow).















MEMBRANE-BOUND CYTOPLASMIC INCLUSIONS





COLLOID INCLUSIONS


Colloid inclusions are round eosinophilic inclusions that usually occur in neurons in the hypoglossal nuclei (Fig. 1.15), but may be seen in other large neurons, particularly in the elderly. Electron microscopy shows that these inclusions result from dilatation of the endoplasmic reticulum by amorphous material. The importance of recognizing colloid inclusions, which do not have any clinical significance, is that they are occasionally confused with inclusions that are clinically significant such as Lewy bodies, pale bodies, and hyaline inclusions of motor neuron disease (see Chapter 27).
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1.15 Colloid (hyaline) inclusions in the hypoglossal nucleus.
In this example, two neurons contain typical rounded, homogeneous, weakly eosinophilic inclusions.












BUNINA BODIES


These are small beaded eosinophilic inclusions seen in motor neurons in motor neuron disease. Cystatin C, transferrin, and peripherin have been detected in Bunina bodies. Ultrastructurally, they appear as electron-dense membrane-bound bodies (see Chapter 27).









INCLUSIONS DERIVED FROM THE ACID VESICLE SYSTEM


The acid vesicle system consists of endosomes, lysosomes, and lysosome-derived dense bodies.


Lipofuscin (Fig. 1.16) is produced by oxidation of lipids and lipoproteins within the lysosomal system. It appears as orange-brown granular material in sections stained with hematoxylin and eosin, and is acid-fast (as demonstrated by the long Ziehl–Neelsen method) and autofluorescent under ultraviolet light. The granules are also sudanophilic and stain with PAS and Schmorl’s stain. Lipofuscin accumulates with aging in neurons and glia, particularly in:
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1.16 Lipofuscin.
This accumulates with age in neurons and glia. (a) It has a golden brown color in sections stained with hematoxylin and eosin. (b) Lipofuscin stains strongly with PAS.








[image: image] The inferior olive.


[image: image] The dentate nucleus.


[image: image] Pyramidal neurons in the cerebral cortex and hippocampus.


[image: image] Large neurons in the amygdala, thalamus, and hypothalamus.


[image: image] Motor neurons in the brain stem and spinal cord.






The lipofuscin accumulation is increased in some neurodegenerative disorders such as Alzheimer disease and motor neuron disease.


Granulovacuolar degeneration. This term describes the accumulation of vacuoles containing small round dense bodies (granulovacuoles) (Fig. 1.17). The dense bodies are ubiquitinated and react with antibodies to some epitopes of the microtubule-associated tau protein. The immunohistochemical data have been interpreted as suggesting that dense bodies are derived from partial degradation of tau protein within lysosomes. Although anti-phosphoTDP43 antibody is sensitive for detecting granulovacuolar degeneration, TDP43 proteinopathies are not associated with an increase in granulovacuoles. Granulovacuolar degeneration is seen in normal aging after the sixth decade, predominantly in the hippocampal formation. Neurons in the CA1 field are most severely affected and, in descending order of severity, those in the prosubiculum, CA2, CA3, and CA4 fields. The density of hippocampal neurons showing granulovacuolar degeneration is increased in patients with Alzheimer disease and Pick’s disease, in whom granulovacuolar degeneration may also occur in neurons in the subcortical nuclei.
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1.17 Granulovacuolar degeneration.
(a) These are small round basophilic bodies within otherwise clear vacuoles. They are mainly found in pyramidal neurons of the hippocampus. (b) The granules are variably immunoreactive for ubiquitin.





Storage products in neurometabolic diseases. The accumulation of material within the acid vesicle system is a feature of many neurometabolic diseases including the lysosomal storage disorders, as well as certain other metabolic disorders caused by non-lysosomal enzyme defects. These disorders are considered in Chapter 23.















STRUCTURAL ABNORMALITIES OF AXONS





AXONAL SPHEROIDS AND DYSTROPHIC








AXONAL SWELLINGS


Spheroids are axonal swellings. They are composed of neurofilaments, organelles, and other material that is normally conveyed along the axon by anterograde transport systems, but accumulates focally when these are impaired (Fig. 1.18a,b). Spheroids are a feature of axonal damage by diverse extrinsic insults, especially trauma (see Chapter 11) and infarcts. There may be numerous axonal spheroids around the edge of an infarct.
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1.18 Axonal spheroids.
(a) These are homogeneous or finely granular, rounded, eosinophilic bodies. (b) They can be demonstrated with antibodies to neurofilament proteins or by axonal silver impregnation, as in this section through the centrum semiovale after head trauma that resulted in diffuse axonal injury with numerous spheroids. (c) Torpedoes are Purkinje cell axonal swellings seen in the granule cell layer of the cerebellum. They have a characteristic fusiform appearance, as shown here, and occur in conditions that cause cerebellar cortical atrophy with degeneration of Purkinje cells. (d) Torpedoes with a characteristic fusiform appearance. (e) Dystrophic axonal swellings are a feature of some metabolic diseases, as illustrated in this section of putamen from a patient with Niemann–Pick disease type C.





The term ‘torpedo’ is applied to Purkinje cell axonal swellings, which are a feature of a wide range of metabolic and degenerative cerebellar diseases. These swellings appear as fusiform eosinophilic structures in the cerebellar granule cell layer (Fig. 1.18c,d). They are well demonstrated by silver impregnation (see chapter 29).


The axonal swellings that develop when axonal transport is disrupted by neuronal metabolic dysfunction are usually termed dystrophic (Fig. 1.18e). These occur in certain nutritional deficiencies (particularly vitamin E deficiency, see Chapter 21) and inherited metabolic diseases (e.g. Niemann–Pick disease type C). Dystrophic axonal swellings are the principal pathologic abnormality seen in a group of conditions termed the neuroaxonal dystrophies (see Chapter 33).


The term ‘dystrophic neurite’ is also used to describe neuronal processes within the gray matter that are distended by tau protein or other abnormal ubiquitinated material. These occur in several neurodegenerative diseases (Table 1.5).




Table 1.5


Dystrophic axons in aging and neurodegenerative diseases






	Condition

	Dystrophic processes






	Normal aging

	Neuronal processes accumulate dot-like ubiquitin- immunoreactive material (see Fig. 1.24)






	Alzheimer disease

	The swollen neuronal processes around amyloid plaques are termed dystrophic neurites. Many contain ubiquitinated proteins, with or without accumulation of tau protein (Chapter 31)






	Lewy body disease

	Abnormal neurites in affected brain regions can be detected by α-synuclein, ubiquitin or p62 immunohistochemistry (Chapter 28)






	Huntington disease

	Abnormal neurites in the cerebral cortex can be detected by ubiquitin or p62 immunohistochemistry (Chapter 30)






	Frontal lobe dementia

	Abnormal neurites in the cerebral cortex can be detected by TDP-43, ubiquitin or p62 immunohistochemistry (Chapter 31)










Dystrophic axons that react strongly with antibodies to ubiquitin and p62 are a feature of aging in the CNS, especially in the gracile and cuneate nuclei, the substantia nigra, the globus pallidus, and the anterior horns of the spinal cord.


In brains from people over 60 years of age, antibodies to ubiquitin label smaller dot-like structures in the neuropil of the cerebral cortex and in the white matter. These correspond to membrane-bound dense bodies in dystrophic neurites and foci of granular degeneration in myelin sheaths (Fig. 1.19).
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1.19 Dot-like ubiquitin immunoreactivity in the temporal cortex in one of the pre-α cell clusters.
The frequency and density of ubiquitin-immunoreactive dot-like bodies increases with age in both gray and white matter. This example shows dot-like bodies in the temporal cortex in one of the pre-α cell clusters.


















PATHOLOGIC REACTIONS OF ASTROCYTES


Astrocytes are vital support cells of the nervous system. They can be demonstrated by a range of tinctorial stains and immunohistochemical techniques (Fig. 1.20) and undergo a range of structural changes in reaction to CNS disease.
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1.20 Stains demonstrating astrocytes.
(a) Astrocytes are often demonstrated by immunohistochemical staining for glial fibrillary acidic protein (GFAP). This reveals their stellate morphology as well as the blush-like staining of very fine processes in the neuropil. (b) Phosphotungstic acid–hematoxylin stain demonstrating astrocytes. (c) Holzer stain. This also demonstrates astrocytes, but is seldom used now because of the potential carcinogenicity of some of the reagents used in its preparation.












SWELLING OF ASTROCYTES


This is a relatively rapid response to a wide range of stimuli. Acutely reactive astrocytes are swollen by hyaline eosinophilic cytoplasm and have enlarged vesicular nuclei (Fig. 1.21).
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1.21 Reactive astrocytes.
Reactive astrocytes are enlarged and contain abundant homogeneous eosinophilic cytoplasm and open vesicular nuclei.












FIBRILLARY GLIOSIS


With time, reactive astrocytes proliferate and insinuate long cytoplasmic processes into the adjacent brain parenchyma. These processes contain bundles of glial intermediate filaments, which appear as fibrils in appropriately stained preparations; hence the term fibrillary gliosis. The abundance of glial intermediate filaments is readily demonstrated by immunostaining for GFAP. Two patterns of fibrillary gliosis are recognized:





[image: image] Isomorphic fibrillary gliosis in which the alignment of astrocyte processes conforms to the architecture of previously normal local tissues (Fig. 1.22). This occurs mainly in chronic degenerative conditions.
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1.22 Isomorphic astrocytic gliosis.
The orientation of astrocyte processes conforms to that of cell processes in the underlying tissue. This pattern is characteristic of chronic degenerative conditions.





[image: image] Anisomorphic fibrillary gliosis in which there is a haphazard deposition of astrocyte processes (Fig. 1.23). This is typical of the gliosis that occurs in relation to destructive lesions.
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1.23 Anisomorphic astrocytic gliosis.
The haphazard orientation of astrocyte processes is typical of the glial scarring related to a destructive lesion such as an infarct.
















ROSENTHAL FIBERS


Rosenthal fibers are inclusions that develop in astrocytes in chronic reactive and neoplastic proliferations. They are brightly eosinophilic structures of variable size and shape (Fig. 1.24a,b). On electron microscopy they contain admixed amorphous granular material and 10 nm diameter filaments (Fig. 1.24c). Immunohistochemistry reveals GFAP, αB-crystallin, 27 kD heat-shock protein, and ubiquitin at the periphery of the Rosenthal fibers (Fig. 1.24d–f), while the central hyaline region is generally unlabeled.
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1.24 Rosenthal fibers.
(a,b) These fibers appear as brightly eosinophilic, rounded, elongated or carrot-shaped structures in hematoxylin- and eosin-stained sections. Their shape ranges from slender and small (a) to thick and large (b). (c) Electron microscopy revealing amorphous granular material and 10 nm diameter filaments within a Rosenthal fiber. (d) Immunostain showing peripheral labeling (arrow) for GFAP. (e) Immunostain showing peripheral labeling (arrow) for ubiquitin. (f) Immunostain showing labeling for αB-crystallin.





Rosenthal fibers are seen in longstanding reactive gliosis, especially when it occurs in the spinal cord, cerebellum, or hypothalamus. They are also a feature of pilocytic astrocytomas. Rosenthal fibers are abundant in Alexander’s disease and in giant axonal neuropathy.









GRANULAR BODIES


Granular bodies are found in regions of chronic astrocytic gliosis, usually in conjunction with Rosenthal fibers. They are clusters of round eosinophilic granules within the cytoplasm of astrocytes (Fig. 1.25) and express GFAP as well as αB-crystallin. Ultrastructural examination reveals membrane-bound dense bodies.
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1.25 Granular bodies.
These are cytoplasmic clusters of rounded eosinophilic granules that vary in diameter.












TAU-IMMUNOREACTIVE GLIA


Tau protein has long been known to be the main constituent of neurofibrillary tangles, which are neuronal inclusions in Alzheimer disease and several other disorders (see Chapters 28, 29, and 31), but the recognition that glial cells can accumulate tau protein is a relatively recent finding. Several different types of tau-immunoreactive inclusions have been described (Fig. 1.26, Table 1.6). See also Pathologic reactions of oligodendroglia, p.16.




Table 1.6


Tau-reactive glial abnormalities






	Type

	Association(s)

	Immunoreactivity






	Glial fibrillary tangles

	PSP, CBD, Pick’s disease

	Tau






	Tufted astrocytes

	PSP, Pick’s disease

	Tau






	Thorn-shaped astrocytes

	Several degenerative diseases

	Tau






	Interfascicular threads

	PSP and CBD white matter (oligodendroglial inclusions)

	Tau






	Coils and threads

	PSP, CBD, FTDP-17

	Tau






	Astrocytic plaques

	CBD

	Tau






	Glial cytoplasmic inclusions

	Multiple system atrophy, CBD

	α-synuclein, tau, ubiquitin







PSP, progressive supranuclear palsy; CBD, corticobasal degeneration.
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1.26 Tau immunoreactivity in astrocytes.
This is usually seen in neurodegenerative diseases in which there is also a prominent accumulation of tau protein in neurons as inclusions. (a) Glial fibrillary tangles are stellate cells with an astroglial morphology. (b) Tufted astrocytes are a particular feature of progressive supranuclear palsy and corticobasal degeneration and are mainly seen in the cerebral cortex. (c) Thorn-shaped astrocytes have more abundant immunostained cytoplasm and blunt thorn-shaped processes and are found in many tau-related neurodegenerative diseases.












CORPORA AMYLACEA


Corpora amylacea are spherical inclusions, predominantly in astrocyte processes (Fig. 1.27a,b), although they occasionally occur within axons. They range from 10 μm to 50 μm in diameter, consist largely of polyglucosans, and stain with hematoxylin, PAS, and methyl violet. Minor constituents include ubiquitin, heat-shock proteins, tau protein, complement proteins, and some oligodendrocyte proteins (i.e. myelin basic protein, proteolipid protein, galactocerebroside, and myelin oligodendrocyte glycoprotein). Ultrastructurally, corpora amylacea consist of densely packed 6–7 nm filaments that may be admixed with amorphous granular material and are not membrane bound.
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1.27 Corpora amylacea.
These are basophilic round bodies. (a) Some are only weakly basophilic (arrow). (b) Some, possibly more mature corpora amylacea, are more strongly basophilic and may consist of concentric lamellae of varying staining intensity. Some corpora amylacea contain tiny eosinophilic pockets of incorporated glial cytoplasm. (c) Corpora amylacea are relatively numerous in the subpial region.





Corpora amylacea increase in number with normal aging, particularly in subpial (Fig. 1.27c) and subependymal regions, around subcortical blood vessels, and in the spinal white matter. Their increase in number is greater in conditions where there has been atrophy and gliosis, including Alzheimer disease and other neurodegenerative disorders. Transglutaminase 1-mediated cross-linking and polymerization of cytoskeletal or cytoskeletal-associated proteins has been postulated as a mechanism of corpora amylacea formation.


The functions of corpora amylacea, if any, are not known. Suggestions include a role in the accumulation of inorganic materials from the blood and cerebrospinal fluid or in shielding immunogenic products of neuronal and oligodendroglial degeneration from lymphocytic recognition and autoimmune activation.









NUCLEAR CHANGES IN ASTROCYTES


Alzheimer type II astrocytes are seen in cortical and subcortical gray matter regions in liver failure. They have an enlarged vesicular nucleus with marginated chromatin, scanty cytoplasm, and little or no demonstrable GFAP (Figs 1.28–1.32) (see also Chapter 22).
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1.28 Alzheimer type II astrocytes.
These have enlarged empty-looking nuclei and virtually no discernible cytoplasm. The nuclei of Alzheimer type II astrocytes in the globus pallidus, dentate nucleus, and brain stem are often irregularly lobulated.
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1.29 Normal neural function requires neurons, glia, and vasculature.
Networks and circuits of neurons, through the electrochemical signaling of axonal action potentials and synaptic neurotransmitters, are the central components of neural communication. Less appreciated is the importance of the other 90% of brain cells which are glia, mostly astrocytes and oligodendrocytes. Each oligodendrocyte maintains the myelin sheaths that surround several adjacent axons, enabling rapid saltatory conduction and supporting the integrity of the axons. Astrocytes modulate synaptic transmission and vasodilation, facilitate synaptogenesis and synaptic plasticity, maintain the blood–brain barrier, regulate extracellular ion concentrations, support neuronal intermediary metabolism, provide neuroprotective factors, support oligodendrocyte myelination, and are part of glial-neuronal signaling networks. They also provide structure and are responsible for the CNS equivalent of scarring: gliosis. Microglia provide immunosurveillance, antigen-presentation, phagocytic capabilities, other pro-inflammatory functions, and neurotrophic support for neurons. Glia are also critical for brain development. In this tightly intertwined neuroglial-vascular network that sustains, protects and optimizes neural processing, derangement of any one component can adversely affect brain function, resulting in neurologic disease.
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1.30 (a-c) Schematic illustrations of morphological alterations to neurons that occur with age and in disease.
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1.31 Some of the more common changes to astrocytes with age and disease.
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1.32 Glial-neuronal networks.
Neural processing may be better understood in the context of glial-neuronal networks rather than neuronal networks alone. Populations of astrocytes, linked by gap junctions, can form a glial syncytium. When a Ca2 + wave is propagated through the astrocytic population via these junctions, the astrocytes release gliotransmitters such as glutamate or ATP. As each astrocyte contacts multiple neurons and many thousands of synapses, the astrocytes can modulate synaptic transmission in large groups of neurons. Through their metabolic, vasomodulative, trophic, and structural support for neurons, astrocytes contribute to a higher order organization of neural communications.


















PATHOLOGIC REACTIONS OF OLIGODENDROGLIA


Oligodendroglia occur perineuronally, where they may have a neuroprotective function, and in the white matter, where they form myelin sheaths. In size and shape the nucleus of an oligodendrocyte resembles that of a lymphocyte. The scanty perinuclear cytoplasm gives rise to multiple fine processes; in the white matter each of these has a terminal, sheet-like expansion that enwraps an axon in multiple compacted layers of myelin to form an internode. Adjacent internodes along the axon are separated by highly specialized regions known as nodes of Ranvier. Oligodendrocytes show a range of responses to injury that vary according to the nature of the insult, and whether it is directed primarily at the cell body or the myelin sheath.






IMMUNOHISTOCHEMICAL FEATURES


During their development, oligodendrocyte progenitors pass through a series of stages, each with a distinct antigenic profile. Oligodendrocyte progenitors that express platelet-derived growth factor-α receptor, the chondroitin-sulfate proteoglycan NG2, and other progenitor-specific markers, persist in white matter into adulthood, although their immunohistochemical demonstration is technically difficult and requires well-preserved frozen tissue. In normal white matter they are greatly outnumbered by mature oligodendrocytes. Mature oligodendrocytes are usually identified by the size, shape, and arrangement of their nuclei. In gray matter these are adjacent to neurons; in white matter they tend to form short rows, between fascicles of myelinated axons. In paraffin or frozen sections, myelin sheaths are readily demonstrable with Luxol fast blue or solochrome cyanin. Mature myelinating oligodendrocytes can be immunostained with antibodies to myelin oligodendrocyte glycoprotein or myelin basic protein, but these antigens may not be demonstrable after prolonged fixation in formalin.






DEMYELINATION AND REMYELINATION


Demyelination, or loss of normal myelin with relative preservation of axons, may result from selective destruction of the myelin sheath, or may be secondary to damage to the oligodendrocyte cell body. Demyelination is often immunologically mediated, as in multiple sclerosis (see Chapter 19) and acute disseminated encephalomyelitis (see Chapter 20), but can also be caused by toxic and metabolic insults (see Chapters 22 and 25), viral infection (see Chapter 13), compression (see Chapter 20), and ischemia (see Chapter 9). Areas of demyelination show loss of staining with Luxol fast blue, or solochrome cyanin (Fig. 1.33). Electron microscopy demonstrates the absence of myelin sheaths. Remyelinated nerve fibers have myelin sheaths that are abnormally thin in relation to the caliber of the axon (Fig. 1.33). Groups of remyelinated fibers are visible histologically as discrete areas of white matter in which staining of myelin is present but reduced (Fig. 1.33).
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1.33 Demyelination and remyelination.
(a) Section of brain in multiple sclerosis. Normal myelin has been stained deep blue, with Luxol fast blue/cresyl violet. The absence of Luxophilic staining from the periventricular region (arrowhead) corresponds to a chronic plaque of demyelination. The white matter also includes areas of remyelination, known as shadow plaques (arrow), which have stained only weakly with the Luxol fast blue. (b) Electron microscopy of demyelinated white matter (in this case due to vascular compression of the trigeminal nerve root; see Chapter 20) shows axons lacking myelin sheaths. (c) Electron microscopy shows this plaque, from a patient with multiple sclerosis, to comprise a mixture of demyelinated and thinly-remyelinated nerve fibers. Some of the oligodendrocytes contain small amounts of myelin debris.












DYSMYELINATION


This term is sometimes used to describe the failure to form and/or maintain myelin sheaths that occurs in the leukodystrophies, a heterogeneous collection of genetically-determined disorders of white matter. Most of these dysmyelinating disorders are due to defects of peroxisomal or lysosomal metabolism. The leukodystrophies are considered in Chapters 5 and 23.









INTRAMYELINIC VACUOLATION


Several disorders of the CNS cause a distinctive pattern of edema in which the initial accumulation of fluid is in ‘vacuoles’ formed by separation of the layers of the myelin sheath along intraperiod lines. On light microscopy, this intramyelinic vacuolation gives the white matter a spongy appearance (Fig. 1.34). The causes include some mitochondrial encephalopathies (particularly Kearns–Sayre syndrome; see Chapter 24), Canavan’s disease and several disorders of amino acid metabolism (see Chapter 5), vitamin B12 deficiency (see Chapter 21), various toxins (see Chapter 25), and retroviral infections – vacuolar myelopathy due to HIV, and myelopathy due to HTLV-1 (see Chapter 13).
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1.34 Intramyelinic vacuolation.
(a) Section of brain in Kearns–Sayre syndrome. The white matter has a spongy appearance. (b) Higher magnification shows this to be due to the accumulation of fluid within many of the myelin sheaths.












AXONAL DEGENERATION


As noted above, axonal degeneration, of whatever etiology, leads to fragmentation and degeneration of myelin, and its subsequent phagocytosis and degradation by macrophages. The degradation products can be detected by Marchi’s method, and oil red O or other stains for neutral lipid (Fig. 1.1). The infiltrating macrophages are well demonstrated with specific immunohistochemical markers (e.g. antibody to CD68).









INCLUSIONS


Oligodendrocytes accumulate cytoplasmic aggregates of filamentous or microtubular material in several neurodegenerative diseases. Inclusions that consist largely of tau protein are a feature of progressive supranuclear palsy, corticobasal degeneration, and frontotemporal lobar degeneration linked to chromosome 17 (FTDP-17). In these diseases (discussed in detail in Chapters 28 and 31), tau inclusions occur in the perinuclear oligodendrocyte cytoplasm where they often partially encircle the nucleus and are called ‘coiled bodies’ (Fig. 1.35). In progressive supranuclear palsy, delicate strands of aggregated tau also occur in the in the inner and outer loops of the myelin sheath, forming inclusions know as ‘glial threads’ or ‘interfascicular threads’. In multiple system atrophy (see Chapter 28), oligodendrocytes form ‘glial cytoplasmic inclusions’ (GCIs) – curved, filamentous, flame- or sickle-shaped inclusions that often partly encircle the nucleus (Fig. 1.35). They are readily demonstrable by Gallyas silver impregnation, and immunohistochemically with antibodies to α-synuclein (Fig. 1.35). They can also be labeled with antibodies to ubiquitin, and some antibodies to tau. Electron microscopy shows GCIs to consist of microtubular structures with a coating of granular material.
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1.35 Oligodendrocyte inclusions.
(a) Coiled bodies (arrows) immunostained for tau, in the cerebral white matter in a case of progressive supranuclear palsy. (b) Glial cytoplasmic inclusions in transverse pontine fibers in multiple system atrophy.


















PATHOLOGIC REACTIONS OF EPENDYMA


Ependymal cells line ventricular cavities and the central canal of the spinal cord, have limited proliferative potential, and only a small repertoire of responses to injury.






IMMUNOHISTOCHEMICAL FEATURES


Developing ependyma is immunoreactive for vimentin, although there are regional differences: fourth ventricle roof and floor plates lose vimentin immunoreactivity early on, whilst it remains prominent in spinal cord roof, floor, basal and alar plates. The cerebral aqueduct loses vimentin immunoreactivity as early as 20–22 weeks of gestational age. Antibodies to cytokeratin immunolabel all ependymal cells during early intrauterine development, but only those in the lateral ventricles after 22–28 weeks of gestation. GFAP immunoreactivity persists in a patchy distribution throughout development, being most reliably demonstrable in ependyma of the lateral and fourth ventricles.









RESPONSES TO INJURY


Ependymal cells are usually columnar with basal nuclei and prominent cilia (Fig. 1.36). A distinct ependymal lining is present around the central canal of the spinal cord in utero and during infancy, but with age this cavity is largely obliterated, leaving discontinuous stretches of canal and disorganized clusters of ependymal cells in later life (Fig. 1.37). Enlargement of an intact central canal (hydromyelia) is usually an incidental finding at necropsy (Fig. 1.37). It has been speculated that in some patients with hydromyelia, progressive enlargement of the central canal may lead to injury and sloughing of ependyma, with progressive enlargement, and transformation into syringomyelia (see Chapter 3).
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1.36 Normal ependyma.
(a,b) Note variable density of subependymal astrocytes. (a) ependyma adjacent to hippocampus; (b) ependyma adjacent to basal ganglia. The ependymal cells are columnar or cuboidal, with basal nuclei. The ventricular surface of ependyma has prominent cilia (arrows in a). (c) Ependyma can sometimes appear slightly folded, with protrusions into the ventricular cavity; contrast this appearance with that of subventricular glial nodules in Fig. 1.39.
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1.37 Central canal of the spinal cord.
(a) In transverse sections through the cord in infants and children this appears as a circular, oval or ‘forked’ cavity surrounded by ciliated columnar ependymal cells similar to those illustrated in Fig. 1.32. (b) With age, the central lumen of the canal tends to disappear, leaving a variably disorganized meshwork of ependymal cells. (c) and (d) enlargement of central canal. In (d) there is focal loss of ependyma (arrows), possibly representing an early stage of syringomyelia. Note the prominent astrocytosis underlying the regions of ependymal loss.





The following histopathologic responses may occur:






ATROPHY


There is loss of cytoplasm in ependymal cells, which become flattened. Nuclei lose their basal position and encroach upon the rest of the cytoplasm in affected ependymal cells (Fig. 1.38). Atrophy usually occurs in association with hydrocephalus or cerebral atrophy (e.g. in encephalopathies of childhood, age-related dementias).
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1.38 Atrophy of ependyma.
(a) Contrast appearance with that of normal ependyma, shown in Fig. 1.36. (b) Focal discontinuities of ependyma, possibly a sequel of severe atrophy.












DISCONTINUITY


Stretching and tearing of ependyma may occur with ventricular enlargement, as in hydrocephalus. Discontinuity may also be a sequel of severe atrophy.









SUBVENTRICULAR GLIOSIS (GRANULAR EPENDYMITIS, EPENDYMAL GRANULATIONS)


This probably occurs within 1–2 weeks of ependymal tearing or other injury. Proliferation of astrocytes occurs in the subventricular region, and astrocytic processes produce a dense meshwork that extends along the denuded ventricular lining and may form nodular protrusions into the ventricular cavity (Fig. 1.39). The formation of these subventricular glial nodules is sometimes termed ‘granular ependymitis’, although it is not often part of an inflammatory process. When subventricular gliosis is associated with ventricular hemorrhage, hemosiderin-laden macrophages are present.
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1.39 Subventricular glial nodules.
(a,b) These result from focal loss of ependyma, and subsequent proliferation of subventricular astrocytes. Multiple foci can often be seen along a length of ependyma (arrows in a). (c) Sometimes sheaf-like bundles of glial fibers are prominent within these nodules (arrow). Glial nodules are also referred to as ‘granular ependymitis’.












SUBEPENDYMAL ROSETTES AND TUBULES


These are tiny collections of ependymal cells, forming small cord-like, tubular or rosette-like structures, which are situated below an ependymal surface. The angles of the lateral ventricles and the cerebral aqueduct are sites of predilection. Subependymal rosettes and tubules are occasionally incorporated within subventricular glial nodules.









INFLAMMATION AND INFECTION


True ependymitis may result from ependymal trauma, irritation by toxins (e.g. vincristine), ventricular hemorrhage, or intraventricular inflammation (e.g. in association with purulent ventriculitis). Several viruses also show tropism for ependyma, including mumps (a possible cause of acquired atresia of the aqueduct) and several members of the Herpes virus family (e.g. cytomegalovirus and varicella-zoster virus).












INCLUSIONS IN EPENDYMAL CELLS AND CHOROID PLEXUS EPITHELIUM





BIONDI BODIES


These are intracellular accumulations of amyloid fibrils in ependymal cells and choroid plexus epithelium. The number of Biondi bodies increases with age, and they are consistently present in large numbers in the elderly. In choroid plexus epithelium the fibrils may be arranged in wispy strands or large cytoplasmic rings, which are also known as Biondi rings (Fig. 1.40). In ependymal cells the fibrils appear as irregular strands rather than rings. The fibrils consist of tightly packed bundles of straight 10 nm filaments, which stain with thioflavin S and less intensely with Sirius red or Congo red. They have been reported to react with antibody to Aβ-amyloid.
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1.40 Biondi bodies.
In sections stained with thioflavin S, Biondi bodies appear as autofluorescent rings (arrows) or threads in the cytoplasm of choroid plexus epithelial cells (a) and (b) and ependymal cells (c).





Biondi bodies persist even after the autolysis of other tissues and their density in homogenates of choroid plexus has been used to provide a rapid indication of the age of an unidentified corpse.















PATHOLOGIC REACTIONS OF MICROGLIA





MICROGLIAL ACTIVATION AND ROD CELL FORMATION


Microglia are cells of monocyte lineage and are inconspicuous in the normal brain. They can be demonstrated by silver impregnation (Fig. 1.41a), but this has been largely superseded by immunohistochemical and lectin-binding techniques. The antibodies and lectins that label microglia are mostly those that react with monocyte–macrophage markers (Fig. 1.41b). Microglia in normal brain have been subdivided into:
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1.41 Microglia.
(a) Microglia can be detected by silver impregnation, as shown in this silver carbonate preparation from a patient with syphilitic general paresis. (b) The silver impregnation technique has been largely superseded by immunostaining for monocyte–macrophage markers such as CD68 or the lectin Ricinus communis agglutinin, as shown here. (c) There is perivascular cuffing and infiltration of the brain by hematogenous monocytes. (d) At higher magnification the infiltrating monocytes or microglia can be recognized by their rod-shaped nuclei.








[image: image] Resident microglia, which undergo little turnover with hematogenous monocytes and occur within the CNS parenchyma, though they may abut blood vessels.


[image: image] Perivascular microglia, which occur within the perivascular basal lamina and undergo turnover with hematogenous monocytes.






Microglial activation occurs in many reactive, particularly inflammatory, conditions of the CNS, especially encephalitides, and involves:





[image: image] Increased entry of hematogenous monocytes into the CNS (Fig. 1.41c).


[image: image] Proliferation of resident microglia.


[image: image] Expression or secretion of a range of proteins, most of which are concerned with antigen presentation and inflammation – these include major histocompatibility (MHC) class I and II antigens and several cytokines.






In sections stained with hematoxylin and eosin, infiltrating monocytes or microglia can be recognized by their rod-shaped nucleus (Fig. 1.41d). These ‘rod cells’ are a prominent finding in chronic infections such as general paresis (see Chapter 16) and chronic viral encephalitides (see Chapter 13).


In regions of tissue damage hematogenous monocytes infiltrate the CNS and phagocytose dead cells and necrotic debris. The accumulation of lipid material by phagocytic cells gives their cytoplasm a foamy appearance in paraffin-embedded material and they are therefore often described as ‘foam cells’ or ‘foamy macrophages’ (Fig. 1.42).
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1.42 Microglia and macrophages.
Microglia can release pro-inflammatory factors, reactive oxygen species and nitric oxide, which are injurious to pathogens and potentially to neurons. The secretion of neurotrophic factors and phagocytosis of harmful material can be beneficial. Depending on the stimulus and the balance of these potential responses, activated microglia may have neuroprotective or neurotoxic effects. In some animal models of demyelinating disease, depletion of microglia can reduce disease severity, and in models of infarction, microglia have been reported to minimize infarct size and neuronal apoptosis.















MINERALIZATION IN THE BRAIN


Mineralization of the brain is common, especially in the basal ganglia, which show incidental vascular mineralization in 1–2% of the population as a whole and a much higher proportion of the elderly.


Deposits are most common and extensive in the globus pallidus, putamen, caudate nucleus, internal capsule, dentate nucleus, the lateral part of the thalamus, and the pineal gland.


Small mineral deposits can be found in most parts of the brain. They are deeply basophilic, and stain for calcium and, variably, for iron. Early mineralization takes the form of rows of small calcospherites lying along capillaries (Fig. 1.43a). These small deposits may enlarge to form large perivascular concretions (Fig. 1.43b). Larger deposits also occur within the media of small and medium-sized arteries and veins (Fig. 1.43c). Large foci of mineralization are presumed to result from coalescence of smaller deposits (Fig. 1.43d).
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1.43 Brain mineralization.
(a) Early mineralization visible as punctate deposits along capillaries. (b) Perivascular concretions form by enlargement of smaller deposits. (c) Medial mineralization in the wall of a small vessel. (d) Large parenchymal mineral deposits.





Parenchymal calcospherites can be seen in a small proportion of pineal glands during the first decade, developing much earlier than mineralization elsewhere in the brain. The frequency of pineal mineralization rises steeply during the second decade, but remains fairly constant thereafter, although the deposits may undergo remodeling.


Brain mineralization is a feature of several diseases including disorders of calcium metabolism, some neurodegenerative disorders, mitochondrial encephalopathies, and viral and parasitic infections. The neuropathologic findings in these conditions are described in the relevant chapters.









PATHOLOGIC REACTIONS OF BLOOD VESSELS


The central nervous system vasculature may demonstrate a broad range of pathologic changes. These are discussed in greater detail in Chapters 7–10. Atherosclerosis, thromboembolic disease, vascular malformations, aneurysms, vasculitides, infections, and other vasculopathies may involve the blood vessels of the brain. Highlighted here are some entities that are distinctive or that can cause diagnostic confusion. In cerebral amyloid angiopathy (Chapter 31), the amyloid is rarely that seen in systemic amyloidoses (Fig. 1.44a–c). Amyloid-β (Aβ), the same protein as that in the plaques of Alzheimer disease, is the most common vascular deposit in elderly patients. The involved blood vessels are typically leptomeningeal or cortical; not surprisingly therefore, rupture of Aβ-laden blood vessels usually results in superficial lobar hemorrhage. Hypertension can result in arteriosclerosis, including arteriolosclerosis (Chapter 31). Hypertensive hemorrhages often involve deep gray matter and may extend into the ventricles. With routine stains, the collagen of arteriolosclerosis can be difficult to distinguish from amyloid angiopathy but a combination of amyloid and collagen stains can be helpful (Fig. 1.44a–d). Amyloid deposition and atherosclerosis may co-exist. Fibrinoid necrosis of the blood vessel wall typically occurs in the context of radiation necrosis or vasculitis (Fig. 1.44e) and should not be confused with amyloid angiopathy. The patient’s presentation and other pathologic features usually obviate the necessity for special stains. In addition to thromboemboli, intravascular iatrogenic foreign material can be seen. Meningiomas and vascular malformations are often embolized preoperatively with polyvinyl alcohol or acrylic particles. The embolic material leaves intravascular areas devoid of red blood or white blood cells and fibrin. Intermediate to large-sized blood vessels within the tumor, vascular malformation, or dura are most likely to be affected (Fig. 1.44f). Depending on the type of embolic material, the embolic material may appear amorphous, pigmented material, or as empty spaces if the material is removed during processing. Hydrophilic polymers stripped from the coatings of interventional devices during endovascular procedures can occlude microvessels in the brain parenchyma (Fig. 1.44g) resulting in microinfarcts. The polymers are often gray to basophilic and may be serpentine or needle-shaped. The polymers are not polarizable and may elicit little inflammatory response.
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1.44 Vascular pathology.
(a) Slightly smudgy eosinophilic vascular walls suggest amyloid. (b) Congo red stains the amyloid deep pink or red (and shows apple-green birefringence if viewed with polarized light). (c) Antibody to amyloid-β (Aβ) labels the most common form of cerebral amyloid angiopathy. (d) Mural collagen in arteriolosclerosis is well seen with a trichrome stain. (e) Fibrinoid necrosis in radiation necrosis. (f) Amorphous intravascular embolic material in a meningioma forms an irregular meshwork that is devoid of blood. (g) Hydrophilic polymer embolus in a parenchymal microvessel.
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Section 2


Pediatrics






2


Fetal and neonatal hypoxic–ischemic lesions


The most common neuropathology encountered in pediatric autopsies is that associated with hypoxia and/or ischemia. The great variety of lesions associated with these two pathologic processes, either alone or in combination, poses a special challenge to the histologist, whose principal task is to distinguish them from the rare inherited disorders with which they overlap morphologically. Unlike the static reactions of mature brains to acquired injury, fetal and neonatal pathologic reactions must be considered in the context of:





[image: image] The extraordinarily rapid growth and plasticity of the immature nervous system.


[image: image] The major changes in cell and tissue properties that occur during development.






The differences between the mature and the immature nervous system partly explain the enormous diversity of the morphologic changes associated with hypoxic–ischemic damage.





[image: image] PATHOGENESIS OF HYPOXIC–ISCHEMIC LESIONS





 Possible pathophysiologic schema


Principal factors involved in the production of lesions:





[image: image] Cerebral blood flow: this is much greater in the fetus than in adults, but the autoregulatory range is narrower. Regional differences in flow vary during development and affect the pattern of lesions.


[image: image] Nature of the injury: this is determined by whether it is produced by local or global ischemia or hypoglycemia. Seizures influence the severity of the lesions.


[image: image] Duration or repetition of the injury: this affects the extent and number of lesions.


[image: image] Selective vulnerability of neurons: this depends on many factors, including the release of endogenous excitotoxic amino acids, the role of calcium-binding proteins, regional differences of perfusion, and the maturity of the neurons.


[image: image] Timing of the injury is paramount: developmental changes affect the water content of the brain, the maturation of metabolic pathways, the location of watershed zones, the vulnerability of mature neurons, and the histologic response to injury (e.g. the macrophage response predates the astrocyte response, and hypoxic change in immature neurons is karyorrhexis and not cytoplasmic eosinophilia).














Present knowledge of embryology and developmental physiology allows a tentative chronology to be assigned to individual lesions (Fig. 2.1) although this remains relatively imprecise and extreme caution is needed in the forensic arena. Although some pathologic changes closely parallel those found in older individuals, others such as intraventricular hemorrhage, white matter necrosis, and marbling are unique to the perinatal period.
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2.1 A timetable for hypoxic–ischemic lesions in early life.
Hydr, hydranencephaly; BB, basket brain; Por, porencephaly; MCE, multicystic encephalopathy; SEH, subependymal hemorrhage; CPH, choroid plexus hemorrhage; WMN (PVL), white matter necrosis (periventricular leukomalacia); PSN, pontosubicular necrosis; C/UI, cortical necrosis/ulegyria; Th/BG, thalamus/basal ganglia damage.









FETAL LESIONS


Tissue repair in the immature brain differs significantly from repair in the adult CNS. Macrophages are able to mount a phagocytic response early in the second trimester, while fiber-forming astrocytes are detectable only from 20 weeks’ gestation. Consequently, resorption of necrotic tissue in the first half of gestation occurs without any trace of glial repair, leaving a smooth-walled defect, which is often associated with disorganization of the surrounding cerebral cortex. This gives the false impression of a primary malformation rather than an acquired lesion. In contrast, destruction in the latter part of gestation engenders a brisk astrocytic response, resulting in ragged gliovascular cysts.





[image: image] CAUSES OF HYPOXIC–ISCHEMIC LESIONS





 Maternal (intrauterine environment)





[image: image] Effects of severe maternal disease such as hemorrhage and shock (abruption), cardiac arrest, hypoxia (e.g. drugs, anesthetics), anemia.


[image: image] Intrauterine infection.


[image: image] Teratogens.


[image: image] Smoking.


[image: image] Trauma.


[image: image] Disorders inherited from the mother.


[image: image] Twins (particularly fetus papyraceous).













 Placenta and cord


The placenta should be examined for hemorrhage, infarction, infection, and meconium staining. Pathologic factors include:





[image: image] Maternal hypertension, toxemia, diabetes mellitus, hematologic disease, sarcoid, autoimmune disease, neoplasia.


[image: image] Short cord (tethering and placental separation).


[image: image] Long cord (knots, cord around neck).













 Problems immediately postpartum





[image: image] Respiratory disease (obstruction, pulmonary insufficiency, neuromuscular disease).


[image: image] Congenital heart disease.


[image: image] CNS malformations.


[image: image] Metabolic disease (inherited or acquired).


















HYDRANENCEPHALY





MACROSCOPIC AND MICROSCOPIC APPEARANCES


Much of the cerebral mantle is replaced by a thin translucent membrane. The hemispheres are cystic, and lack surface convolutions (Fig. 2.2). Inferior aspects of the temporal, occipital, and frontal lobes are usually spared, but sometimes only the hippocampi remain. The deep gray nuclei may be rotated outwards and the thalami are atrophied. The membranous cerebral mantle comprises an outer connective tissue layer and an inner irregular glial layer which also contains mineralized neurons, debris, and hemosiderin-laden macrophages. The ependyma is usually absent. At the interface with surviving cerebral tissue, the inner glial layer runs into the molecular layer, covering it for a short distance, while adjacent cortex is usually disorganized, often with a pattern of polymicrogyria (Fig. 2.3). This histologic appearance clearly distinguishes hydranencephaly from the macroscopically similar bubble brain in Fowler syndrome (see Fig. 7.2).
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2.2 Hydranencephaly in a twin of 22 weeks’ gestation whose co-twin died at 17 weeks.
(a) The bubble-like hemispheres photographed under water and viewed from above. (b) Removal from water allows the diaphanous membrane of the cyst wall to collapse. Damage is largely restricted to the internal carotid artery territory with sparing of the orbitofrontal cortex and inferior temporal and occipital lobes.
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2.3 Hydranencephaly.
Thinned and irregularly folded polymicrogyric cortex forming a transition between surrounding normal cortex and the cyst wall. Same case as Fig. 2.2.















BASKET BRAIN





MACROSCOPIC APPEARANCES


Basket brain is a rare intermediate state between porencephaly and hydranencephaly. It is characterized by extensive bilateral porencephalic defects, which leave only a thin strip of cingulate cortex connecting the frontal and occipital lobes.





[image: image] ETIOLOGY AND PATHOGENESIS OF FETAL HYPOXIC–ISCHEMIC LESIONS





 Clinical associations





[image: image] Attempted abortion.


[image: image] Maternal poisoning.


[image: image] Attempted suicide.


[image: image] Severe maternal hypoxia.


[image: image] Anaphylactic shock.


[image: image] Fetal infection.


[image: image] Twinning.






Clinical histories relate some smooth-walled defects to maternal disasters occurring between 18 and 27 weeks’ gestation. Direct pathologic observations of the evolving lesion as early as 22 weeks’ gestation show a central zone of destruction and disorganization, with neuroblasts and macrophages surrounded by an early manifestation of polymicrogyria.









 Features suggesting that pathogenesis is ischemia or infarction





[image: image] Symmetric lesions.


[image: image] Lesions in carotid artery, anterior communicating artery, or middle cerebral artery territories. (Animal experiments using carotid block or ligation show that these territories are the preferred sites for ischemic lesions or infarction.) The surrounding polymicrogyria may represent exposure to a less intense ischemic penumbra.

















[image: image] HYDRANENCEPHALY








[image: image] Hydranencephaly is characterized by normocephaly at birth followed by excessive cranial growth in the first few months and a transilluminable head.


[image: image] Hydranencephaly is associated with minimal psychomotor development, spasticity, and epilepsy.


[image: image] Lifespan depends on the condition of the central gray matter. Severe involvement means impaired thermoregulation, sleep, sucking, and swallowing, and survival beyond the neonatal period is unlikely. If this region is preserved, the lifespan may be several years.




















PORENCEPHALY AND SCHIZENCEPHALY





MACROSCOPIC AND MICROSCOPIC APPEARANCES


A porus is a smooth-walled defect in the cerebral mantle, usually surrounded by an abnormal gyral pattern. It varies in depth from a slight indentation or fissure to a full-thickness breach of the hemispheric wall connecting subarachnoid space with ventricle. Pori tend to be bilateral, approximately symmetric, and situated over the Sylvian fissures or central sulci. Unilateral defects may be parasagittal, orbital, or occipital, and associated with abnormal convolutions, especially polymicrogyria, which are symmetrically placed in the contralateral hemisphere. Gyri surrounding the defect form irregular or radiating patterns (Fig. 2.4). The cortex around the porus is broken into islands or folded into polymicrogyria, which extends down into the cleft to meet the ventricular wall. The latter is denuded of ependyma, but covered by glial tissue, which extends a short way over the adjacent gray matter (Fig. 2.5). Subependymal nodular heterotopia (Fig. 2.6d) and partial or complete absence of the septum pellucidum are other features.
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2.4 Porencephaly.
(a) Two unilateral pori are present. The shallow depression in the orbitofrontal cortex contrasts with the wide-mouthed full-thickness defect in the occipital lobe allowing communication between the subarachnoid space and the ventricle. (b) The surrounding convolutions have a radiating pattern. (c) Coronal section through the frontal lobes showing the extent of the anterior defect, which is lined by nodules of gray matter. The septum pellucidum is absent.
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2.5 Porencephaly.
Coronal section through a frontal porus in a 48-year-old man. The cortical gray matter dips down into the cleft to meet the white gliotic ependyma. The cortical ribbon around the edge of the defect is irregularly thickened and disorganized. (Courtesy of Dr T Moss, Frenchay Hospital, Bristol.)
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2.6 Schizencephaly.
(a) Bilateral porencephalic clefts centered on the middle cerebral artery territory in a twin of 32 weeks’ gestation whose co-twin died at 19 weeks. The hemispheres are viewed from above. (b) Coronal section at anterior thalamic level. The cortex in the center of the lesion is a completely disorganized mixture of neuroblasts and macrophages surrounded either side by polymicrogyric cortex. (c) Coronal section at striatal level. Polymicrogyric cortex from the anterior border of the cleft. (d) Large bilateral full-thickness defects in a 4-year-old boy with cerebral palsy and epilepsy. The covering leptomeninges ruptured during the dissection, revealing a radial pattern of convolutions around the clefts. (e) Coronal sections through the posterior parts of the hemispheres show thick polymicrogyric cortex curling over the mouths of the clefts and deeply invaginating the ventricle. Note the heterotopic gray nodules in the inferior corners of the ventricles.





Extensive bilateral porencephalic clefts (Fig. 2.6) are sometimes termed schizencephaly, especially in the radiologic literature, although the term schizencephaly refers back to an outmoded concept of circumscribed growth failure of the cerebral wall. The narrowness of the cleft with either closed or open lips was thought to differentiate malformed from acquired lesions, but clinical, morphologic, and experimental evidence favors a destructive origin for most lesions. There is also recent evidence for familial occurrence of schizencephaly in brothers with defects in the homeobox gene EMX2.





[image: image] CLINICAL DIAGNOSIS OF PERINATAL ASPHYXIA
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There is increasing evidence that most cases of cerebral palsy are associated with prenatal damage.















[image: image] PORENCEPHALY


The following are associated with porencephaly:





[image: image] Congenital hemiplegia.


[image: image] Mental retardation.


[image: image] Chronic neurologic handicap (i.e. bilateral spasticity and epilepsy), which is more severe in patients with bilateral defects.




















MULTICYSTIC ENCEPHALOPATHY





MACROSCOPIC APPEARANCES


In contrast to the smooth-walled defects of hypoxic–ischemic lesions of early gestation, third trimester insults produce many cysts throughout large areas of cerebral white matter and deeper cortical layers (Figs 2.7, 2.8). Occasional cases are unilateral and circumscribed (Fig. 2.9), but most are extensive and bilateral. Bilateral multicystic encephalopathy is often associated with cystic necrosis in the basal ganglia and brain stem tegmentum (Fig. 2.10).
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2.7 Multicystic encephalopathy in a smaller first twin at 36 weeks’ gestation.
(a) Superior view of the brain within the skull. The convolutions are either massively cystically dilated or narrow and thin. (b) Coronal section showing dilated ventricles and replacement of much of the cortex and white matter by an irregular firm white cystic meshwork.
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2.8 Multicystic encephalopathy.
(a) Tough gliovascular bands transform much of the deep cortex, white matter, and basal ganglia into a spongy mass. The thalamic nuclei are shrunken and extremely white. (b) Comparable histologic section from another patient showing that not only the cortex and white matter, but also the thalami and basal ganglia have been replaced by large cysts.
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2.9 Unilateral circumscribed form of multicystic encephalopathy.
Destruction is limited to the occipital lobe in one of a pair of conjoined twins.







[image: image]


2.10 Horizontal sections of the brain stem in multicystic encephalopathy.
There is bilateral symmetric destruction running down through the tegmentum.












MICROSCOPIC APPEARANCES


A meshwork of thin gliovascular septa form numerous cysts containing lipid-laden macrophages. Global hemispheric necrosis (Fig. 2.11) is the term used to describe morphologically similar but particularly extensive cases following severe birth asphyxia and sudden hyperpyrexia and collapse in the postnatal period.
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2.11 Global hemispheric necrosis.
(a) Extensive cystic destruction of the cortical white matter and basal ganglia following severe birth asphyxia. (Courtesy of Dr T Moss, Frenchay Hospital, Bristol.) (b) Low-power section of the frontal lobe.








[image: image] MULTICYSTIC ENCEPHALOPATHY








[image: image] Follows a history of reduced fetal movement, a twin dying in utero, or perinatal asphyxia.


[image: image] Causes abnormalities from birth that include seizures, hypertonia, irritability, abnormal cry, and microcephaly.


[image: image] Leads to death within weeks or months.























PERINATAL LESIONS





ACUTE HEMORRHAGE


Hemorrhage is the commonest pathology in fetal and neonatal brains. It can start in any intracranial compartment and rapidly spread elsewhere. The pathogenesis is multifactorial. The principal risk factors are immaturity, perinatal distress, and asphyxia, though a similar spatial distribution in still and live births also implicates antenatal factors. The variety of hemorrhages in the neonatal brain is shown in Fig. 2.12.




[image: image]


2.12 Types of hemorrhage in neonatal brain.












SUBDURAL HEMORRHAGE (SDH)


SDH is not related to asphyxia, but is closely related to perinatal distress. Excessive compression and distortion of the head during delivery can disrupt the superior cerebral bridging veins that drain into the sagittal sinus, or the veins to the transverse sinus. More rarely, the falx and sagittal sinus or the tentorium (Fig. 2.13) with the straight sinus or great vein of Galen is torn.




[image: image]


2.13 SDH resulting from a tentorial tear at an unassisted birth at 35 weeks’ gestation.












SUBARACHNOID HEMORRHAGE (SAH)


SAH (Figs 2.14–2.16) may manifest as:




[image: image]


2.14 Small petechial SAHs overlying the central sulcus in a 19-week fetus.
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2.15 Well-demarcated subarachnoid hematomas localized over parietal cortex.
This was associated with a threatened abortion at 20 weeks’ gestation.







[image: image]


2.16 A small localized SAH on the temporal pole as well as extensive basal SAH secondary to hemorrhagic white matter infarction.
This occurred in a term infant with multiple congenital anomalies who was cyanosed at birth.








[image: image] Petechial or diffuse extravasates.


[image: image] Massive localized temporal or occipital hematomas.


[image: image] Hemmorhage in the basal cisterns and cerebellar subarachnoid spaces.






Secondary SAH may follow SDH or ruptured intraparenchymal hematoma, or more frequently extension of intraventricular hemorrhage (IVH) through the fourth ventricular foramina. Primary SAH is also common in neonatal autopsies, especially in premature infants. Etiologic factors include hypoxia, capillary fragility, coagulopathy, and sepsis.









SUBPIAL HEMORRHAGE (SPH)


SPH is often confused with SAH. It is a focal hemorrhage, which is usually temporal, parietal, or cerebellar, and occurs with or without other signs of bleeding. It is most common in asphyxiated premature infants, but also occurs in premature or term infants with respiratory distress syndrome or congenital heart disease (Figs 2.17, 2.18).
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2.17 SPH in a term infant with multiple congenital anomalies including cyanotic congenital heart disease.
(a) Anterior coronal sections in the frontal lobes showing right-sided central white matter softening and several superficial hemorrhages. (b) Microscopy reveals an entirely intracortical bleed covered by pia.
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2.18 SPH in the cerebellum in a term infant with congenital heart disease.
This discrete hematoma displaces the external granular layer and lifts the pia.












SUBEPENDYMAL GERMINAL PLATE/MATRIX HEMORRHAGE (SEH)





MACROSCOPIC AND MICROSCOPIC APPEARANCES


Acute SEH has variable appearances: small, multiple, and bilateral bleeds occur anywhere in periventricular matrix tissue (Fig. 2.19), including the roof of the fourth ventricle. Acute SEH is usually found 
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2.19 SEH in an infant with hypoplastic left heart syndrome born by cesarean section at 36 weeks’ gestation who survived 3 days.
(a) Small SEH that has remained within the matrix zone (grade 1) in the most typical position near the terminal vein close to the caudate nucleus and thalamus. (b) The small bleed remains in situ within the cellular matrix tissue. The ependyma is intact. No bleeding point can be ascertained.








[image: image] GRADING OF SEH ON CRANIAL ULTRASOUND








	Grade

	Distribution of hemorrhage






	1

	Confined to germinal matrix






	2

	Germinal matrix and lateral ventricle, but no ventricular dilatation






	3

	Germinal matrix and lateral ventricle, which is acutely distended by hematoma within the ventricle






	4

	As above with extension of hemorrhage into adjacent brain parenchyma. (Note: the appearances may resemble those of pure venous infarction without IVH; see Fig. 2.36)







Based on the grading scheme of Papile LA, Burnstein J, Burnstein R, et al. Incidence and evolution of subependymal and intraventricular hemorrhage: a study of infants with birth weights less than 1500g. J Pediatr 1978; 92:529–534.















[image: image] SEH








[image: image] SEH is mainly seen in low birth weight premature infants under 34 weeks’ gestation, but occasionally in term infants and rarely in stillbirths as young as 12 weeks’ gestation.


[image: image] Most intraventricular hemorrhages (IVHs) in neonates are secondary to SEH.


[image: image] Commonly associated conditions include respiratory distress syndrome with hyaline membranes, congenital heart disease, hypernatremia, and coagulopathy.


[image: image] Hemorrhage begins between 6 hours and 8 days postpartum and in 60% of cases before 48 hours.


[image: image] The extent of SEH is variable: it may be a small asymptomatic bleed or a massive IVH heralded by circulatory collapse or a rapidly rising intracranial pressure.










in the germinal zone over the head of the caudate and thalamus, at or just behind the foramen of Monro; hematoma may extend into the centrum semiovale, simulating or accompanying hemorrhagic infarction (Figs 2.20–2.23). Rapidly fatal bleeds burst through the ependymal lining, fill the ventricles, and spill into the basal cisterns and subarachnoid spaces. Ventricular dilatation may result from tamponade or hematoma in the aqueduct, foramen of Monro (Fig. 2.24), or fourth ventricular outlets. Microscopic evidence of ruptured vessels, thrombosis, or infarcts within the densely cellular matrix is rare.
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2.20 In situ matrix zone hemorrhage.
This occurred in an infant born by cesarean section for hydrops fetalis at 33 weeks’ gestation who survived 10 days. The clot has retracted and organized.
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2.21 SEH 1–2 weeks after the ictus.
Hemosiderin-laden macrophages may be all that remains to indicate previous SEH. Note that the ependyma has been disorganized and glial tissue has overgrown ependymal canaliculi.
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2.22 Grade 2 SEH with intraventricular extension.
This occurred in an infant born by cesarean section following antepartum hemorrhage at 26 weeks’ gestation who had respiratory distress syndrome with hyaline membranes and survived 3 days. (a) This shows bilateral bleeds in the typical position. (b) The hemorrhage in the matrix tissue surrounding the right temporal horn has leaked into the ventricle.
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2.23 Grade 3 SEH filling the ventricles.
This occurred in a premature infant born at 30 weeks’ gestation with tracheoesophageal fistula and esophageal atresia, who developed respiratory distress syndrome and survived nine days. (a) Medial surface of the hemisphere. The septum has been removed. The large clot forms a cast of the ventricular system and aqueduct. (b) Blood has flushed through the fourth ventricular outlet foramina to fill the basal cisterns. Note the rusty staining of the temporal lobe due to an earlier SAH.
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2.24 Ventricular dilatation resulting from blockage of the foramen of Monro.
This occurred in an infant born at 26 weeks’ gestation with tracheoesophageal fistula and esophageal atresia who survived 3 weeks. The clot has begun to retract and organize.





Several weeks after the initial bleed, the leptomeninges are stained green–brown and the ventricles contain organizing hematoma,





[image: image] PATHOGENESIS OF SEH


This is controversial, but the consensus opinion favors a combination of the following contributory factors:





[image: image] Persistence until 34 weeks of a large matrix zone containing a fragile microcirculation that lacks supporting stroma.


[image: image] Hypoxic stress, failure of autoregulation and overperfusion and disruption of the microcirculation of the matrix zone, which receives a major proportion of total cerebral blood flow in premature infants.


[image: image] Dilated venules in each hemorrhagic focus show endothelial necrosis and rupture. Coalescence of foci into larger hemorrhage.


[image: image] Poor hemostasis, due to high levels of tissue plasminogen activator in the matrix.










macrophages, and granulation tissue. Hydrocephalus often occurs and in some cases is due to occlusion of the aqueduct by hematoma which organizes as a gliotic plug, fibrotic occlusion of the fourth ventricular outlets, or adhesive basal arachnoiditis.












CEREBRAL AND CEREBELLAR HEMORRHAGE


Common causes of cerebral hemorrhage are extension of SEH into periventricular white matter, massive IVH bursting through the ventricular wall (Fig. 2.25), or hemorrhage into areas of periventricular infarction (Fig. 2.26). Other sources include hemorrhagic middle cerebral artery territory infarction, and sinus thrombosis with venous infarction. Cerebellar hemorrhages may be petechial or large hematomas in the cortex or white matter (Figs 2.27–2.29), and are most often seen in low birth weight premature infants.
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2.25 Grade 4 SEH bursting out into the periventricular tissues.
This occurred in an infant of 26 weeks’ gestation treated with a laparotomy for perforating necrotizing enterocolitis. A grade 4 SEH sometimes reaches the cortical surface as shown here.
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2.26 Coexistent matrix hemorrhage and hemorrhagic WMN.
This occurred in an infant born at 33 weeks’ gestation following pre-eclampsia and fetal distress, postnatal jaundice, hypoglycemia, and disseminated intravascular coagulation. He survived 5 days. Despite its misleading appearance this is not a grade 4 SHE.
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2.27 Cerebellar hemorrhage.
Numerous petechial hemorrhages in cerebellar cortex in a twin with congenital heart disease.
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2.28 Cerebellar parenchymal hemorrhages.
There are a large dorsal hematoma and smaller matrix zone bleeds in the roof of the fourth ventricle in the same case as shown in Fig. 2.24.
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2.29 Massive intracerebellar hemorrhage.
Hemorrhage has obliterated one cerebellar hemisphere in the same case as shown in Fig. 2.16.












CHOROID PLEXUS HEMORRHAGE (CPH)


CPH is usually a coincidental finding in neonates and is occasionally responsible for massive IVH in term infants (Fig. 2.30).




[image: image]


[image: image]


2.30 SAH due to CPH in a second twin born by cesarean section after cord prolapse at 37 weeks’ gestation.
The infant had necrotizing enterocolitis, disseminated intravascular coagulation, a cardiac arrest, and renal failure, and survived 15 days. (a) Massive SAH. (b) The cause is evident as bleeding from the choroid plexus. There is also extensive softening of periventricular white matter, but no trace of SEH.















ACUTE WHITE MATTER LESIONS





WHITE MATTER NECROSIS (WMN)


WMN (synonym: periventricular leukomalacia) consists of focal or more extensive regions of softening in the hemispheric white matter.





[image: image] PATHOGENESIS OF WMN








[image: image] The most widely held theory is that WMN results from impaired perfusion at the boundary zone between ventriculopetal and ventriculofugal arteries where the metabolic requirements of myelinating white matter are high (see Fig. 2.41).


[image: image] Loss of cerebral autoregulation resulting in a pressure-passive circulation may be important in the sick neonate.


[image: image] Hemorrhagic lesions may result from venous infarction (see Fig. 2.36).


[image: image] Other theories are that WMN results from neonatal sepsis and endotoxemia or increased anerobic glycolysis and an accumulation of lactic acid and free radicals.


[image: image] Developmental changes in selective vulnerability of the white matter may depend on the properties of the oligodendrocyte precursors, which may be particularly sensitive to glutamate and free radical toxicity.














MACROSCOPIC APPEARANCES


Typical lesions manifest as yellow–white spots or cavities with a chalky white border. These measure up to several millimeters in diameter and may be single or multiple, and unilateral or bilateral. They are situated in periventricular white matter anterior to the frontal horns, adjoining the lateral angles of the lateral ventricles, and in the temporal acoustic and optic radiations. WMN may also be invisible, or evident as a diffuse gray area with soft consistency. It occasionally presents as hemorrhagic softening in the subcortical, callosal, and capsular regions, which may show extensive cavitation (Figs 2.31–2.37).
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2.31 WMN.
An infant born by cesarean section for fulminating pre-eclampsia at 31 weeks’ gestation who suffered bronchial stenosis and pulmonary collapse and survived 2 months. Small white spots and linear streaks (arrows) in the centrum semiovale indicate focal necrosis. The lesions stand out against the rather congested white matter. (a) Frontal lobes. (b) Parietal lobes.
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2.32 WMN.
Tiny necrotic foci in the frontal white matter have a central cavity surrounded by a chalky white rim. This is the same case as shown in Fig. 2.28.
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2.33 WMN resulting in bilateral periventricular softening around the angles of the frontal horns.
This occurred in an infant delivered at term who had congenital heart disease and survived 10 days.
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2.34 WMN producing only a diffuse duskiness of the white matter.
There are no focal lesions in this case, which is the same as that shown in Fig. 2.16.
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2.35 WMN.
This occurred in an infant born at 37 weeks’ gestation with hypoglycemia and hyperinsulinemia due to nesidioblastosis who survived 10 days. Irregular linear cavities fan out from the lateral angle of the ventricle into frontal and parietal white matter. There is also considerable IVH due to hemorrhagic softening of the temporal white matter. (a) Coronal section at mid-thalamic level. (b) Coronal section at anterior thalamic level.
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2.36 WMN.
Markedly asymmetric hemorrhagic necrosis dorsal and lateral to the angles of the lateral ventricles. This may mimic grade 4 IVH on ultrasound examination. (a) Coronal section at mid-thalamic level. (b) Coronal section through occipital lobes. Obstruction to the terminal vein is thought responsible for venous infarction.
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2.37 WMN.
This occurred in an infant born at 31 weeks’ gestation with coarctation of the aorta and vena caval thrombosis who survived 3 weeks. Massive hemorrhagic necrosis and cavitation in the white matter of both hemispheres. (a) Thalamic level. (b) Striatal level.












MICROSCOPIC APPEARANCES


Soon after the insult, irregular zones of coagulative necrosis are surrounded by rings of intense eosinophilia. At a later stage, fragmented and swollen axons are seen at the periphery of the lesion, with microglia, reactive astrocytes, and macrophages. Alternative appearances include cavities surrounded by gliosis and mineralized axons and vessels; a gliotic and microcystic parenchyma with clusters of foamy macrophages; and (rarely) massive infarcts consisting largely of macrophages (Figs 2.38–2.43).
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2.38 Microscopic features of white matter necrosis.
(a) With hematoxylin and eosin, the acute lesion (a focus of coagulative necrosis) is indicated only by a zone of pallor. In this case there is also a central petechial hemorrhage. (b) Periodic acid–Schiff (PAS) often outlines acute focal lesions more clearly, as shown here where it reveals a typical focus in the periventricular white matter of the frontal lobe. There was a coexisting germinal matrix hemorrhage and polymicrogyria. This occurred in a twin born at 36 weeks’ gestation who survived 12 days. (c) Luxol fast blue outlines acute focal lesions. Here there is central pallor surrounded by an irregular rim of accentuated staining. This occurred in an infant born at 33 weeks’ gestation with multiple congenital abnormalities including congenital heart disease, who survived 13 days. (d) Occasionally, acute lesions are evident as ill-defined patches of increased PAS staining.
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2.39 Acute lesions of WMN.
(a) Multiple foci of necrosis have coalesced within the central white matter (in the same case as shown in Fig. 2.37). (b) Focal necrosis within the corpus callosum is evident as a central cavity and macrophages surrounded by astrocytosis.
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2.40 WMN; early course of the lesion.
Within a few days there is marked cellular infiltration by foamy macrophages and reactive astrocytes around the necrotic focus that contains stick-like debris residual to either necrotic axons or vessels. (a) Low power view of a necrotic focus surrounded by tissue debris and cellular infiltrate. (b) Debris and reactive astrocytes at the edge of the lesion. (c) Infiltrate of reactive astrocytes and foamy macrophages neighboring the necrotic zone.
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2.41 WMN.
Indicated is the most widely held view of the pathogenesis of the focal softenings of WMN. Note the correspondence between the most common position of these lesions in periventricular regions (shown in the right hemisphere) and the putative boundary zone between ventriculopetal deep branches of superficially derived cerebral arteries and ventriculofugal arteries derived from lenticulostriate and choroidal arteries.
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2.42 WMN showing further organization of the lesion into nodular collections of lipid phagocytes associated with capillary proliferation.
This occurred in an infant who survived 3 weeks.
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2.43 Extensive WMN.
If white matter destruction is very extensive, soft friable tissue may appear autolyzed at brain cut. This occurred in a term infant who was delivered by forceps after fetal distress in the second stage and who then developed seizures from 6 hours of age and survived 1 week. (a) Frontal lobe section. (b) Microscopy of this lesion. The white matter has been replaced by sheets of macrophages, some in mitosis.
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[image: image] WMN affects approximately 5% of all hospital births and as many as 35% of low-birth-weight newborns.


[image: image] Associated conditions include respiratory distress syndrome with hyaline membranes in premature infants, congenital heart disease in term infants, septicemia, shock, intrauterine growth retardation with hypoglycemia, and meningoencephalitis.


[image: image] The lesions can be well demonstrated by ultrasound scanning.


[image: image] The initial manifestations are relatively nonspecific but most surviving infants later develop spastic motor dysfunction.




















OTHER PATTERNS OF WHITE MATTER DAMAGE


These are:





[image: image] Subcortical leukomalacia, which is focal necrosis preferentially sited beneath the deep sulci.


[image: image] Telencephalic leukoencephalopathy (Fig. 2.44), which is characterized by diffuse depletion of myelination glia, astrocytic proliferation and hypertrophy, karyorrhectic glial nuclei, and amphophilic globules. The hypertrophic reactive glia should not be confused with normal myelination glia, that have a smaller, more hyperchromatic nucleus, and a more fusiform cytoplasmic profile (Fig. 2.45).
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2.44 Telencephalic leukoencephalopathy.
This is characterized by poorly cellular white matter, loss of myelination glia, diffuse gliosis, karyorrhexis in glial nuclei, and amphophilic globules. Histology from the corpus callosum of a 1-month-old infant with severe congenital heart disease, cleft lip, and pituitary and adrenal hypoplasia. Typical features are demonstrated here. (a) The white matter is poorly cellular, with loss of myelination glia, and diffuse gliosis. Some of the glial nuclei are karyorrhectic. (b) Amphophilic globules are also observed within the gliotic white matter.
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2.45 Myelination glia and reactive gliosis in the neonatal brain.
(a) Myelination glia have small round hyperchromatic nuclei eccentrically set in oval or elongated basophilic cytoplasm. (b) Astrocytic hypertrophy is less pronounced than in older subjects. Reactive astrocytes have an eccentrically placed nucleus and plump cytoplasm, often containing a central region of strong eosinophilia surrounded by an ill-defined, less intensely stained halo.



















ACUTE GRAY MATTER LESIONS





CEREBRAL NECROSIS








MACROSCOPIC APPEARANCES


Diffuse cerebral edema may lead to flattened gyri and obliterated sulci, and occasionally there will be massive swelling with softening of the entire brain. A white or hemorrhagic ribbon of cortex contrasts with dusky congested white matter (Figs 2.46, 2.47). Smaller lesions may be scattered, restricted to an arterial territory, or localized to watershed regions. The depths of sulci are preferentially involved (Fig. 2.48).
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2.46 Cerebral necrosis: the ribbon effect.
Produced by severe hypoxia affecting both cortex and white matter, the paradoxically pale cerebral cortex stands out against the gray duskiness of the white matter. This occurred in an infant delivered by emergency cesarean section following a flat fetal tocograph trace at 38 weeks’ gestation whose Apgar score was 1 at 10 min. Autopsy 1 day later revealed recent colonic perforation with peritonitis.
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2.47 Hemorrhagic infarction.
This a less common manifestation of acute cerebral ischemia and occurred in an infant born at 33 weeks’ gestation with jaundice, hypoglycemia, and renal failure.







[image: image]


2.48 Cortical necrosis preferentially situated in the depths of the gyri in a term infant.












MICROSCOPIC APPEARANCES


Very early lesions may exhibit only focal pallor of staining in the cortical gray matter. Hypoxic–ischemic changes in immature neurons are characterized by nuclear pyknosis and karyorrhexis (see Figs 2.48, 2.54). Laminar or full-thickness necrosis may also be observed (Fig. 2.49). Activated microglia, astrocytosis, foamy macrophages, and capillary proliferation are seen in lesions after survival for several days (Fig. 2.50). Mineralized neurons are seen when survival exceeds 2 weeks (Fig. 2.51).
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2.49 Organizing cortical necrosis with a pseudolaminar pattern.
Astrocytic hyperplasia and hypertrophy in the superficial layers overlie a zone of lipid phagocytes and capillary proliferation.
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2.50 Severe birth asphyxia resulting in extensive gray matter damage.
This occurred in a 6-day-old neonate who had no registrable heart rate on the monitor during delivery, an Apgar score of 4 at 10 min, no spontaneous respiration, and later seizures and disseminated intravascular coagulation. There was diffuse cortical necrosis and widespread involvement of the basal ganglia, brain stem, and cerebellum. Subacute lesions show marked cellularity, prominent capillaries, neuronal loss, and the characteristic changes of hypoxia in mature neurons (i.e. cytoplasmic eosinophilia) in the remaining cells. (a) Subacute lesions in the substantia nigra. (b) Subacute lesions in the dentate nucleus. (c) Subacute lesions in pontine gray matter.
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2.51 Ferruginated cells (i.e. mineralized neuronal residua) and astrogliosis.
These are prominent and regular features in necrotic thalamic nuclei. This is the same case as shown in Fig. 2.59b.















PONTOSUBICULAR NECROSIS


This term describes the occasional association between hypoxic death of neurons in the ventral pontine nuclei and the subiculum in neonates; despite the terminology, the mode of neuronal death in the pontine and subicular neurons is predominantly apoptotic. Pontosubicular ‘necrosis’ rarely occurs in isolation from other hypoxic lesions (Fig. 2.52).




[image: image]


[image: image]


[image: image]


[image: image]


2.52 Pontosubicular necrosis.
This is the association between ischemic destruction of the subiculum and pontine nuclei. It is uncommon, and rarely occurs in isolation from more widespread hypoxic damage. (a) Low power view of Ammon’s horn showing neuronal loss from Sommer’s sector and subiculum. (b) Severe neuronal depletion and astrocytosis in the basis pontis. (c) Karyorrhectic nuclei indicate ischemic neuronal damage to immature neurons. (d) Karyorrhectic neuronal nuclei in hippocampal pyramidal sector.








[image: image] PATHOGENESIS OF GRAY MATTER LESIONS








[image: image] As in older subjects, the pathology of HIE is complex and multifactorial in the immature brain.


[image: image] Both necrosis and apoptosis are involved. Which occurs probably depends on the severity, duration and time of onset of the insult, and on the population of neurons affected.


[image: image] The hypoxic–ischemic insult decreases ATP synthesis resulting in failure of ion pumps and of active cell uptake of glutamate, with several consequences:





• glutamate-mediated excessive stimulation of NMDA, kainate and AMPA receptors (excitotoxicity)


• increased intracellular uptake of sodium ions and water, causing swelling and lysis of organelles


• increased intracellular uptake of calcium ions, causing activation of nitric oxide synthases and calcium-dependent proteases, and delayed cell death.






[image: image] Excess production of free radicals (NO, OH, [image: image]) enhances tissue damage.


[image: image] Under hypoxic conditions, there may be failure of cerebral autoregulation, which functions over a very narrow range in preterm infants and neonates. This leads to a pressure-passive circulation and exacerbates hypoperfusion of the brain.













[image: image] CEREBRAL NECROSIS








[image: image] Cerebral necrosis is usually a manifestation of hypoxia–ischemia in term infants whereas hemorrhage and white matter lesions are more typical of hypoxia–ischemia in premature infants.


[image: image] Severe intrapartum difficulties, perinatal problems such as congenital heart disease, and vascular collapse are associated with cerebral necrosis.


[image: image] Neurologic sequelae include hypotonia, abnormal eye movements, problems with sucking and swallowing, seizures, and coma.

















BASAL GANGLIA AND THALAMIC LESIONS


Hypoxic–ischemic damage in these regions varies from focal neuronal necrosis to large areas of infarction. The latter usually occur in conjunction with widespread CNS involvement (Fig. 2.53). The initiating injury may be postnatal, perinatal, or intrauterine. Damage to these regions also forms part of an extensive destruction of brain stem reticular formation and central gray nuclei which follows perinatal cardiac arrest (Fig. 2.54).
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2.53 Prominent hypoxic–ischemic damage in the dusky putamina and shrunken mottled thalami.
The grayish periventricular tissue indicates that white matter is also involved. This pathology was found in a 6-month-old infant whose mother had hypertension in the third trimester and a spontaneous delivery at 36 weeks’ gestation.
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2.54 Reticular core necrosis.
Destruction was confined to the thalamic and brain stem nuclei in this 7-week-old infant born at term with a true knot in the cord resulting in apnea and hypotonia, an Apgar score of 2 at 10 min, seizures from 30 min, and later hypotonia and striking cranial nerve palsies. (a) There is marked neuronal loss and astrocytosis in the XII nucleus. (b) Marked neuronal loss and astrocytosis is also evident in the gracile and cuneate nuclei in the lower medulla.












CEREBELLAR LESIONS


Although all cortical layers and dentate neurons (Fig. 2.50b) may be affected, the immaturity of Purkinje cells before 37 weeks’ gestation means that they are less vulnerable to hypoxia than are the internal granular layer cells. Various patterns of involvement are seen: diffuse, focal damage at the SCA/PICA watershed, or infarction of the deeper parts of the folia (Fig. 2.55). In premature neonates, hypoxia may cause apoptosis of internal granule cells.
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2.55 Necrosis of the deep cerebellar cortex with sparing of only the more superficial parts of the folia.
This is one particular pattern of selective vulnerability to hypoxia in neonates. (a) Cerebellum from a 5-month-old infant delivered by cesarean section for fetal distress who had an Apgar score of 5 at 10 min. (b) Cerebellum from a 6-month-old infant delivered by emergency cesarean section for cord prolapse and multiple abnormalities including congenital heart disease.












BRAIN STEM LESIONS


Many brain stem structures are vulnerable to hypoxia, particularly the inferior colliculi, pontine nuclei, inferior olives, cranial nerve nuclei, and reticular formation (Fig. 2.50).












SPINAL CORD LESIONS


Two patterns of damage have been described:





[image: image] Infarction involving the central parts of the lumbosacral cord segments in premature infants.


[image: image] Diffuse necrosis affecting the ventromedial neurons in term neonates.













CHRONIC LESIONS





POST-HEMORRHAGIC LESIONS








PERIVENTRICULAR CYSTS


Small bleeds within the germinal matrix become transformed by macrophage infiltration into unilocular or honeycomb subependymal cysts (Fig. 2.56). Longitudinal imaging studies have shown rapid resolution without neurologic deficit. Similar cysts have also been related to congenital infection.




[image: image]


[image: image]


[image: image]


2.56 Subependymal matrix cysts.
(a) Unilocular or multilocular smooth-walled cysts hug the angles of the lateral ventricles. (b) Closer inspection may reveal tiny protrusions into the cavity as shown here. (c) Histologically the tiny protrusions are residua of matrix tissue.















POST-HEMORRHAGIC HYDROCEPHALUS


This is described in Chapter 4.









POST-WHITE MATTER NECROSIS





WHITE MATTER SCARS AND CYSTS


The hallmarks of birth injury comprise two overlapping patterns (Figs 2.57–2.59):
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2.57 Chronic lesions in white matter.
These so-called hallmarks of birth injury have widely varying appearances. Both unilateral and bilateral lesions are usually accompanied by ventricular dilatation. (a) A partly cystic linear gliotic scar in the left frontal white matter above the dilated left frontal horn. (b) Bilateral gliotic white matter scars and small periventricular cysts. There is also marked ventriculomegaly. (c) Prominent cyst formation following the contours of the dilated frontal horns. (d) Extensive unilateral cystic destruction of the central and subcortical white matter in the frontal lobe. (e) Unilateral white matter atrophy and ventricular dilatation. Here the overlying cortex is also involved and shows ulegyria.
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2.58 Chronic slit-like defect in the frontal white matter.
Ultrasound scanning in the perinatal period had shown a considerably larger area of cystic necrosis, which had dramatically reduced in size over several months.
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2.59 Chronic longstanding white matter lesions.
(a) Cyst formation in the central white matter of an 8-year-old girl. (b) Dense gliosis surrounding a paucicellular area containing foamy macrophages in a 17-year-old man. (c) Poor myelination, which is the likely sequel to telencephalic leukoencephalopathy.








[image: image] Sclerotic atrophy characterized by myelin loss, gliotic scars, macrophage clusters, and mineralized debris in the centrum semiovale and callosum, accompanied by ventricular dilatation.


[image: image] Unilocular or multilocular cysts traversed by gliomesodermal bands around the dorsolateral corners of the lateral ventricles.






In practice there is often a combination of white and gray matter scars.












POST-GRAY MATTER NECROSIS





ULEGYRIA AND CORTICAL MARBLING


Many factors influence the final pathology of gray matter necrosis including:





[image: image] The extent of edema.


[image: image] The extent of neuronal loss, cortical infarction, or involvement of neighboring white matter.


[image: image] Superadded effects of recurrent hypoxic episodes.






Extreme cases appear severely microcephalic, with cysts and a thin, firm, white cortex (Fig. 2.60). The sparing of gyral crowns results in a mushroom-like appearance called ulegyria (Figs 2.60d, 2.61). Cortical scarring may be full-thickness or laminar. The glial scar is sometimes associated with hypermyelination (état fibromyélinique) (Fig. 2.60c); mineralized neurons and lipid-laden macrophages can remain in situ for many years.
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2.60 Various patterns of chronic gray matter damage.
(a) Global atrophy following diffuse cortical involvement. (b) Bilateral symmetric scars due to perinatal cortical infarctions restricted to the territory of the middle cerebral arteries in a 21-year-old man. (c) Stained section from (b) showing irregular myelination (marbling) in the thalami and left superior temporal gyrus (état fibromyélinique). (d) Severe cerebral atrophy with sparing of the crests of the convolutions producing mushroom-shaped gyri, termed ulegyria (compare with Fig. 2.61).
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2.61 Chronic gray matter damage.
Severe and extensive gyral scarring or ulegyria, hippocampal sclerosis, sclerotic atrophy of the thalamus, and cystic destruction of the lentiform nucleus and internal capsule are seen in a 6-month-old infant, who was delivered by emergency cesarean section for cord prolapse and had multiple congenital abnormalities including tracheoesophageal fistula, congenital heart disease, and a rudimentary limb. (a) Low power coronal section at anterior thalamic level. (b) Low power coronal section of temporal lobe. (c) Horizontal section of the midbrain showing secondary atrophy of the cerebral peduncles.















STATUS MARMORATUS


Chronic lesions of the basal ganglia and thalamus are gliotic and/or cystic (Fig. 2.61); mineralized neurons are common, but marbling is rare. Marbling appears as irregular white mottling and shrinkage of the deep gray matter (Fig. 2.62) and is due to abnormal hypermyelination in association with glial scars. There is evidence that the hypermyelination is, in part, due to the formation of myelin sheaths around astrocyte processes. Status marmoratus occurs after both prenatal and postnatal hypoxia, provided that the damage takes place before the onset of myelination at about six months postpartum.
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2.62 Status marmoratus.
(a) Coronal section at the level of the corpus striatum. Both striatal nuclei are shrunken, their dorsal surfaces abutting the ventricle are corrugated, while their cut surfaces show an irregular white mottling characteristic of marbling. (b) Microscopic appearance of marbling in the basal ganglia showing an excessive and abnormally situated myelination. (c) An adjacent microscopic section to (b) showing the close association between the hypermyelination and gliosis as demonstrated by GFAP immunoreactivity. (d) Similar aberrant myelination in the surviving cortex neighboring an infarcted area (état fibromyélinique).












UNILATERAL HYPERTROPHY OF THE PYRAMIDAL TRACT


An uncommon consequence of midgestational unilateral lesions involving sensorimotor cortex or internal capsule is hypotrophy of the ipsilateral corticospinal pathway and enlargement (reflecting excess fibers) of the contralateral tract (Fig. 2.63).
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2.63 Unilateral hypertrophy of the pyramidal tract in an 11-month-old girl.
This infant had a gestational history of threatened miscarriage at eight weeks followed by recurrent maternal ill health. (a) Coronal section at the anterior thalamic level shows left-sided ventricular dilatation, atrophy of the thalamus, internal capsule, and lentiform nucleus, and polymicrogyria of the insula (arrow). (b) At a slightly more posterior level on the left side there is shrinkage of the internal capsule and atrophy with marbling of the left thalamus. (c)–(e) Horizontal sections through the brain stem showing ipsilateral (left) hypotrophy and contralateral (right) enlargement of the pyramidal tract. (c) Midbrain. (d) Mid-pons. (e) Medulla. (f) In the cervical spinal cord the contrast between the pyramidal tracts is maintained in both crossed and uncrossed pathways.












CROSSED CEREBELLAR ATROPHY


Rarely, extensive unilateral cerebral damage resulting from an intrauterine or postnatal insult results in atrophy of the contralateral cerebellar hemisphere (Fig. 2.64). The histologic findings vary, and with them the suggested pathogenesis. Some cases show a simple reduction in hemispheric size following transneuronal atrophy of the ipsilateral pontine nuclei. A few show additional granule cell degeneration suggesting tertiary anterograde transneuronal degeneration.
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2.64 Crossed cerebellar atrophy.
Presentation in a five-month-old twin with ventriculomegaly detected ultrasonically at 32 weeks’ gestation. (a) Coronal view of the hemispheres showing marked left ventricular dilatation, longstanding destruction of much of the hemispheric cortex and white matter, and thalamic atrophy. (b) There is obvious asymmetry of the hindbrain when viewed from below with ipsilateral (to the supratentorial damage) atrophy of the left pontine base and contralateral atrophy of the right cerebellar hemisphere.












KERNICTERUS


Kernicterus is selective yellow staining of deep gray matter and brain stem nuclei occurring in bilirubin encephalopathy (Fig. 2.65).
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2.65 Kernicterus.
This is characterized by bright yellow staining of affected gray matter structures. (a) Hippocampus and subthalamic nucleus. (b) Dentate nucleus. (c) Inferior olives. (d) Histologically, there is intracellular yellow pigment (bilirubin) in the gracile nucleus. (e) Intracellular bilirubin in the cerebellar cortex.









MACROSCOPIC AND MICROSCOPIC APPEARANCES


The subthalamic nucleus, globus pallidus, and lateral thalamus are characteristically affected. Other affected areas are the hippocampus CA2 field, lateral geniculate nucleus, the colliculi, the substantia nigra pars reticularis, the brain stem reticular formation, the cranial nerve nuclei, Purkinje cells, and the dentate and olivary nuclei (Fig. 2.66). The staining is best appreciated in unstained frozen sections, but remains for prolonged periods after formalin fixation. Yellow pigment is also visible in paraffin sections within the vacuoles of swollen cells and in glia (Fig. 2.65). The accumulation of bilirubin causes neuronal necrosis and later mineralization and gliosis.




[image: image]


2.66 Diagrammatic representation of the regional distribution of lesions in kernicterus.
(a) Coronal section at the level of the mamillary bodies. (b) Hippocampus. (c) Mid-brain. (d) Pons. (e) Cerebellum and upper medulla. (f) Lower medulla. Key: red, most vulnerable; pink, moderate vulnerability; beige, slight vulnerability.








[image: image] PATHOGENESIS OF KERNICTERUS








[image: image] The accumulation of bilirubin is due to excessive production or insufficient conjugation and excretion. The unconjugated circulating form of bilirubin is toxic.


[image: image] The classic form of kernicterus in which the bilirubin level is at least 30 mg/dL follows hemolytic disease of the newborn and has largely been eradicated.


[image: image] Kernicterus is now observed in small preterm infants who have suffered asphyxia, acidosis, hypoglycemia or septicemia and in whom bilirubin levels may be as low as 10 mg/dL. Contributory factors are damage to the blood–brain barrier and reduced binding of bilirubin to albumin during treatment with certain drugs or following hepatic necrosis.
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Malformations






NEURAL TUBE DEFECTS: DYSRAPHIC DISORDERS


The following classification is based on present understanding of the development of the neural tube and axial skeleton (Figs 3.1–3.3).




[image: image]


3.1 Classification of neural tube defects based on the embryonic tissues principally affected.







[image: image]


3.2 Primary and secondary neurulation.
Unlike the multisite mechanism of primary neural tube closure (i.e. primary neurulation) in the mouse, direct observation in man favors only two initiation sites. Closure begins at approximately 22 after ovulation at closure site 1 (the future cervical/hindbrain boundary), and separately soon after at site 2 (rostral tip of forebrain). Fusion spreads bidirectionally from site 1, and unidirectionally from site 2. About 26–28 after ovulation cranial closure is completed at the anterior neuropores, and cord closure at the posterior neuropore at the upper sacral level. Caudal to this level all non-epidermal tissues are formed from the tail bud of multipotential stem cells (shaded red) by a process of differentiation and canalization (i.e. secondary neurulation).







[image: image]


3.3 Development of the neural tube and axial skeleton.
(a) Induction of the neural plate from midline ectoderm occurs at around 16 after ovulation. (b,c) From 18–20 after ovulation, there is a gradual elevation of the lateral edges of plate to form the neural folds, and deepening of the longitudinal neural groove. Midline mesodermal tissue gives rise to both the centrally placed notochord and lateral somites. Neural crest arises at the boundary between the neural plate and ectoderm. (d) At about day 22, the neural folds start to close at the cervical/hindbrain boundary (see Fig. 3.2). (e) Fusion is completed to produce the neural tube. Soon after, the mesodermal somites migrate around the tube to produce the spinal vertebrae, skull vault, and occiput. The skull base and facial bones are derived from neural crest.












DEFECTS OF NEURAL TUBE CLOSURE





ANENCEPHALY








MACROSCOPIC APPEARANCES


Anencephaly is characterized by replacement of most of the intracranial contents by a ragged, cavitated, vascular mass, the area cerebrovasculosa (Fig. 3.4). Remaining neural tissue usually includes the gasserian ganglia, distal parts of the cranial nerves, a variable amount of the medulla, and rarely, a few cerebellar folia.




[image: image]
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3.4 Anencephaly in an 18-week-old fetus.
The eyes are abnormally protuberant, the pinnae are low-set, and the neck is short. The calvarium is absent and the upper cervical vertebrae are not fused. The intracranial contents are a ragged vascular mass, the cerebrovasculosa. (a) Anterior view. (b) Posterior view.





The skull shows various abnormalities including:





[image: image] an absent or hypoplastic skull vault


[image: image] a thickened and flat skull base


[image: image] shallow orbits so that the eyes protrude


[image: image] a shallow sella.









[image: image] ANENCEPHALY








[image: image] Incompatible with independent existence.


[image: image] Usually detected early in gestation by ultrasound scan.


[image: image] Detected, as with all neural tube defects, by raised α-fetoprotein levels in maternal serum.


[image: image] More common in females.


[image: image] Occasionally familial.


[image: image] Has an incidence up to 10 times greater in Wales and Ireland than in France.













Spinal involvement varies from failure of fusion of the upper cervical vertebrae to craniorachischisis (Fig. 3.5).
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3.5 Anencephaly with complete rachischisis in a 20-week-old fetus.
The skull vault and vertebral arches are deficient, but the deformed skull base remains. (a) Viewed obliquely from behind. (b) Viewed from above.





Associated abnormalities are:





[image: image] a hypoplastic anterior pituitary


[image: image] absent intermediate and posterior lobes of the pituitary


[image: image] adrenal hypoplasia


[image: image] hypoplastic lungs


[image: image] a large thymus.













MICROSCOPIC APPEARANCES


Histologically, the area cerebrovasculosa consists of an angiomatous mass of small blood vessels (Fig. 3.6) mixed with disorganized neuroepithelial tissue, particularly glia, some neuroblasts or neurons, ependyma, and choroid plexus. Rarely, ependyma-lined cavities suggest forebrain ventricle.
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3.6 Low-power frontal sections through the head in anencephaly.
(a) Well-formed orbits are present, but central nervous system tissue is not apparent, only numerous thin-walled blood vessels. (b) The spinal cord, roots, and ganglia are well demonstrated, but the medulla ends blindly (arrow).















MYELOMENINGOCELE


Myelomeningocele (Figs 3.7, 3.8) is the herniation of spinal cord and meningeal tissue through a vertebral defect.
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3.7 Three examples of lumbosacral myelomeningocele in fetuses.
(a) An open disc of vascular and neural tissue, or myelocele. (b) A closed cystic lesion. (c,d) Spina bifida cystica in combination with exomphalos, the closed cord floating within a myelomeningocele sac, viewed from the side in (c), and viewed from behind, in (d).







[image: image]


3.8 Lumbosacral myelomeningocele in association with the Arnold–Chiari malformation.
A tangled mass of cord tissue, peripheral nerves, and fibrous tissue opens to the exterior and blends with surrounding skin.








[image: image] MYELOMENINGOCELE








[image: image] Myelomeningocele occurs at any level, but lumbosacral lesions are commonest. These are often associated with Chiari type II (Arnold–Chiari) malformation and hydrocephalus.


[image: image] A lesion above the twelfth thoracic vertebra is frequently associated with malformations in other systems and is more common in females.


[image: image] A lesion below the twelfth thoracic vertebra is more often solitary, shows a roughly equal sex distribution, and is associated with less severe neurologic sequelae.














MACROSCOPIC APPEARANCES


Macroscopically, a myelomeningocele is either:





[image: image] a cystic mass covered by a delicate membrane or skin, with the dilated hydromyelic cord floating within it, or


[image: image] a flat open lesion or myelocele, with a mass of vascular connective tissue and disorganized neural tissue, the area medullovasculosa, which becomes epithelialized after birth. Because the spinal cord is open posteriorly, the central canal opens directly onto the skin.






Other cord abnormalities (e.g. syringomyelia, hydromyelia, and split cord) are frequently found above the defect.









MICROSCOPIC APPEARANCES


Histologically, the epidermis overlying a myelomeningocele is atrophic (Fig. 3.9), lacking rete pegs and skin appendages, and often ulcerates. Beneath the epidermis there are fibrotic connective tissue, many dilated thin-walled vessels, and islands of glial tissue, which are sometimes accompanied by nerve cells and ependymal tissue.




[image: image]


3.9 Histology of a surgically excised myelomeningocele.
The epidermis is atrophic and ulcerated and within the inflamed dermis there are many ectatic vessels and islands of glial tissue.


















HERNIATION OF NEURAL TUBE THROUGH AXIAL MESODERMAL DEFECTS





ENCEPHALOCELE


Encephalocele is herniation of brain tissue through a skull defect (Figs 3.10–3.16) and is usually (75%) occipital. Rarer examples are parietal or fronto-ethmoidal.




[image: image]


3.10 Occipital encephalocele.
The encephalocele is a fluctuant mass covered by skin, which is peripherally hairy but centrally shiny and thin.







[image: image]


3.11 Anterior encephalocele.
This large swelling at the fronto-ethmoidal junction bulges out over the forehead and root of the nose and causes marked hypertelorism.







[image: image]


3.12 Nasal encephalocele.
Transection of a cystic polyp surgically excised from the nose revealed an ependyma-lined cavity containing a tuft of choroid plexus.







[image: image]


[image: image]


3.13 Occipital encephalocele.
Parts of both occipital horns and occipital poles fill the sac of this large surgical specimen. The cortex is markedly thinned and the lobes appear fused. Highly vascularized meninges are sandwiched between the cortical remnant and overlying skin. (a) Resection margin. (b) Section through the specimen.
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3.14 Herniation due to a massive occipital encephalocele.
The herniation is usually asymmetric. This occipital sac contains much of the posterior part of the left hemisphere as well as cerebellum. (a) Viewed from the left side. (b) Viewed through the midline. (c) A coronal section at the thalamic level appears very confusing at first. The smaller left hemisphere remnant is out of register with the right side and there is marked distortion of central structures.







[image: image]
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3.15 Histology of a surgically excised encephalocele.
(a) At low magnification, there is a recognizable cortical ribbon and ventricular cavity. The cortical ribbon has the undulating pattern of polymicrogyria, while heterotopic gray matter abuts the ventricular wall. (b) At higher magnification the surface shows an excessively folded polymicrogyric cortex and numerous nodular glioneuronal heterotopias within the overlying leptomeninges.







[image: image]


3.16 Surgically excised encephalocele.
Some encephaloceles contain only small islands of glial tissue, which can be readily demonstrated with hematoxylin–van Gieson.









MACROSCOPIC APPEARANCES


Small encephaloceles contain jumbled fragments of CNS tissue, but many are voluminous and include considerable parts of the hemispheres with ventricular cavities and sometimes hindbrain. Herniation is usually asymmetric, often leaving the intracranial contents skewed.


The leptomeninges covering the herniated tissue have a persistent fetal vasculature, an exuberant plexus of thin-walled sinusoids. Both intracranial and extracranial brain may show cortical migration defects such as heterotopias and polymicrogyria. Associated lesions include hippocampal and commissural anomalies, agenesis of cranial nerve nuclei, and partial absence of the cerebellum.





[image: image] MECKEL SYNDROME








[image: image] Shows autosomal recessive inheritance.


[image: image] Characterized by occipital encephalocele, polycystic kidneys, hepatic fibrosis, and bile duct proliferation.


[image: image] Associated with the characteristic dysmorphology of polydactyly, cleft palate, and microcephaly.


[image: image] A lethal condition.


[image: image] Linked to 17q21 (type1) and 11q13 (type2).


[image: image] Can be caused by mutation in any of several genes (corresponding to Meckel syndrome variants MKS1-10).













Occipital encephalocele may be associated with Meckel syndrome (also known as Meckel–Gruber syndrome) (Fig. 3.17). Other neuropathologic findings include midline and hindbrain anomalies. Protrusion of meninges alone is termed a cranial meningocele (Fig. 3.18).
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3.17 Meckel syndrome.
The complex dysmorphology of this autosomal recessive syndrome includes: (a) occipital encephalocele; (b) renal cysts; and (c) hepatic fibrosis with a striking bile duct proliferation.
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3.18 Cranial meningocele.
Cranial and spinal meningoceles have similar histologic features. (a) As with all dysraphic lesions the overlying epidermis is thin and atrophic. (b) Deeper in the fibrotic dermis there are islands of meningothelial cells, which may form whorls and psammoma bodies.















MENINGOCELE


A meningocele is characterized by herniation of highly vascular arachnoid and dura through a vertebral defect with a covering of atrophic epidermis. It is most often lumbosacral. Although the cord remains within the spinal canal, it may show other anomalies such as hydromyelia, splitting, or tethering.









OCCULT SPINA BIFIDA


Occult spina bifida is the mildest form of neural tube defect and probably reflects failure of tail bud development or of secondary neurulation.






MACROSCOPIC APPEARANCES


The cord may appear normal but often shows a distended central canal (hydromyelia) (Fig. 3.19), diastematomyelia (Fig. 3.20), or cord tethering (Fig. 3.21), all of which involve lower lumbar or sacral levels.
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3.19 Hydromyelia.
(a) Horizontal sections of the cord showing marked dilation of the central canal at thoracic and lumbar levels. (b) Despite marked distension of the lumbar central canal the ependyma is virtually intact.







[image: image]


3.20 Diastematomyelia.
This is characterized by splitting of the cord into two hemicords separated by a median septum of fibrous meninges. This example is from a patient with Chiari type II malformation.







[image: image]


3.21 Tethered cord.
Lower limb motor and sensory deficits and neuropathic bladder are the principal presenting signs of the tethered cord syndrome. Operative findings include a low conus and thickening of the filum, often in association with a lipoma, as shown in this typical surgical specimen, which comprises remnants of ependymal canal (arrows) and lobules of mature adipose tissue.





Although a closed lesion, occult spina bifida is often indicated by overlying tufts of hairy skin or lipomatous skin tags (Fig. 3.22). It may be associated with sacral, anorectal, and urogenital defects.




[image: image]


3.22 ’Fawn’s tail’.
A massive subcutaneous lipoma extending into a large skin tag (fawn’s tail) associated with an occult spina bifida.















CHIARI MALFORMATIONS


Chiari defined three anatomic types of cerebellar deformity associated with hydrocephalus.









CHIARI TYPE I MALFORMATION


Chiari type I malformation is the herniation of a peg of cerebellar tonsil through the foramen magnum in the absence of an intracranial space-occupying lesion or preceding hydrocephalus (Figs 3.23–3.25).




[image: image]


3.23 Chiari type I malformation, posterior view.
Both cerebellar tonsils are markedly but asymmetrically elongated into the spinal canal (towards the right).







[image: image]


3.24 Chiari type I malformation.
In a 10-month-old child presenting with polydactyly, hemihypertrophy, and hemimegalencephaly plus polymicrogyria, a bifid tongue of tonsillar tissue extends 2.5 cm below the inferior olives.







[image: image]
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3.25 Chiari type I malformation associated with craniosynostosis due to craniometaphysial dysplasia.
(a) Superior view of the brain within the thickened skull. (b) MRI shows tonsillar herniation to the level of the second cervical vertebra. The brain, spinal cord, and roots are surrounded by a dark halo of massively thickened bone. (Courtesy of Dr K Chong, Great Ormond Street Hospital for Children, London, UK.)








[image: image] CHIARI TYPE I MALFORMATION








[image: image] May be asymptomatic.


[image: image] May present in infancy with neck pain, lower cranial nerve palsies, sleep apnea, or sudden unexpected death.


[image: image] May present in adulthood with cerebellar ataxia, late-onset hydrocephalus, long tract signs, or symptoms and signs of syringomyelia.


[image: image] Strongly associated with syringomyelia (Chiari type I occurs in 90% of patients with syringomyelia, including familial types).


[image: image] Associated with skeletal abnormalities including platybasia, suboccipital dysplasia, and Klippel–Feil anomaly (radiologic studies emphasize the small size of the posterior fossa and suggest that occipital dysplasia is a major pathogenetic factor).




















CHIARI TYPE II (ARNOLD–CHIARI)





MALFORMATION


Chiari type II malformation combines herniation of the cerebellar vermis with malformation and downward displacement of the brain stem (Figs 3.26–3.29). The degree of cerebellar herniation varies from slight (in fetuses) to extensive, at which point the choroid plexus and tonsils may be included. The cerebellar tail is bound by fibrous adhesions to the dorsal surface of the medulla or occasionally is situated within the fourth ventricle. Folia in the herniated cerebellar tissue show neuronal loss, absence of myelinated fibers, and gliosis.




[image: image]


3.26 Chiari type II (Arnold–Chiari) malformation.
Midline section of the brain and cord within the skull and vertebral column, demonstrating the downward displacement of vermis and brain stem and beaking of the tectum. Chiari type II malformation is usually associated with a lumbosacral myelomeningocele and hydrocephalus, as illustrated here.







[image: image]


[image: image]


3.27 Chiari type II malformation.
Mid-sagittal sections of the hindbrain are most helpful when the diagnosis is not clear. (a) A tongue of vermis capped by choroid plexus extends down over the dorsal surface of the cervical cord. The lower brain stem is elongated and the tectum is beaked (arrow). (b) In this example, the ‘beaking’ of the tectum is more marked, and the lowest part of the medulla overrides the cord producing an S-shaped bend.







[image: image]
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3.28 Horizontal microscopic sections of herniated tissue in Chiari type II malformation.
(a) Cerebellar vermis herniating over the medulla has markedly sclerotic folia. (b) A section through the region of the S-bend (see Fig. 3.27b) where low medulla overrides cervical cord.
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[image: image]


3.29 Chiari type II malformation in three fetal brains.
Brain stem elongation and downward herniation over the upper cord are obvious, but there is only slight herniation of the vermis. (a) The brain of a 14-week-old fetus viewed from the side. (b) 18-week-old fetus. The herniation is seen in situ after removal of the atlanto-occipital membrane and upper vertebral arches, which is the most reliable method for arriving at a necropsy diagnosis. (c) 20-week-old fetus, the hindbrain viewed from the side. Note the lower medulla overrides the cervical cord.





Brain stem malformations include:





[image: image] Fusion of the inferior colliculi, which gives a beak-like appearance to the quadrigeminal plate.


[image: image] An indistinct pontomedullary junction and rod-shaped pons.


[image: image] Looping of the lower medulla dorsally over the cervical cord.


[image: image] Less frequently, dysplasias of cranial nerve nuclei, olives, and pontine nuclei.






Other findings include:





[image: image] An abnormal upwards course of the first six cervical spinal roots.


[image: image] Subependymal nodular heterotopias in the lateral ventricles.


[image: image] Disordered cortical lamination including polymicrogyria.


[image: image] Asymmetry or flattening of the cerebellar hemispheres, which may form a collar around the ventral medulla.
















CHIARI TYPE III MALFORMATION


Chiari type III malformation is the rare cerebello-encephalocele through an occipitocervical or high cervical bony defect (Fig. 3.30). Associated brain stem deformities and lumbar spina bifida are reminiscent of those associated with Chiari type II malformation.




[image: image]


3.30 Chiari type III malformation.
There is herniation of cerebellum into an occipitocervical encephalocele.








[image: image] CHIARI TYPE II MALFORMATION








[image: image] Almost invariably associated with a lumbosacral myelomeningocele.


[image: image] Associated with craniolacunia, a shallow posterior fossa and enlarged foramen magnum, a wide tentorial hiatus and low tentorial insertion, a low torcula, and a short fenestrated falx.


[image: image] Accompanied by hydrocephalus at birth in more than 80% of cases.
















[image: image] PATHOGENESIS OF CHIARI TYPE II MALFORMATION








[image: image] Older theories attribute distortion of the cerebellum and brain stem to compression by hydrocephalic cerebral hemispheres or to traction from cord tethering, but these explanations cannot be sustained in the presence of an S-shaped brain stem deformity or the absence of spina bifida or hydrocephalus in a few cases.


[image: image] Disproportion between the growth of the posterior fossa and its contents is a more likely mechanism: the cerebellar weights and posterior fossa volumes are both reduced, and experimental administration of vitamin A to pregnant hamsters induces a shortened basichondrocranium and reduced posterior fossa volume, suggesting that the neurologic anomalies are secondary to skeletal defects.


[image: image] A small posterior fossa could compress the developing medulla causing abnormalities of the pontine and cervical flexures and force the cerebellum to grow into the spinal canal during its relatively late growth spurt. This theory is consistent with observations in second trimester human fetuses that show only slight cerebellar herniation in association with major medullary abnormality.























DISORDERS OF FOREBRAIN INDUCTION


Various interrelated hemispheric anomalies result from failures in outgrowth and separation of the forebrain vesicles and in the development of the commissures (Fig. 3.31). The hemispheric anomalies are associated with craniofacial anomalies (see Fig. 3.38).
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[image: image]


3.31 (a) Early development of the forebrain and outgrowth of the forebrain vesicles. Before closure of the neural tube in the third gestational week the signaling molecule Sonic hedgehog (Shh), in collaboration with another signaling molecule bone morphogenetic protein 7, induces the ventral midline cells in the forebrain primordium which grow slowly relative to the dorsolateral regions, so that rapid forebrain growth is constrained in the midline, resulting in an apparent cleavage into paired telencephalic vesicles. Shh also induces the optic primordium to divide into paired optic vesicles which grow out in the 4th to 5th week. Paired olfactory vesicles appear at 6 weeks, induced from olfactory placode by ingrowth of olfactory nerves. (b) Development of the midline structures. By 10 weeks’ gestation (1) the anlage of the anterior commissure (AC) appears in the ventral part of the lamina reuniens (LR) and the fornix (FO) appears in its dorsal part and grows dorsally with the hippocampal primordium (HP). In the floor of the interhemispheric fissure (1a) below the hemispheric sulcus (HS) the banks of a median groove, the sulcus medianus telencephali medii (SMTM) fuse into the massa commissuralis or commissural plate (MC), but the groove remains open below into the interhemispheric fissure. Soon after (2) the hippocampal commissure (HC) appears dorsal to the septal area (SA) and AC. By 12 (3, 3a) the corpus callosum (CC) is forming in the MC and then grows caudally with the growth of the hemisphere. Around 14 (4) as the hemisphere grows upwards and backwards a pocket forms in the SMTM below the CC. (5, 5a). As the CC grows and bends forwards and downwards into its genu (G) it covers the pocket in the SMTM, and finally the callosal fibers of the rostrum (R) grow through the MC so sealing the space which becomes the cavum septi pellucidi. LR lamina reuniens; LT lamina terminalis; CH optic chiasm; CP cortical plate; GM germinal matrix; IG Indusium griseum; MI massa intermedia; S splenium of callosum; SP septum pellucidum; PS hippocampal commissure (psalterium); TL temporal lobe.
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3.38 Craniofacial dysmorphology accompanying holoprosencephaly.
(a) The skull floor lacks an ethmoid plate and there is olfactory aplasia. In this case the optic nerves are hypoplastic (arrow). (b) Hypotelorism and cebocephaly with a single nostril. (c) Cleft lip and palate. (d) Cyclopia and proboscis in a case of trisomy 13. (e) External view of cyclopia and nasal pit in the case depicted in Fig. 3.36c–f. (f) Intracranial view of the single globe and minuscule anterior fossa in the case depicted in Fig. 3.36c–f.









HOLOPROSENCEPHALY


Holoprosencephaly is expressed as variable degrees of failure in outgrowth and cleavage of the prosencephalic vesicles.





[image: image] HOLOPROSENCEPHALY








[image: image] Occurs sporadically, but is occasionally familial.


[image: image] Has an incidence of 1/16 000 30 000 births and 1 in 250 abortions.


[image: image] Diagnosed during pregnancy by ultrasound scan, which reveals a monoventricular brain and fused basal nuclei.






In its severest form holoprosencephaly results in stillbirth. Liveborn infants have facial dysmorphism, psychomotor retardation, spasticity, apneic attacks, and disturbed temperature regulation.












[image: image] ETIOLOGY OF HOLOPROSENCEPHALY








[image: image] Holoprosencephaly is a heterogeneous group of conditions.


[image: image] Etiologic factors include maternal diabetes mellitus, toxoplasmosis, syphilis, rubella, and fetal alcohol syndrome.


[image: image] Mechanical or chemical methods have been used to induce it experimentally.


[image: image] Genetic factors encompass autosomal recessive, autosomal dominant, and X-linked inheritance patterns. There are chromosomal aberrations in about 50% of cases. Trisomy 13 is most frequent (holoprosencephaly occurs in 70% of cases of trisomy 13). Others include trisomy 18 and triploidy.


[image: image] Holoprosencephaly is a feature of Smith–Lemli–Opitz syndrome.


[image: image] Forms of holoprosencephaly have been mapped to several chromosomal loci or involve mutations in particular genes:





• HPE1: mapped to 21q22.3


• HPE2: 2p21, mutation in SIX3 homeobox gene


• HPE3: 7q36, mutation in SHH (sonic hedgehog) gene


• HPE4: 18p11.3, mutation in TGIF gene


• HPE5: 13q32, mutation in ZIC2 (zinc finger-containing transcription factor) gene


• HPE6: mapped to 2q37


• HPE7: mapped to 19q22.3


• HPE8: mapped to 14q13


• HPE9: mapped to 2q14.2.
























ALOBAR HOLOPROSENCEPHALY





MACROSCOPIC APPEARANCES


Alobar holoprosencephaly (Figs 3.32–3.37) is the severest form and is characterized by:
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3.32 Alobar holoprosencephaly.
(a) Viewed from below, the small single fused holosphere is helmet shaped with minimal gyration, absent olfactory structures, and anomalous cerebral arteries, which run in shallow gutters. Although the hindbrain is relatively well preserved, overall there is marked microcephaly and the total brain weight is 150 g at 18 months. (b) Lifting the holosphere forwards allows a view from behind into the single ventricular cavity. Around its margin runs the hippocampus in a complete arch, while in the floor are fused basal ganglia and thalami. Just behind them is the quadrigeminal plate with the pineal and entrance to the aqueduct. Note the tattered remnant of the roof membrane at the lateral posterior edge of the holosphere. (c) A coronal section through the holosphere shows marked hydrocephaly, thin pallium, and fused thalami.
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3.33 Alobar holoprosencephaly.
In all cases there is severe microcephaly, but the shape of the forebrain varies. (a) A globular holosphere viewed from below, and (b) viewed from behind, has only a small posterior membrane. (c) Coronal sections reveal the single forebrain and fused basal ganglia, but the ventricular cavity here is not dilated.
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3.34 Alobar holoprosencephaly.
Viewed in situ within the skull the delicate cyst that covers the caudal part of the holosphere is well demonstrated.
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3.35 Alobar holoprosencephaly in 17-week-old fetuses.
(a) An inferior view of a horseshoe holosphere with olfactory aplasia and aberrant vessels radiating across the orbital surface. (b) A similar case seen from behind and photographed in water so that the cystic roof membrane billows out.
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3.36 Alobar holoprosencephaly.
There is extreme microcephaly in some fetal examples. (a) Tiny pancake-shaped forebrain viewed from below. (b) Tiny pancake-shaped forebrain viewed from behind. (c,d) An exceptionally hypoplastic brain for comparison with (a) and (b). (c) Viewed in situ within the skull. (d) Viewed as a fixed specimen: the minute prosencephalon is only a narrow rostral mass of tissue apparently lacking a ventricular cavity and caudal cyst, its connection to the basal ganglia and fused thalamus being only a thin ventrally situated bridge. (e,f)Microscopic coronal sections through the central part of the specimen reveal bilateral hippocampi and lateral ventricular horns (e) opening into a cystic space lined by ependyma. (f) Note the fused midline thalamus and dorsolateral striata.
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3.37 Cortical dysplasias encountered in holoprosencephaly at microscopy.
(a) Status verrucosus. (b) A four-layer cortex with segregation of the superficial layers. (c) Thick cords of neurons running across the pallium. (d) Similar cords as in (c) associated with deeply placed acellular zones or glomeruli.








[image: image] A very small brain, monoventricular and undivided into hemispheres.


[image: image] A globular or flattened holosphere with a bizarre convolutional pattern and no interhemispheric fissure, gyri recti, or olfactory structures.






The horseshoe-shaped dorsal surface of the holosphere continues posteriorly as a delicate membranous roof to the single ventricle, which attaches distally to the tentorium. A cavity is thus formed, which may be small or balloon into a dorsal cyst. In the floor of the ventricle are fused basal ganglia and thalami, from the lateral edges of which the hippocampus makes a continuous arch around the ventricle and attaches to the roof membrane. Corpus callosum and septum are absent. Holospheric white matter is minimal.


Craniofacial malformations are associated with alobar holoprosencephaly (Fig. 3.38). The face tends to predict the brain, particularly midfacial hypoplasia. The severest is cyclopia with fused orbits and eyes. Other anomalies include a proboscis (ethmocephaly), absent jaw (agnathia), fused ears (synotia, otocephaly), flat nose with a single nostril (cebocephaly), microphthalmia, hypotelorism, and occasionally hypertelorism.


Skeletal anomalies include a short narrow skull base, absent crista galli and lamina cribrosa, absent or shallow sella, and variable hypoplasia of nasal bones. The falx and sagittal sinus are also usually missing.









MICROSCOPIC APPEARANCES


There is histologic evidence of:





[image: image] Neocortical hypoplasia with a relative lack of prefrontal association cortex and excessive allocortex.


[image: image] Cortical disorganization or disturbed neuronal migration such as polymicrogyria, superficial cortical segmentation, prominent perpendicular cords of cells, and more deeply placed aneuronal neuropilic glomerular structures.






The anterior part of the circle of Willis is anomalous. The anterior and middle cerebral arteries are replaced by forward directed branches of one or both internal carotids. Large choroidal arteries supply the dorsal cyst.












SEMILOBAR HOLOPROSENCEPHALY


This lesion is intermediate between the alobar and lobar forms (Fig. 3.39). There are mild microcephaly, a partly formed shallow interhemispheric fissure, and some lobar structure with rudimentary temporal and occipital horns but continuity of the cortex across the midline. Olfactory structures are usually absent.
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3.39 Semilobar holoprosencephaly.
(a) Superior view of brain within the skull showing anterior fusion and anomalous gyral pattern. (b) The fixed specimen viewed from below showing rudimentary temporal lobes. (c) In coronal sections there is a shallow interhemispheric fissure, but the cortical ribbon is continuous over the vertex and the orbital pallium is completely fused. (d) More posteriorly there is separation of the hemispheres.












LOBAR HOLOPROSENCEPHALY


Despite near-normal brain size, normal lobe formation, and separated hemispheres, the cerebral cortex is continuous across the midline, at the frontal pole, or in the orbital region, or above the callosum (cingulosynapsis) (Fig. 3.40).
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3.40 Lobar holoprosencephaly.
(a) There is gyral fusion over the central part of the hemispheres. (b) In coronal sections the cingulate cortex runs continuously across the midline over the corpus callosum (cingulosynapsis). Slung beneath the callosum is a nodular gray heterotopia. (c) Further back the hemispheres remain incompletely separated. A continuous parietal cerebral wall and no sagittal fissure are evident superiorly. The occipital horns and temporal lobes are quite distinct. (d) Cingulosynapsis in fetal brain. The fused cingulate cortex is thin and looped, reminiscent of polymicrogyria. (e) Close-up view of the polymicrogyric fused cingulum.





Olfactory bulbs and callosum may be absent or hypoplastic. Heterotopic gray matter may be found in the ventricular roof.









OLFACTORY APLASIA


This is characterized by absent olfactory bulbs, tracts, trigone, and anterior perforated substance and is associated with anomalous cortical convolutions and an absent gyrus rectus (Fig. 3.41). Olfactory aplasia is usually an incidental postmortem finding or associated with holoprosencephaly, callosal agenesis, septo-optic dysplasia, or Kallmann or Meckel syndrome. It is usually bilateral. Unilateral absence is exceptional.
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3.41 Olfactory aplasia.
(a) Bilateral absence of olfactory bulbs and tracts. There is an anomalous orbital convolutional pattern, lacking gyri recti. (b) An extremely rare example of right unilateral olfactory aplasia. Compare the abnormal gyral pattern on the right side of the brain with the normal left side, which includes the proximal part of the olfactory tract (arrow).












ATELENCEPHALY AND APROSENCEPHALY


These rare syndromes manifest as microcephaly (Fig. 3.42) and show features common to both anencephaly and holoprosencephaly.
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3.42 Atelencephaly in a 9-month-old infant.
(a) Viewed from below. There is extreme microcephaly (total brain weight 95 g). The tiny uncleaved globular forebrain shows olfactory aplasia, but includes a myelinated optic chiasm. (b) When the forebrain is bisected coronally there are few distinguishing features, no visible ventricular cavity, and only a dorsal arch of myelinated fibers. (c,d) Histologic sections of the forebrain at low magnification suggest a symmetric organization, confirm the presence of myelinated fibers, and show a thin undulating cortex over the vertex, and a gliomesodermal thickening of the basal leptomeninges. (e) Histology also shows a midline raphe containing small calcospherites and tiny ependymal tubules. (f) A more laterally placed line of ependymal tubules is seen here, which may represent an abortive attempt to produce a ventricle. (g) The looped four-layer cortical ribbon is reminiscent of polymicrogyria.









MACROSCOPIC AND MICROSCOPIC APPEARANCES






Atelencephaly


The cerebral cortex, basal ganglia, and ventricles are virtually absent, but, unlike in anencephaly, there is an intact calvarium sloping sharply to a pointed vertex. There is a tiny globular or multinodular brain remnant rimmed by a thick leptomeningeal gliomesodermal proliferation.


Histologically, atelencephaly is characterized by disorganized gray and white matter with calcifications, ependyma-lined tubules, and a looped polymicrogyric cortex.












MACROSCOPIC AND MICROSCOPIC APPEARANCES






Aprosencephaly


In addition to the features of atelencephaly, aprosencephaly is also characterized by involvement of diencephalic structures, the eyes, optic nerves, mamillary bodies, hypothalamus, and hypophysis. The hindbrain is largely preserved. Facial dysmorphism resembles that found in holoprosencephaly.















AGENESIS OF THE CORPUS CALLOSUM


Agenesis of the corpus callosum may be:





[image: image] Total or partial (e.g. missing only the splenium).


[image: image] Isolated or combined with other malformations (e.g. holoprosencephaly).










MACROSCOPIC AND MICROSCOPIC APPEARANCES





[image: image] AGENESIS OF THE CORPUS CALLOSUM








[image: image] Occurs either sporadically or as a familial disorder.


[image: image] An important feature of several well-defined syndromes including the X-linked dominant Aicardi syndrome (i.e. infantile spasms, chorioretinopathy and depigmented lacunae, mental retardation, vertebral anomalies, polymicrogyria, and cerebral heterotopias), the autosomal recessive Andermann syndrome (i.e. sensorimotor neuropathy and dysmorphic features), acrocallosal syndrome (i.e. polydactyly, macrocephaly, and mental retardation), Meckel syndrome, and hydrolethalus syndrome.


[image: image] May be entirely asymptomatic or produce subtle perceptual deficits if an isolated anomaly; otherwise clinical signs depend on the associated malformations.
















[image: image] ETIOLOGY OF AGENESIS OF THE CORPUS CALLOSUM








[image: image] The presence of a longitudinal bundle suggests the involvement of misdirected callosal fibers.


[image: image] The importance of a glial sling to guide the growing callosal fibers across the midline has been demonstrated in genetically acallosal mice and by experimentally interfering with the normal embryologic structure.


[image: image] The involvement of a mechanical defect is supported by the interposition of hamartomas and lipomas in some cases. The differentiation of these tissue rests may obstruct normal callosal outgrowth.













If the callosum is deficient, the cingulate gyrus is also deficient. A radiating gyral pattern forms the medial surface of the cerebral hemisphere. The lateral ventricles have a membranous roof with upturned pointed corners, and a large longitudinal myelinated fiber bundle (of Probst) is present laterally. The membranous roof of the (usually distended) third ventricle bulges into the interhemispheric fissure, displacing the fornices laterally from where the widely separated leaves of the septum incline laterally towards the Probst bundles (Figs 3.43–3.45). The occipital horns are often markedly dilated. The anterior commissure is variably present, the posterior commissure is always present, and the psalterium is never present.
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3.43 Agenesis of the corpus callosum in a 3-month-old child with maple syrup urine disease.
(a) Medial aspect of the hemisphere. The callosum and cingulum are absent, and an irregular arrangement of gyri surrounds the ventricle. (b) Frontal coronal sections show the absence of the corpus callosum and anterior commissure. The lateral angles of the lateral ventricles point upwards. There appears to be no septum pellucidum in the midline, but the leaves of the septum are swept laterally to cover the fornices and the bundles of Probst (arrow), which bulge into the medial walls of the frontal horns.
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3.44 Agenesis of the corpus callosum.
(a) Medial aspect of the hemisphere showing replacement of the cingulate gyrus by radiating gyri. (b) In coronal sections, the myelinated Probst bundles of misdirected callosal fibers are prominent (arrow), and the frontal horn has a characteristic bat-wing appearance.
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3.45 Agenesis of the corpus callosum in a 16-week-old fetus.
(a) The delicate membrane roofing the third ventricle balloons upward when placed in water. (b) The membrane has two layers: fibrovascular and ependymal.





Callosal anomalies are rarely associated with a midline mass (e.g. cyst, meningioma, hamartoma, lipoma) (Figs 3.46, 3.47). There is a high incidence of associated visceral and cerebral anomalies, especially hydrocephalus, and rhinencephalic and migration defects.
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3.46 Partial agenesis of the corpus callosum associated with a lipoma.
(a) At the level of the anterior commissure the well-formed callosum is covered on its dorsal surface by a yellow lipoma. (b) At midthalamic level the callosum is discontinuous, the gap being filled by lipoma. Small longitudinal bundles of Probst can be seen (arrow). (Courtesy of Dr C Torre, Rome, and Professor F Scaravilli, Institute of Neurology, London.)
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3.47 Callosal agenesis associated with a unilateral mass lesion.
(a) The left hemisphere is disorganized by massive gray heterotopias so no interhemispheric fibers have formed, while the relatively well-formed right hemisphere has a longitudinal Probst bundle. (b) In this 27-week-old fetus a large hamartoma disrupts the left hemisphere. (c) The otherwise normal right hemisphere has a Probst bundle (arrow). (Kindly referred by Dr Jeanne Bell, Edinburgh.)















ANOMALIES OF THE SEPTUM PELLUCIDUM


Primary agenesis of the septum pellucidum may be an isolated malformation or occur as part of a complex syndrome. Secondary destruction occurs with inflammation, hydrocephalus, or porencephaly, and produces a fenestrated septum or small remaining fragments.









SEPTO-OPTIC DYSPLASIA


Septo-optic dysplasia (Fig. 3.48) is the clinical triad of:
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3.48 Septo-optic dysplasia.
(a) Olfactory aplasia and hypoplastic optic nerves. (b) Close-up of the thin gray optic nerves (arrow). (c) Coronal section showing absent septum pellucidum and thin callosum with a smooth ventricular surface.








[image: image] Optic hypoplasia.


[image: image] Septal aplasia.


[image: image] Hypopituitarism.






The etiology is unknown, though there is a report of septo-optic dysplasia and semilobar holoprosencephaly following maternal first trimester alcohol abuse. One of the three prime features may occasionally be absent, notably the septal aplasia.






MACROSCOPIC AND MICROSCOPIC APPEARANCES


The main neuropathologic features of septo-optic dysplasia are:





[image: image] Optic nerve and lateral geniculate hypoplasia.


[image: image] Dysplasia of hypothalamic nuclei.


[image: image] Olfactory aplasia.






Other features that are sometimes seen are posterior pituitary hypoplasia, cerebral heterotopias, polymicrogyria, and cerebellar dysplasias.












CAVUM SEPTI PELLUCIDI AND CAVUM VERGAE


Cavum septi pellucidi (Fig. 3.49) and cavum vergae are rostral and caudal cavities, respectively, bounded above by the corpus callosum and laterally by the two leaves of the septum pellucidum and the fornices. They are normally present in fetal life and usually obliterated by term. A cavum septi pellucidi is seen in 20% of brains at necropsy with or without a cavum vergae. Glial tissue lines the cavity, which may contain macrophages.
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3.49 A large cavum septi pellucidi.
The cavity (arrow) is enclosed by the corpus callosum above, and the septi pellucidi and fornices on either side.















MALFORMATIONS OF CORTICAL DEVELOPMENT


Our current classification of this huge and diverse group of disorders combines descriptive morphology with genetic analysis; a given phenotype may result from several genetic, chromosomal or non-genetic causes while different mutations in a given gene result in different phenotypes. Figure 3.50 presents a simplified summary of our rapidly expanding understanding of the developmental biology of primordial cerebral cortex. New concepts of molecular pathogenesis obtained from animal models and human genetic disorders will revolutionize and modify our approach to this complex field.
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3.50 Development of the cerebral cortex.
(a) Coronal view of the embryonic forebrain. The cortical neuroepithelium (Ctx, green) gives rise to the excitatory pyramidal projection neurons which migrate radially. In contrast, inhibitory interneurons derive mainly from the medial ganglionic eminence (MGE, red) and lateral ganglionic eminence (LGE, orange). First, they migrate non-radially and, after entering the cortical plate, migrate radially. (b) The boxed area of cortex in (a) is expanded to illustrate sequential migration of projection neurons in the pallium. Progenitor cells proliferate (brown nuclei) in the ventricular zone (VZ) and subventricular zone (SVG) producing new neuroblasts which migrate through the intermediate zone (IZ) into the cortical plate (CP) utilizing the support of the long processes of the radial glial cells (RGC) which also have properties of neural stem cells. Neuronal identity and laminar fate are specified before migration, the earliest born neurons travel the least to settle in the deepest cortical layer, while later born cells migrate past existing cells settling in progressively more superficial layers. There is also evidence that interneurons derived from the ganglionic eminence follow a similar inside-out temporal sequence. (Modified from Hevner RF. Layer-specific markers as probes for neuron type identity in human neocortex and malformations of cortical development. J Neuropath Exp Neurol 2007; 66(2):101–109.)









AGYRIA AND PACHYGYRIA


A summary of normal gyral development is given in Figure 3.51. Agyria and pachygyria refer to an absence of gyri and sulci, or reduced numbers of broadened convolutions, respectively, associated both macroscopically and microscopically with a thickened cortical ribbon (Figs 3.52, 3.53 and see Fig. 3.57).
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3.51 Development of the gyral patterns of the brain.
1, intrahemispheric fissure; 2, transverse cerebral fissure; 3, sylvian fissure; 4, callosal sulcus; 5, parieto-occipital fissure; 6, calcarine sulcus; 7, olfactory sulcus; 8, central sulcus; 9, precentral sulcus; 10, postcentral sulcus; 11, superior temporal sulcus; 12, lateral sulcus; 13, cingulate sulcus; 14, superior frontal sulcus; 15, supra-marginal gyrus; 16, angular gyrus; 17, superior occipital gyrus; 18, inferior occipital gyrus; 19, inferior temporal sulcus; 20, inferior frontal sulcus.
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3.52 Agyria in a case of Miller–Dieker syndrome.
(a) Over the vertex the cortical surface is almost completely smooth. (b) Lateral view of the left hemisphere showing a lack of all sulci except the sylvian fissure. (c) Coronal section of the frontal lobe. The cortical surface is smooth and the ribbon greatly thickened, while the greatly reduced white matter contains a large heterotopia. (d) Coronal section of the occipital lobe showing agyria and periventricular gray matter heterotopia. (e) Section of the frontal lobe stained with Luxol fast blue/cresyl violet. The cortex is extremely thick. Heterotopic gray matter bulges into the ventricular lumen. (f) Horizontal section of one side of the medulla showing several islands of heterotopic olivary tissue stranded between the inferior cerebellar peduncle and the dysplastic inferior olivary nucleus (arrow). (g) Typical facies with microcephaly, bitemporal hollowing, high forehead, broad nasal bridge and upturned nares, thin upper lip, and micrognathia. Deletion of 17p resulted from a ring chromosome.
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3.53 There is a continuous spectrum from agyria to pachygyria.
(a) Shallow cingulate and temporal gyri in a 4-year-old microcephalic boy presenting with infantile spasms. (b) Marked microcephaly (500 g brain at 8 months). Much of the vertex appears quite smooth. (c) In coronal sections of (b) there are cingulate and temporal gyri and a narrow Sylvian fissure, but the insula is poorly formed. Note the very thick cortex, attenuated white matter and corpus callosum, and periventricular heterotopic gray matter.








[image: image] THE SMOOTH BRAIN


Various synonyms are used in clinical radiologic and pathologic practice when referring to the macroscopic appearances of a smooth brain:





[image: image] For almost completely smooth or unconvoluted brains – agyria or lissencephaly.


[image: image] For reduced numbers of coarse or widened convolutions – macrogyria or pachygyria.






Various histologic patterns may be encountered in macroscopically smooth or poorly convoluted cortex:





[image: image] Agyria or pachygyria with or without four layers (lissencephaly type I).


[image: image] Cerebro-ocular dysplasia (lissencephaly type II).


[image: image] Polymicrogyria (unlayered or four-layered).


[image: image] Cortical dysplasia with cytomegaly – localized, multifocal, or hemimegalencephalic (accurate diagnosis requires microscopic examination).

















MACROSCOPIC APPEARANCES


The skull vault is small, misshapen, and thickened. Brain weight is usually low, and very occasionally heavy. A markedly thickened cortical ribbon is associated with reduced white matter (see Fig. 3.52). Pachygyria is occasionally combined with polymicrogyria. The claustrum and extreme capsule are absent. Lateral ventricles are dilated and often associated with periventricular nodular heterotopia.









MICROSCOPIC APPEARANCES


The most characteristic histological appearance is a four-layer cortex (Fig. 3.54):
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3.54 A four-layer cortex in agyria or pachygyria (lissencephaly type I).
(a) A narrow band of faintly stained myelinated fibers indicates the third layer sandwiched between outer and inner gray laminae, the latter sending thick plumes into the thin underlying white matter, which also contains nodular heterotopias. (b) Close-up of the four-layer cortex showing the molecular layer, outer neuronal layer, paucicellular layer with myelin, and inner gray layer. (c) The deeply placed columns of the innermost layer and heterotopic nodules.








[image: image] Molecular layer.


[image: image] Thin, external neuronal layer.


[image: image] Sparsely cellular layer with a tangential myelin fiber plexus.


[image: image] A thick, inner neuronal layer (Fig. 3.54c), which splits in its deeper zone into columns of cells (lissencephaly type I).


[image: image] Posterior–anterior gradient of severity in LIS-I cases (Fig. 3.55).
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3.55 Genotype-phenotype correlation in lissencephaly.
Neuroimaging and detailed neuropathology have shown subtle topographic and organizational differences between the various genetic lissencephalies. Layer I, Cajal–Retzius neurons = green; layer II, small granule cells = yellow; layer III, small pyramidal cells = blue; layer IV, small granule cells = red; layer V, large pyramidal neurons = orange; layer VI, fusiform cells = purple. (Adapted from Forman MS, Squier W, Dobyns WB, et al. Genotypically defined lissencephalies show distinct pathologies. J Neuropathol Exp Neurol 2005; 64:847–857.)





[image: image] Anterior–posterior gradient of severity in DCX cases.






Other examples have 2, 3 or multiple layers (Figs 3.56, 3.57).
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3.56 Lissencephaly with ARX mutation.
(a-d) The thick cortex has three layers, the superficial molecular layer I is hypercellular; layer II comprises small-medium size neurons, and layer III is a very thick layer including pyramidal cells of various sizes.
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3.57 Pachygyria without a four-layer cortex.
Not all examples of pachygyria are four-layered. (a) Marked brachycephaly and simplified broad convolutions in a term neonate. (b) Histologically, there are two hypocellular laminae resulting in a remarkable multilayered appearance.





Variants may lack lamination or have a more complex horizontal organization.


Associated findings include olivary heterotopia (see Fig. 3.51), and hypoplastic pyramidal tracts. Less common associations are: dentate dysplasia, cerebellar heterotopia and granule cell ectopia.





[image: image] AGYRIA AND PACHYGYRIA








[image: image] Agyria and pachygyria are characterized clinically by the lissencephaly sequence of microcephaly, bitemporal hollowing, a small jaw, diminished spontaneous activity, profound mental and motor retardation, feeding problems, early hypotonia, late hypertonia, and epilepsy.


[image: image] These malformations occur either sporadically or as familial disorders.


[image: image] There are several associated syndromes including Miller–Dieker syndrome (the best known) in which >90% of patients with the syndrome have a visible or submicroscopic deletion in a critical 350 kb region of chromosome 17p13.3 (LIS-1) (Table 3.1).


[image: image] Other rarer autosomal recessive forms of agyria are characterized by slightly different dysmorphology, severe microcephaly, and a thick cortex with variable lamination.


[image: image] There is also overlap with laminar heterotopia.















Table 3.1


Genes and lissencephaly type I






	Malformation

	Gene

	Locus






	Lissencephaly (XL, AD)

	

	






	X-linked lissencephaly with abnormal genitalia

	ARX

	Xp22.1






	Isolated lissencephaly sequence (ILS) or subcortical band heterotopia (SBH)

	DCX

	Xq22.3-q23






	ILS or SBH

	TUBA1A

	12q13.12






	ILS or SBH

	LIS1

	17p13.3






	Miller–Dieker syndrome

	LIS1 + YWHAE

	17p13.3






	Lissencephaly (AR)

	

	






	Lissencephaly with cerebellar hypoplasia (LCH)

	RELN

	7q22.1






	LCH

	VLDLR

	9p24.2













[image: image] PATHOGENESIS OF LISSENCEPHALY TYPE I








[image: image] There is defective neuronal migration, both radial and tangential.


[image: image] DCX and LIS1 associate with the microtubule network, and LIS1 is in the regulatory pathway for dynein a microtubule motor protein.


[image: image] During neuroblast migration the centrosome initiates movement of the nucleus, the two being coupled by DCX and LIS1 among other proteins.


[image: image] TUBA1A is associated with disruption of microtubule dynamics.


[image: image] ARX is a tangential migration defect leading to a cortex without inhibitory interneurons.
















[image: image] CEREBRO-OCULAR DYSPLASIA SYNDROMES








[image: image] Walker–Warburg or HARD + E (hydrocephalus, agyria, retinal dysplasia plus encephalocele) syndrome is characterized by profound psychomotor retardation, hydrocephalus from birth, ocular anomalies (e.g. central corneal opacity, abnormalities of the iris, cataract, retinal detachment, retinal dysplasia), developmental defects, and death in infancy.


[image: image] Cerebro-ocular dysplasia–muscular dystrophy syndrome (COD–MD) produces similar manifestations to Walker–Warburg syndrome, plus electrophysiologic evidence of myopathy, and rising creatine phosphokinase (CPK) concentrations.


[image: image] Muscle–eye–brain disease is a further variant with a milder phenotype.


[image: image] In Fukuyama congenital muscular dystrophy cerebral malformations are less severe, and comprise microcephaly, extensive unlayered polymicrogyria, and small areas of type II lissencephaly. It is the commonest form of congenital muscular dystrophy in Japan.























CEREBRO-OCULAR DYSPLASIAS


Cerebro-ocular dysplasias show a distinct histologic form of cerebral cortical thickening and dysplasia (lissencephaly type II or cobblestone cortex). They occur in several rare overlapping autosomal recessive familial syndromes that combine complex cerebral and ocular malformations and muscular dystrophy. Six genetic defects (Table 3.2) have been reported, associated with proven or putative glycosyltransferases, and resulting in hypoglycosylation of α-dystroglycan, and a secondary reduction in laminin α-2.




Table 3.2


Genes and lissencephaly type II


[image: image]









MACROSCOPIC APPEARANCES


The Walker–Warburg syndrome is probably the best studied. An occipital meningocele or encephalocele is common. The cerebral hemispheres are usually enlarged, but occasionally small, and have a smooth surface that lacks convolutions and is covered by adherent thick white leptomeninges (Figs 3.58, 3.59). A cobblestone surface described on imaging is very occasionally observed. Fusion of the medial surfaces of the frontal lobes, olfactory aplasia or hypoplasia, thin optic nerves and optic chiasm, small flattened cerebellar hemispheres with a coarsely nodular surface, and a small or absent vermis are sometimes found. A massive hydrocephalus throughout the ventricular system and a thin corpus callosum are evident.
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3.58 Cerebro-ocular dysplasia in an 18-week-old fetus.
(a) Completely smooth lateral surface of the left cerebral hemisphere. (b) Microscopy of an occipital coronal section showing massive ventriculomegaly and lissencephalic cortex with deeply placed gray islands. (c) In another fetus of 18 weeks’ gestation, this deeply placed gray matter is particularly prominent. (d) At higher magnification, there is obliteration of the subarachnoid space with gliomesodermal tissue and a thickened patch-like cortex. Parallel with the surface is a linear array of gray nodules.
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[image: image]


3.59 Cerebro-ocular dysplasia (lissencephaly type II; Walker–Warburg syndrome) in a 6-week-old infant.
(a) The vertex of the brain is smooth and white, having no convolutions and very thickened leptomeninges. (b) Section at thalamic level compared with an age-matched normal control below, showing ventriculomegaly and a shallow interhemispheric fissure, beneath which the medial surfaces are fused. Although the cortex is abnormally thick, it is pale and difficult to distinguish from white matter. (c) Low power microscopy of the frontal lobe shows the irregularly thickened, unlaminated cortex and an archipelago of deeply placed islands of gray matter laterally. (d) The cortical ribbon on the medial parts of the frontal lobes is thin, undulating, and fused, reminiscent of polymicrogyria. (e) The typical histology of lissencephaly type II is of obliterated subarachnoid space and thickened disorganized cortex. (f) In places the thickened disorganized cortex is thrown into waves. (g) The hypoplastic midbrain, with the tectum above and nigra below, is surrounded by a thick collar of gliomesodermal tissue. There is a rest of neuroblasts dorsal to the aqueduct and the cerebral peduncles appear to be absent, but heterotopic bundles are situated dorsolaterally (arrows). (h) Horizontal section of the dysplastic cerebellum and pons below compared with a normal control above. The vermis is absent and normal folial structure is obliterated by extensive cortical dysplasia (see Fig. 3.100a,b).












MICROSCOPIC APPEARANCES


Mesodermal proliferation containing prominent glioneuronal heterotopia produces thickened leptomeninges and obliterates the subarachnoid space. A thickened and disorganized cortical ribbon is divided by centripetal fibrovascular septa into irregular neuronal clusters, which sometimes have a wave-like arrangement. The cortical ribbon is separated by a narrow hypocellular zone with thin-walled blood vessels from an inner layer or archipelago of gray matter islands. Cortex on the medial aspects of the hemispheres is often thin and undulating, reminiscent of polymicrogyria.


Cerebellar cortical dysplasia is associated with numerous heterotopias in the white matter, and dysplastic dentate nuclei. A hypoplastic brain stem is invested with a thick cuirass of fibrous and glial tissue, especially over the midbrain. The pyramidal tracts are absent or misdirected and the inferior olives dysplastic. Dystrophic muscle shows fiber degeneration and regeneration, fibrosis and inflammatory infiltrates.





[image: image] PATHOGENESIS OF CEREBRO-OCULAR DYSPLASIA








[image: image] Abnormal gene products are involved in O-linked glycosylation of α-dystroglycan


[image: image] In skeletal muscle, α-dystroglycan links cytoskeletal actin to the extracellular matrix as part of the protein complex maintaining the sarcolemma.


[image: image] In the brain, there is failure of the glial-pial limitans and overmigration beyond the normal cortical plate.























NEU–LAXOVA SYNDROME


This is a rare lethal autosomal recessive syndrome with a normal karyotype producing severe intrauterine growth retardation, microcephaly, grotesque facies, limb flexion deformities, and skin dysplasia (Fig. 3.60).
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3.60 Neu–Laxova syndrome in a 32-week gestation fetus.
(a) Note the grotesque facies, microcephaly, prematurely closed fontanelles, hypertelorism, short neck, and protuberant orbits. (b) Coronal sections show simplified tiny hemispheres. (c) Microscopically, the cortex is thin, immature, and shows status verrucosus. (Courtesy of Dr Antoinette Gelot, Paris, France.)









MACROSCOPIC AND MICROSCOPIC APPEARANCES


The pathology consists of extreme microcephaly, lissencephaly, agenesis of the corpus callosum, and cerebellar hypoplasia. There are preliminary reports of polymicrogyria, growth failure of cortical neurons, and excessive cell death in the ventricular matrix zone.












POLYMICROGYRIA


Polymicrogyria is characterized by a hyperconvoluted cortical ribbon of miniature, individually thin gyri, which are often fused together or piled on top of one another.






MACROSCOPIC APPEARANCES


The macrogyric cerebral surface is irregular, and has been likened to cobblestones (Fig. 3.61). Sections of the cerebrum reveal heaped up or submerged gyri that widen the cortical ribbon (Figs 3.62, 3.63). Polymicrogyria (Figs 3.64–3.69) may be:
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3.61 Polymicrogyric cortex has varied external macroscopic appearances.
Here are two (a,b) views of the frontal lobes showing a cobblestone surface.
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3.62 Zellweger syndrome.
This typically manifests with a combination of polymicrogyria and pachygyria. (a) The surface of the insula and neighboring frontal lobe is coarse and lacks convolutions, while more anteriorly the bumpy surface indicates polymicrogyria. (b) Low-power microscopy confirms pachygyria over the vertex and a narrower cortical ribbon with polymicrogyria laterally.
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3.63 Polymicrogyria in a surgically excised hemispherectomy specimen.
(a) Lateral view showing broad macrogyric convolutions and a relatively smooth surface. (b,c) Coronal slices at frontal and parietal levels showing an irregularly thickened cortical ribbon and buried gray matter. (d) Luxol fast blue/cresyl violet-stained section from the left-hand slice in (c) showing that the apparently thick cortex is composed of thin ribbons of fused gray matter and indented by complex branching fingers of the paucicellular molecular layer.
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3.64 Symmetric polymicrogyria.
Polymicrogyria is often symmetric. Here it involves the parietal and insular cortex.
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3.65 Unifocal polymicrogyria.
Polymicrogyria may be unilateral, and if focal can be clinically silent. This shows polymicrogyria limited to the right insula in an 18-month-old child who died following attempted surgical correction of Fallot’s tetralogy.
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3.66 Unilateral polymicrogyria in an asymmetrically small hemisphere.
Compare this with Fig. 3.67. (a) Coronal section. Compare the smaller hemisphere and abnormal cortical ribbon with the normal left side. (Courtesy of Dr M Carey, Birmingham.) (b) Microscopic section showing the branched and fused cortical ribbon and fingers of molecular layer.
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3.67 Unilateral polymicrogyria associated with hemimegalencephaly.
(a) Viewed from above the enlarged right hemisphere has broad coarse gyri. (b) A coronal section emphasizes the abnormality of frontal, insular, and temporal cortices.
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3.68 Familial examples of polymicrogyria.
These are rare. (a) Coronal slice showing microcephaly, macrogyria, white calcific concretions, and ventriculomegaly in one of two affected sisters. (b) Microscopy shows a four-layered looped polymicrogyric cortex containing numerous calcifications and covered by glioneuronal heterotopia.
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3.69 Acquired polymicrogyria.
(a) Unlayered polymicrogyria in a case of intra-uterine infection with cytomegalovirus (CMV). Note the centrally placed vessels in the branched cores of the ‘fingers’ of molecular layer. (b) CMV immunoreactive inclusion in the white matter. (c) Extensive cystic necrosis of the cortex in a case of serologically proven mid-trimester varicella–zoster infection. (d) Section from (c) showing four-layer polymicrogyria in the insula.








[image: image] widespread in one or both hemispheres


[image: image] bilateral and symmetric in a particular arterial territory (usually the middle cerebral artery)


[image: image] confined to the opercular region or depths of the insula


[image: image] around porencephalic or hydranencephalic defects


[image: image] focal in almost any neocortical area except the cingulate or striate cortex.









[image: image] POLYMICROGYRIA


Polymicrogyria manifests with varying degrees of neurologic disability depending upon the extent of the lesion, and:





[image: image] causes profound psychomotor retardation if there are extensive bilateral lesions and microcephaly


[image: image] causes spastic diplegia if there is centro-sylvian involvement resulting in hypoplastic pyramidal tracts


[image: image] can cause pseudobulbar palsy, mental retardation, a seizure disorder, or Foix–Chavany–Marie syndrome (facio-pharyngo-glossomasticatory diplegia with voluntary-automatic dissociation) if there is anterior opercular or peri-sylvian involvement


[image: image] may be asymptomatic if it is a focal lesion, particularly if this involves the insula.
















[image: image] ETIOLOGY OF POLYMICROGYRIA


Heterogeneous antecedents have been demonstrated.





[image: image] Polymicrogyria is acquired in the context of intrauterine ischemia (including encephaloclastic lesions), twinning, or intrauterine infection with cytomegalovirus, varicella–zoster virus, toxoplasmosis, or syphilis.


[image: image] Polymicrogyria occurs in rare inherited familial syndromes such as X-linked dominant Aicardi syndrome, and in a few autosomal recessive disorders.


[image: image] Polymicrogyria may be associated with metabolic diseases such as Pelizaeus–Merzbacher disease, glutaric acidemia type II, maple syrup urine disease, histidinemia, Leigh syndrome, and mitochondrial respiratory chain deficiency.


[image: image] Polymicrogyria occurs in peroxisomal disorders such as neonatal adrenoleukodystrophy and Zellweger syndrome.




















MICROSCOPIC APPEARANCES


The cortical gray matter is abnormally thin and excessively folded, there is fusion of adjacent gyri, and abnormal cortical lamination. The commonest subtype is unlayered (or 2-layered including the marginal/molecular layer) polymicrogyria. A thin unlayered undulating band of gray matter is interrupted by branching ‘fingers’ of paucicellular tissue that has central blood vessels and radiates out from the overlying molecular layer. A complex pseudoglandular or map-like pattern of irregular neuronal clusters and cell-free zones is produced by the branching and fusing of the molecular layer.


A rarer subtype is four-layer polymicrogyria, which consists of a molecular layer and two layers of neurons sandwiching a paucicellular zone of myelinated fibers. The cortical ribbon is thin and undulating. Both types of polymicrogyria may coexist. Still rarer is an undulating 6-layered form.


Associated features include glioneuronal leptomeningeal heterotopia and nodular heterotopia. Polymicrogyria is sometimes combined with pachygyria.





[image: image] PATHOGENESIS OF POLYMICROGYRIA








[image: image] The topography, bilateral symmetry, frequency of middle cerebral artery distribution, juxtaposition to porencephaly, and clinical data suggest a hypoxic–ischemic pathogenesis or transient intrauterine perfusion failure.


[image: image] Clinical reports of antecedent catastrophic intrauterine events have led to an estimation that polymicrogyria develops in the fourth to fifth gestational months.


[image: image] There are direct observations of the disorder in fetuses of 17–22 weeks’ gestation, but ages of deceased co-twins suggest that the onset could be as early as the third to fourth month, implying interference with the later stages of neuronal migration.


[image: image] Initial studies with laminar markers have demonstrated normal laminar positioning, implying a failure of post-migrational organization.


[image: image] Rare X-linked, autosomal dominant and autosomal recessive inheritance is described.


[image: image] Autosomal recessive pseudo-TORCH syndrome with microcephaly, polymicrogyria and band-like calcification has been linked to mutation at 5q13 and defects in the OCLN gene.























CHONDRODYSPLASIAS


Cortical malformations are prominent features in some chondrodysplasias:





[image: image] In lethal thanatophoric dwarfism (Fig. 3.70), abnormally protuberant broad gyri in the temporal lobes show polymicrogyria, leptomeningeal glioneuronal heterotopia, and complete disorganization of Ammon’s horns.
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3.70 Thanatophoric dwarfism in a 20-week-old fetus.
(a) Lateral aspect of the right hemisphere showing an abnormally large and hyperconvoluted temporal lobe. (b) Medial aspect of the right hemisphere.





[image: image] In short-rib polydactyly syndrome (Fig. 3.71), there is an extremely bizarre convolutional pattern of deep clefts and disorganized cerebral mantle.
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3.71 Short-rib polydactyly in an 18-week-old fetus.
(a) Superior view of the excessively heavy and precociously convoluted hemispheres. (b) Lateral view of the left cerebrum showing irregular deep clefts instead of the smooth outline expected at this age. (c) A cresyl violet-stained section of the hemisphere emphasizes the excessive and precocious gyral formation. (d) Close-up view of the bizarre cortical dysplasia.
















NEURONAL HETEROTOPIAS WITHIN CEREBRAL WHITE MATTER


Heterotopic neurons in the cerebral white matter may be diffusely scattered, clustered into nodules, or grouped in large masses.









DIFFUSE NEURONAL HETEROTOPIA


Diffuse neuronal heterotopia occurs in some epileptic patients (see Microdysgenesis, below) and is occasionally a principal finding in early myoclonic epilepsy. It is characterized by the presence of many haphazardly scattered neurons in gyral and central white matter and may be associated with other cerebral malformations (Fig. 3.72). Note that occasional neurons are a normal finding in the cerebral white matter, particularly in the anterior temporal region.
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3.72 Diffuse gray matter heterotopia.
There are shoals of rather fusiform neurons in the white matter of a 4-month-old girl who presented with megalencephaly (brain weight 900 g) and intractable seizures.












NODULAR HETEROTOPIA


Nodules of heterotopic neurons are most often situated in the wall of the lateral ventricle and bulge into its cavity, but are also found in gyral cores and the centrum semiovale. Heterotopias may be single or multiple, varying from small discrete neuronal clusters to large conglomerates, or may occur as irregular serpiginous bands (Figs 3.73, 3.74). Nodular heterotopias may be incidental findings, but in necropsy series are often associated with microcephaly or extensive CNS malformations, including megalencephaly.
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3.73 Subependymal nodular gray heterotopia.
(a) In a female with longstanding epilepsy, heterotopic gray matter protrudes into the frontal horns. (Courtesy of Professor F Scaravilli, Institute of Neurology, London.) (b) Subependymal nodular heterotopia in the temporal horns was an incidental finding in a 5-year-old boy who died of pneumococcal meningitis. (c) Occipital lobes in the same case as Fig. 3.92. Heterotopic gray matter surrounds the occipital horns. (d) Histology of the case shown in Fig. 3.92. The inferior part of the temporal lobe shows nodular intracerebral and subependymal heterotopias between the polymicrogyric cortex and ventricle.
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3.74 Heterotopias showing elementary organization.
(a) Coronal section through the fused frontal lobes of a case of occipital encephalocele and arhinencephaly showing a serpiginous band of heterotopic gray matter. (b) Close-up view of the folded plate of heterotopic gray matter. (c) In these heterotopias a concentric arrangement of neurons around a central cell-poor zone suggests primitive cortical organization. (d) High-power view of a heterotopic nodule which shows a degree of laminar organization.





Histologically, heterotopias vary from simple collections of neurons of random size and orientation to an arrangement resembling cortical lamination.





[image: image] NEURONAL HETEROTOPIA








[image: image] Neuronal heterotopia may be evident in peroxisomal, mitochondrial, and chromosomal disorders, in certain dysmorphic syndromes, and familial nephrotic syndrome.


[image: image] A sub-population of epileptic subjects with normal development and intelligence and an overwhelming female predominance has subependymal nodular heterotopias around the trigones and occipital horns on magnetic resonance imaging (MRI).


[image: image] Familial subependymal heterotopia is rare and found usually in females, suggesting an X-linked dominant inheritance with prenatal lethality in hemizygous males. Very rare male offspring have presented with polymicrogyria.
















[image: image] ETIOLOGY OF NEURONAL HETEROTOPIA








[image: image] Neuronal heterotopia is reported to follow certain fetal insults such as sustained maternal hyperthermia, methylmercury poisoning, radiation from the atomic bomb, and experimental X-irradiation of rats.


[image: image] Heterotopias contain neurons of various types, consistent with differing generation times in the germinal zone and suggesting a fundamental fault in the migratory process or an early focal insult to the germinal zone.


[image: image] X-linked subependymal heterotopia has been mapped to Xq28, involving filamin1, which affects actin reorganization, cell locomotion, and therefore cell migration.


[image: image] Other implicated genes include ADP-ribosylation factor guanine exchange factor 2 (ARFGEF2) in man, and Mekk4 and Napa in mice.




















LAMINAR HETEROTOPIA





MACROSCOPIC APPEARANCES


The brain surface has a normal convolutional pattern, but in coronal slices there are bilateral, symmetric foci of heterotopic gray matter, arranged in extensive bands, wedges, or clustered nodules. These may be situated in most cortical regions except the striate or cingulate cortices, and the fusiform or medial temporal gyri (Fig. 3.75).
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3.75 Laminar heterotopia.
(a) MRI scan showing extensive gray matter type signal beneath and parallel to the true cortex. (Courtesy of Dr Wendy Taylor, National Hospital for Neurology and Neurosurgery, London.) (b) In this 37-year-old woman with a 27-year history of epilepsy there are extensive, approximately symmetric, bilateral bands of heterotopic gray matter in subcortical frontal and temporal white matter, clearly separated from the macroscopically normal cortical ribbon by a thin but definite band of white matter. The medial temporal cortex is spared. (c) Luxol fast blue/cresyl violet-stained section of the occipital lobe in this case. The heterotopia forms a thick plate laterally and tends to separate into bands or columns in its deeper part. It is a more tenuous structure medially and is absent from the calcarine fissure. (Courtesy of Professor F Scaravilli, Institute of Neurology, London.) (d) Laminar heterotopia in another female epileptic. The heterotopic band in the frontal and temporal lobes incorporates the claustrum. (Courtesy of Dr Peter Barber, Birmingham University, UK.)








[image: image] LAMINAR HETEROTOPIA








[image: image] A very rare non-lethal condition.


[image: image] Usually occurs in females.


[image: image] Can cause mild epilepsy.


[image: image] Associated with minimal intellectual deterioration.


[image: image] Laminar heterotopia forms a spectrum with lissencephaly type I.


[image: image] Both autosomal dominant (LIS1) and X-linked (DCX) inheritance occurs, and the pattern of severity parallels that in lissencephaly.













Laminar heterotopias are situated just beneath and parallel to the cortex, but separated from it by a narrow layer of white matter. The deep gray nuclei are normal except for the incorporation of the claustrum into the heterotopia.









MICROSCOPIC APPEARANCES


In its outermost part, the heterotopic gray matter shows a haphazard arrangement of neurons and neuropil (Fig. 3.76). The intermediate part contains wide columns of cells separated by myelin fiber bundles. The innermost part fragments into islands surrounded by white matter. The cortex overlying the heterotopia has been reported as normal or pachygyric.
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3.76 Laminar heterotopia.
(a) The cortex overlying the laminar heterotopia in the patient depicted in Fig. 3.75b is qualitatively normal and correctly laminated. (b) Subcortical white matter clearly separates the cortex from the underlying heterotopia. (c) The superficial part of the heterotopia is a haphazardly arranged mass of neurons and neuropil. (d) More deeply, the heterotopia begins to break up into columns. (e) In its deepest part the heterotopia fragments into nodules. (f) Immunocytochemistry demonstrates similar staining for synaptophysin in both cortex and heterotopia (asterisk).















MICRODYSGENESIS


Some subtle structural abnormalities of cortical architecture have been described in epileptic subjects, notably those with primary generalized epilepsy and Lennox–Gastaut syndrome. These abnormalities consist principally of molecular layer and white matter heterotopias, undulations in Layer II, and disorganization of deeper cortical layers.









CORTICAL DYSPLASIA WITH CYTOMEGALY


A characteristic combination of disturbed neuronal migration and abnormal neuronoglial differentiation occurs in the following three distinctive clinicopathologic settings:





[image: image] Unilateral cortical dysplasia with hemimegalencephaly.


[image: image] Localised cortical dysplasia.


[image: image] Tuberous sclerosis.













CORTICAL DYSPLASIA WITH HEMIMEGALENCEPHALY





MACROSCOPIC APPEARANCES


Total brain weight varies from well below to well above normal. One hemisphere is larger, but this is not always the pathologic one. All or part of the hemisphere shows greatly expanded firm convolutions with a finely pitted surface (Fig. 3.77). The cortical ribbon is irregularly thickened and poorly demarcated from underlying white matter. There is usually unilateral enlargement of the centrum semiovale, and occasionally enlargement of one olfactory tract or the basal ganglia.
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3.77 Cortical dysplasia.
(a) Cortical dysplasia with hemimegalencephaly. Inferior view shows the asymmetrically enlarged left frontal lobe, olfactory bulb, and tract. (b) Cortical dysplasia with hemimegalencephaly. Coronal slice showing widened gyri and loss of gray white demarcation in the left hemisphere as well as an enlarged corpus striatum with blurred internal markings. (c) Localized cortical dysplasia. Functional imaging using single photon emission computerized tomography (SPECT) demonstrates ictal hyperperfusion in the right temporal lobe. (d) Localized cortical dysplasia. Same as (c). Despite the abnormal SPECT, the MRI appearance is normal. (Courtesy of Dr Helen Cross, Great Ormond Street Hospital for Children, London.) (e) Microdysgenesis. There is an extra band of heterotopic neurons in the molecular layer (arrows).


 









MICROSCOPIC APPEARANCES


Architectural anomalies include:





[image: image] An abrupt transition from a normal to an abnormal widened cortex with loss of normal lamination (Fig. 3.78).
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3.78 Histology of cortical dysplasia.
(a) There is a sudden transition between normally laminated cortex on the right to disordered cortex with very large neurons in a region of localized cortical dysplasia. (b) In some examples, as here, superficial undulation of cortical layers is associated with small indenting fingers of molecular layer. This is from a case of hemimegalencephaly. (c) Looped abnormal cortex and excessive superficial myelination in another example of cortical dysplasia with hemimegalencephaly. (d) Columns of very large neurons in a case of localized cortical dysplasia. (e) Completely disorganized cortex, multiple calcifications, prominent astrocytes, and abnormal neurons in a case of cortical dysplasia with hemimegalencephaly.





[image: image] In some cases, superficial undulations, lissencephaly, or four-layered cortex.


[image: image] Usually, poor demarcation of the cortex from the white matter.






Cytologic changes include:





[image: image] Neuronal cytomegaly (Fig. 3.79), notably in cortical regions, but also of heterotopic neurons in white matter, and occasionally in the hippocampus and basal ganglia. Some cells are larger than Betz cells, misaligned, and pleomorphic. These cells are often strongly immunopositive for αB-crystallin.
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3.79 Atypical nerve cells in cortical dysplasia.
(a) Extremely large neurons with abnormally dispersed Nissl bodies and a characteristic condensation of Nissl bodies around the nucleus. (b) Large neurons with bizarre dendritic trees avidly take up silver stains. (c) The large neurons with bizarre dendritic trees contain neurofibrillary tangles. (d) These large neurons are immunostained with an antibody to phosphorylated neurofilaments. (e) Electron microscopy reveals the abundant, ribosome-rich cytoplasm of a dysplastic neuron. (f) Hemimegalencephaly. Photomontage of surgical resection with massively thickened and disorganized cortical ribbon, the boxed area, enlarged in (g) showing haphazardly arranged large globular neurons and reactive astrocytes without balloon cells.





[image: image] Multilobed, vacuolated, or multiple nuclei outlined by a crescentic condensation of Nissl bodies.


[image: image] Central cytoplasmic clearing of Nissl bodies, abnormal dendritic arborization (as demonstrated by Golgi impregnation), and cytoskeletal abnormalities (i.e. formation of tangles immunopositive for various neurofilament epitopes, tau protein, and ubiquitin).


[image: image] Astrocytic dysplasia (Fig. 3.80), which varies from minimal to massive, evoking the appearance of a neoplasm, and is present in cerebral gray and white matter. Dysplastic cells have swollen glassy cytoplasm and round eccentric nucleolated nuclei. Associated findings are intense astrocytosis and calcification. Rarely Rosenthal fibers and cystic rarefaction in the white matter produce an appearance that may mimic Alexander’s disease.
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3.80 Cytologic changes of cortical dysplasia.
(a) Atypical astrocytes with bloated glassy cytoplasm, and scattered eosinophilic Rosenthal fibers. (b) Section from a surgical hemispherectomy showing almost complete destruction of the white matter. (c) Perivascular clustering of Rosenthal fibers may be so profuse that the appearance mimics that of Alexander’s disease. (d) Subpial rows of Rosenthal fibers simulate Alexander’s disease.





[image: image] Large globular or ‘balloon’ cells of indeterminate phenotype, which may show immunohistochemical co-localization of glial fibrillary acidic protein (GFAP) and either vimentin or synaptophysin. Some of these cells are also immunopositive for αB-crystallin.









[image: image] DIFFERENTIAL DIAGNOSIS OF AN ASYMMETRICALLY ENLARGED HEMISPHERE (HEMIMEGALENCEPHALY)








[image: image] Pachygyria.


[image: image] Polymicrogyria.


[image: image] Cortical dysplasia with cytomegaly.


[image: image] Tuberous sclerosis.






Rarely, hemimegalencephaly is due to an excess of neurons without malformation.












[image: image] CORTICAL DYSPLASIA WITH HEMIMEGALENCEPHALY








[image: image] Can occur sporadically in the absence of associated hemihypertrophy or viscerocutaneous stigmata of phakomatosis.


[image: image] Causes intractable seizures beginning in infancy.


[image: image] Associated with a bleak long-term outlook without surgery (i.e. hemispherectomy).
















[image: image] PATHOGENESIS OF HEMIMEGALENCEPHALY








[image: image] Dysplastic neurons appear to be deafferented and polyploid.


[image: image] Features include faulty migration (extensive neuronal ectopia) and differentiation (neuronal cytoskeletal anomalies and cells of indeterminate phenotype).


[image: image] Many of the cytologic findings are similar to those of tuberous sclerosis, and a few cases have been reported to show focal tuberous sclerosis-type genetic abnormalities.























FOCAL CORTICAL DYSPLASIA


Focal cortical dysplasia (FCD) is usually encountered in circumscribed surgical resections carried out for intractable focal epilepsy and commonly affects only a small part of one gyrus, which may be enlarged.


FCD is characterized by architectural and cytological abnormalities and classified into three main tiers (Table 3.3). Abnormalities of cortical lamination and organization are apparent, and depending on the variant dysmorphic neurons or balloon cells may be present. FCD type III is associated with various other pathologies.




Table 3.3


ILAE classification of focal cortical dysplasia (FCD)


[image: image]


ILAE, International League Against Epilepsy.


§Traumatic brain injury, glial scarring after prenatal or perinatal ischemic injury or bleeding, and inflammatory or infectious diseases, i.e. Rasmussen encephalitis, limbic encephalitis, bacterial or viral infections.


(Adapted from Blümcke I, Thom M, Aronica E et al. The clinicopathologic spectrum of focal cortical dysplasias: a consensus classification proposed by an ad hoc Task Force of the ILAE Diagnostic Methods Commission. Epilepsia 2011;52:158–74.)





Quantitative functional neuroimaging studies have shown that the dysplastic abnormalities are usually much more extensive than is evident by conventional imaging.









LEPTOMENINGEAL GLIONEURONAL HETEROTOPIA


This is characterized by islands of neuropil, neurons, and glia ectopically situated within the leptomeninges or focal protrusions from the cortical surface into the meninges (Fig. 3.81). It is common in malformed brains, especially those with holoprosencephaly and migration defects, and is particularly extensive in cerebro-ocular dysplasias and atelencephaly. Disruption of the pial–glial barrier is the most likely mechanism.




[image: image]


3.81 Massive leptomeningeal glioneuronal heterotopia.
There are multiple breaches in the pial–glial barrier (arrows). 16-week-old fetus: therapeutic termination for hydrocephalus.












NODULAR CORTICAL DYSPLASIA


Nodular cortical dysplasia (Fig. 3.82) is the presence of superficial cortical nodules (brain warts) in otherwise normal cortex or occasionally in microcephalic brains with polymicrogyria. Nodules 1–5 mm in diameter are scattered over the cortical surface, most often the frontal lobe or near the operculum, on the crown of a gyrus, or in the bank of a sulcus. Histologically, cortical layers II and III protrude through a thin or absent molecular layer. Neurons of various sizes are grouped around a radial bundle of myelinated fibers and a central blood vessel.




[image: image]


3.82 Nodular cortical dysplasia.
There is a superficial nodular herniation of layers II and III through the molecular layer.












STATUS VERRUCOSUS SIMPLEX OR STATUS PSEUDOVERRUCOSUS


This is a microscopic finding in the brains of fetuses from 10 to 28 weeks’ gestation (Fig. 3.83). The second cortical layer makes irregular protrusions into the molecular layer, while the external surface is smooth. Although considered by some to be a transient stage of normal development, its presence in some macerated brains and occasional association with polymicrogyria suggest that it may be a true malformation.
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[image: image]


3.83 Status verrucosus in a 24-week-old fetus.
(a) Layer II protrudes irregularly into the molecular layer, the surface of which remains relatively smooth. (b) Status verrucosus extends over the vertex, but polymicrogyria is seen on the medial wall of the hemisphere.












HIPPOCAMPAL ANOMALIES


A variety of hippocampal malformations is described including:





[image: image] Hypoplasia with a dysplastic dentate gyrus (associated with trisomy 18).


[image: image] Disorganization of the medial temporal lobe with hypoplasia or aplasia of the dentate fascia (thanatophoric dysplasia).


[image: image] Dispersion or a bilaminar arrangement of the granular layer of the dentate gyrus (seen in patients with temporal lobe epilepsy following febrile convulsions early in life).






Duplication or dispersion of the dentate gyrus can also occur in cases of dysembryoplastic neuroepithelial tumor in the temporal lobe, microdysgenesis, and Sturge–Weber syndrome. In a personal case bilateral duplication of the dentate gyrus was associated with other migration defects and seizures from 6 of age (Fig. 3.84).
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[image: image]


3.84 Bilaminar dentate fascia.
Bitemporal duplication of the dentate fascia in a 2-year-old boy with a history of developmental delay and seizures from 6 months. Other findings included bilateral hippocampal sclerosis, nodular heterotopias in the temporal and insular white matter, cerebellar heterotopia, brain stem tract anomalies, and unilateral olfactory hypoplasia. (a) Left hippocampus. (b) Right hippocampus. (c) Bilaminar dentate fascia in a surgical specimen from a patient with Sturge–Weber syndrome.















MICROCEPHALY


Microcephaly is a purely descriptive term for a small head, but is also in general use for a small brain, for which the term microencephaly is more appropriate. Brain weights two standard deviations below the mean are considered abnormal. By this definition microcephaly is common, but not invariable in malformed brains. Microcephaly plus associated malformations (Fig. 3.85) may be:
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3.85 Microcephaly with malformations in a 5-month-old infant with cerebral lactic acidosis due to pyruvate dehydrogenase deficiency.
(a) The brain shows microcephaly (brain weight 260 g), a simplified convolutional pattern, and ventriculomegaly. (b) There is also dysplasia of the cerebellar dentate nucleus. (c) Heterotopic olivary tissue is present within the inferior cerebellar peduncle (arrow). The heterotopic tissue is folded like the normal inferior olivary nucleus. (d) Medullary pyramids are absent.








[image: image] Associated with chromosomal or single gene defects.


[image: image] Due to environmental causes.


[image: image] Of unknown etiology (including rare familial examples).






Microcephaly without associated malformations (Fig. 3.86) may be:
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[image: image]


[image: image]
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3.86 Microcephaly without malformations.
(a) 190 g brain from a term infant with a simplified gyral pattern. (b) Coronal slices from this case compared with an age-matched control below. (c) Coronal sections from a microcephalic infant (brain weight 700 g at 15 of age) whose mother suffered from phenylketonuria, compared with an age-matched control below. (d) Coronal stained section of a tiny 95 g brain with a relatively preserved gyral pattern from a case of familial microcephaly (three sisters died shortly after delivery close to term). (Courtesy of Dr Kari Skulerrud, Oslo.) (e) Microscopically, the narrowed cortical ribbon has a striking rippled appearance.








[image: image] Primary, in association with proven or possible genetic transmission.


[image: image] Secondary to inborn errors of metabolism.


[image: image] Due to environmental causes, notably intrauterine infection.


[image: image] Of unknown etiology.










CHROMOSOMAL AND SINGLE GENE DEFECTS


The full range of chromosomal and single gene defects that are associated with CNS malformations is listed in Table 3.4.




Table 3.4


Chromosomal disorders involving CNS malformations


[image: image]


Malformations in bold type are present in the majority of cases.


Those in normal type are present in a minority of cases.









TRISOMY 21 (DOWN SYNDROME)


Brain weights are usually about 1000 g. The cerebrum is brachycephalic and abnormally round and short with an almost vertical occipital contour. Other features include some reduction in secondary sulci, exposure of the insula, and a narrow superior temporal gyrus. The cerebellum and brain stem are small.


Microscopic anomalies are largely nonspecific. Neuronal density may be increased at birth, but declines markedly from birth onward. Abnormalities in dendritic arborization and decreased numbers of dendritic spines have been detected with Golgi’s method in neonates. Delayed myelination is also prominent in infants with congenital heart disease.


Middle-aged patients often develop clinical signs of dementia: their brains show changes of Alzheimer’s disease (see Chapter 31) thought to result from the presence of an extra copy of the amyloid-b precursor protein gene (on chromosome 21, at 21q21.3) and increased production of amyloid-β peptide.









FRAGILE X SYNDROME


This is the second most frequent genetic disorder (after Down syndrome) associated with developmental disability. It has an incidence of 1/1000 liveborn males and is the commonest familial form of mental retardation. The fragile X site at position Xq27 is induced in cells cultured at low folic acid and thymidine concentrations. The defect results from expansion of either of two (FRAXA and FRAXE) specific DNA triplet repeat regions in the FMR1 (fragile X mental retardation 1) gene. The size of the expansion correlates with the degree of mental retardation.





[image: image] Etiology of down syndrome








[image: image] Down syndrome is caused by trisomy of chromosome 21:





• 95% of cases have three free copies of chromosome 21


• in 5% of cases, one copy of chromosome 21 is translocated to another acrocentric chromosome (usually chromosome 14 or chromosome 21)


• some patients have trisomy of only part of chromosome 21 (the 21q22.3 region seems to be particularly important in the genesis of the dysmorphic features)


• occasionally, patients are mosaics of normal and trisomic cells.






[image: image] The overall population frequency is 1/650–1000 live births.


[image: image] The incidence of trisomy 21 increases with advancing maternal age.


[image: image] Familial cases are usually due to translocations.


[image: image] Increased levels of the free radical scavenging enzyme Cu/Zn superoxide dismutase are evident in cell lines from both trisomy 21 patients and patients with Alzheimer disease.


[image: image] Down syndrome cells also show a reduced ability to repair the effects of X-ray damage. Defective DNA repair may contribute to the increased risk of acute leukemias in Down syndrome.













Trisomy 21 increases the risk of acute lymphoblastic and myeloblastic leukemias by 20-fold and that of acute megakaryocytic leukemia by over 200-fold.


Dysmorphologic features include macro-orchidism, a long face with prominent forehead, and large ears. Neuropathologic findings include microcephaly, neuronal heterotopias, and dendritic spine abnormalities.












ENVIRONMENTAL FACTORS


A list of teratogens that can cause CNS malformations is included in Table 3.5.




Table 3.5


Teratogens known or suspected in the production of CNS malformations






	Teratogenic agent

	Malformations






	Alcohol

	Microcephaly, occasional meningomyelocele and hydrocephaly






	Carbamazepine

	Myelomeningocele






	Cytomegalovirus

	Hydrocephalus, microcephaly, polymicrogyria, occasional cerebellar cortical dysplasia






	Diabetes mellitus (maternal)

	Neural tube defects, increased incidence






	Herpes simplex

	Microcephaly, hydranencephaly






	Hyperthermia

	Neuronal heterotopias, microcephaly, ?neural tube defects






	Methyl mercury

	Microcephaly, heterotopia






	Phenylketonuria (maternal)

	Microcephaly






	Phenytoin

	Microcephaly, holoprosencephaly






	Retinoids

	Hydrocephaly, microcephaly, neuronal migration defects, cerebellar agenesis/hypoplasia






	Rubella

	Microcephaly, occasional hydrocephalus and agenesis of the corpus callosum






	Toxoplasmosis

	Necrotizing meningoencephalitis, hydrocephalus and calcification, occasional polymicrogyria and hydranencephaly






	Valproic acid

	Myelomeningocele






	Varicella-zoster

	Necrotizing encephalitis with polymicrogyria






	Warfarin

	Microcephaly, hydrocephalus, Dandy–Walker cyst, agenesis of corpus callosum






	X-irradiation

	Microcephaly, pachygyria, cerebellar cortical dysplasia, heterotopia














INTRAUTERINE GROWTH RETARDATION


Intrauterine growth retardation may be associated with various malformations, infections, multiple pregnancy, or placental insufficiency from maternal toxemia or renal disease. The small infant has a large brain relative to body weight. The brain is within normal limits for gestational age, and is only very rarely microencephalic.









PHENYLKETONURIA


Children born to a phenylketonuric mother exhibit microcephaly, mental retardation, and low birth weight, which can be prevented if mothers are on a strict diet at the time of conception. Histology of the microcephalic brain is usually nonspecific.









FETAL ALCOHOL SYNDROME


Microcephaly and many other anomalies have been reported in fetal alcohol syndrome including leptomeningeal glioneuronal heterotopias, agenesis of the corpus callosum, lissencephaly, and other migration disorders.









IRRADIATION


Pelvic X-ray therapy in the first trimester has been associated with microcephaly and anomalies of the eye, and there have also been reports of cerebellar cortical dysplasia and pachygyria. There was a relatively high incidence of microcephaly and mental retardation among children exposed in utero to the atomic explosions at Hiroshima and Nagasaki, but no specific malformations, except for one report of periventricular heterotopia.









MATERNAL INFECTION


Rubella: CNS malformations are relatively common (affecting 10–20% of cases) following rubella infection during the first trimester and include chronic meningoencephalitis, microcephaly, and retarded myelination and cytoarchitectonic development (see also Chapter 12). Better known associated malformations are ocular defects (cataract, pigmentary retinopathy, microphthalmos) and sensorineural deafness.


Cytomegalovirus: More than 5% of neonates infected with cytomegalovirus have a rapidly fatal systemic disorder, with brain involvement reported in 10–80% of cases (see also Chapter 12). Clinical features are microcephaly, mental retardation, epilepsy, diplegia, chorioretinitis, and intracerebral calcification. Neuropathologic findings include:





[image: image] Microcephaly.


[image: image] Hydrocephalus.


[image: image] Necrotizing lesions in ependyma and periventricular tissue.






Other findings that are sometimes seen are porencephaly or hydranencephaly, polymicrogyria and cerebellar cortical dysplasia, and perivascular calcifications (see Fig. 3.69a).


Typical viral inclusions are often sparse (see Fig. 3.69b); the virus is more readily identified by immunocytochemistry or in situ hybridization.


Other viruses: Herpes simplex infection can cause chorioretinitis, microcephaly, hydranencephaly, and microphthalmia (see also Chapter 12).


Varicella–zoster infection in the first or second trimester rarely causes a characteristic embryopathy involving the skin, muscle, eye, and brain (see also Chapter 12). Some necropsy studies report necrotizing encephalitis, and polymicrogyria (see Fig. 3.69c,d).


Other organisms: Intrauterine toxoplasmosis produces necrotizing meningoencephalitis, hydrocephalus, and widespread calcification, sometimes with polymicrogyria and hydranencephaly (see also Chapter 18).















MEGALENCEPHALY


Megalencephaly is defined as a brain weight at least 2.5 standard deviations above the mean for age and sex (Fig. 3.87). Primary megalencephaly may be:




[image: image]


3.87 A guide to the weight of the brain during development.
The vertical bars indicate ± 1SD.








[image: image] An isolated finding.


[image: image] Associated with achondroplasia and endocrine disorders.


[image: image] Familial.






There is a male:female ratio of 2:1, and most patients are mentally retarded and have some sort of neurologic disorder. One-third has cytoarchitectonic or neuronal abnormalities, and one-third has macroscopic malformations (Fig. 3.88). Megalencephaly with olivary heterotopia is occasionally observed in autistic subjects. Secondary megalencephaly is associated with:
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3.88 Primary megalencephaly in a 13-year-old boy with a brain weight of 1645 g.
(a) Much of the hemispheric surface shows excessive gyration or polygyria as a consequence of early hydrocephalus, which had been successfully shunted in infancy. The inferior surfaces of the temporal and occipital lobes are smoother and delineate an area of polymicrogyria. (b) Section showing symmetric polymicrogyria (arrows) associated with subependymal nodular heterotopias (see Fig. 3.73d and Fig. 3.92).








[image: image] Inborn errors of metabolism such as sphingolipidoses, mucopolysaccharidoses, and certain leukodystrophies (including Alexander’s disease and Canavan’s disease).


[image: image] Neurocutaneous syndromes.













MALFORMATIONS OF THE CEREBELLUM


The classification of cerebellar malformations follows developmental principles (Fig. 3.89).




[image: image]


3.89 Development of the hind brain.
In the 4th week of gestation, the neural tube closes and segments, so that the rhombencephalon becomes temporarily the largest part of the brain. Differential growth in the rhombencephalon during the 5th week results in formation of the pontine flexure, widening the neural tube at this point and thinning its roof which becomes transversely creased as the plica choroidea; these give rise to the choroid plexus. The pouch-like evagination caudal to it forms a membranous roof to the fourth ventricle which perforates, forming the foramen of Magendie, by 12 weeks. The roof rostral to the plica is later incorporated into the developing vermis. Also anterior to the plica, the lateral parts of the alar plates undergo intense neuroblastic proliferation, enlarging into the rhombic lips, the paired primordia of the cerebellum which gradually extend dorsomedially to meet the roof of the fourth ventricle and then fuse together in the midline during the 3 rd month. Cerebellar growth which has been intraventricular now becomes extraventricular and various subdivisions appear: first the posterolateral or flocculonodular fissure at 9 demarcating the vestibular or archicerebellum from the rest, then at 12 the primary fissure separating anterior from posterior lobes, the spino- or paleo-cerebellum from the ponto- or neo-cerebellum. This last, phylogenetically youngest, part of the cerebellum predominant in mammals, forms its various fissures 4–8 after those of the vermis and flocculonodular lobes. The neurons of the cerebellar cortex and deep nuclei as well as the pontine and arcuate nuclei and inferior olivary nuclei all derive from the alar plates: ventral migrations into the pontine gray and olivary ribbons, and lateral migration into the rhombic lips. The latter has two divergent pathways, inwards through the cerebellar plate for Purkinje cells and deep nuclei, and outwards guided over the surface of the developing cerebellum by pial basal lamina to form the external granular layer (EGL). The rapidly proliferating EGL first appears in week 9, covers the whole cerebellar surface by 14 weeks, and persists until the third postnatal month, disappearing by the end of the first year. From the EGL arise the neurons and glia of the molecular layer, and by inward growth across the molecular layer the internal granule cells.









CEREBELLAR AGENESIS


Total absence of the cerebellum is rare, as the flocculus or nodulus often remains. The nuclei pontis and inferior olives are hypoplastic or dysplastic in association with the cerebellar agenesis.


Partial or total cerebellar agenesis is a feature of large occipital encephaloceles.


Cerebellar agenesis may be unsuspected in life or associated with mental handicap.


Rare examples of total or partial agenesis variably associated with pontine hypoplasia have been associated with amniocentesis and possible intrauterine inference with the vascular supply (Fig. 3.90).




[image: image]


3.90 Cerebellar agenesis.
Unilateral cerebellar agenesis and atrophy of the contralateral basis pontis and olive. Gestational history included amniocentesis.








[image: image] DIFFERENTIAL DIAGNOSIS OF PALEOCEREBELLAR MALFORMATIONS INVOLVING THE VERMIS








[image: image] Dandy–Walker syndrome.


[image: image] Joubert syndrome.


[image: image] Tectocerebellar dysraphia with occipital encephalocele in which partial or total vermal agenesis, a severe deformation of the midbrain tectum, and a cerebello-encephalocele coexist.


[image: image] Rhombencephalosynapsis, a cerebellar hypoplasia consisting of fused hemispheres and dentate nuclei, absent vermis and paleocerebellar roof nuclei, dysplastic olives, and other midline anomalies (Fig. 3.91).
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3.91 Rhombencephalosynapsis.
(a) The hindbrain has a small globular cerebellum unsegmented into hemispheres and vermis. (b) Horizontal section through the hindbrain showing folia that are continuous across the midline, there is recognizable vermis, and the dentate nuclei form a continuous undulating ribbon. (c) Fused cerebellar hemispheres and dentate nuclei in a 22-week fetus.





[image: image] Walker–Warburg syndrome.




















DANDY–WALKER SYNDROME


This is a combination of vermal agenesis, a cystically dilated fourth ventricle, and an enlarged posterior fossa, and is usually accompanied by hydrocephalus (Figs 3.92, 3.93). Many systemic and CNS malformations are associated with Dandy–Walker syndrome (Table 3.6).




Table 3.6


Malformations associated with Dandy–Walker syndrome


CNS


Microcephaly


Callosal agenesis


Polymicrogyria and pachygyria


Aqueduct stenosis


Infundibular hamartoma


Occipital meningocele


Hindbrain abnormalities


 Cerebellar hypoplasia


 Cerebellar heterotopias


 Cerebellar cortical dysplasia


 Dentate dysplasia


 Olivary dysplasia and heterotopia


 Anomalies of pyramidal tract decussation


Systemic


Klippel–Feil syndrome


Cornelia de Lange syndrome


Cleft palate


Polycystic kidneys


Spina bifida


Polydactyly and syndactyly
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3.92 Dandy–Walker malformation.
This is the same case as in Fig. 3.73c,d and Fig. 3.88. (a) The vermis is absent and there is a widely dilated fourth ventricle with smooth white lateral walls and a roof membrane reinforced by thickened meninges. (b,c) Horizontal slices through the brain stem and cerebellum show the remaining superior part of the vermis, the ridged surface of the ventricle with granular ependymal lining, and asymmetry of the cerebellar hemispheres and dentate nuclei. (d) The right dentate nucleus is fragmented in the smaller right hemisphere.
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3.93 Dandy–Walker malformation.
(a) The cystic fourth ventricle has a delicate membranous roof, which is well demonstrated by floating the brain in water. (b) The vermis is absent and the lateral walls of the fourth ventricle are cerebellar white matter. (c) Horizontal sections of the hindbrain in another case where the superior part of the vermis remains and there is marked hydrocephalus. (d) Hydrocephalic cerebral hemispheres. Same case as in (c).








[image: image] DANDY–WALKER SYNDROME








[image: image] May present early in life with hydrocephalus, poor head control, motor retardation, spasticity, or respiratory failure.


[image: image] May present later in childhood with symptoms and signs of a posterior fossa mass.


[image: image] May be an incidental finding.


[image: image] Can be demonstrated on skull radiography and computerized tomography (CT) by the presence of elevated venous sinuses and torcular, high tentorial attachment, and an enlarged cystic posterior fossa.
















[image: image] PATHOGENESIS OF DANDY–WALKER SYNDROME








[image: image] The cause of Dandy–Walker syndrome is unknown, but it is occasionally familial.


[image: image] The most convincing pathogenetic theory is a developmental arrest of the hindbrain before the third month. This would account for the atretic foramina, associated brain stem anomalies, occasional involvement of the cerebellar hemispheres, and the widespread evidence of arrested CNS development.

















MACROSCOPIC APPEARANCES


Although the vermis is sometimes absent, its superior part usually remains. This is anteriorly rotated and blends inferiorly into the membranous roof of the cystic fourth ventricle, which herniates through the tentorial hiatus towards the splenium and attaches laterally to the cerebellar hemispheres and caudally to the medulla. The lateral walls of the cyst are the inner aspects of the cerebellar hemispheres (i.e. white matter covered by ependyma); the floor of the cyst is the dorsum of the brain stem. The outlet foramina of the fourth ventricle are sometimes atretic, but usually patent.









MICROSCOPIC APPEARANCES


The cyst membrane has two layers:





[image: image] An outer fibrous leptomeningeal layer.


[image: image] An inner glio-ependymal layer sometimes including cerebellar remnants.
















JOUBERT SYNDROME


This is a familial syndrome of episodic hyperpnea, abnormal eye movements, ataxia, and mental retardation, associated with agenesis of the vermis.






MACROSCOPIC AND MICROSCOPIC APPEARANCES


The characteristic radiologic ‘molar tooth’ and ‘umbrella’ signs are readily demonstrated on horizontal section of the hindbrain (Fig. 3.94a,b). There is almost complete absence of the vermis, numerous heterotopias in the cerebellar white matter, a dysplastic segmented dentate nucleus, absent roof nuclei, C-shaped dysplasia of the olives, and anomalies of the pyramidal tracts, cranial nerve nuclei, and midbrain tegmentum (Fig. 3.94c). Occipital meningocele, cystic kidneys, and retinal dysplasia are also reported.
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3.94 Joubert syndrome.
The thickened elongated superior cerebellar peduncles and anterior clefting give a molar tooth appearance to the brain stem (a). The enlarged fourth ventricle and absent vermis have been likened to an umbrella (b). Note also the disorganized dentate nuclei and dysplastic olives (c).















PONTONEOCEREBELLAR HYPOPLASIA (PNCH)


PNCH is a severe neocerebellar hypoplasia with relatively well-preserved paleocerebellum, and a peculiar segmentation of the dentate nucleus (Figs 3.95, 3.96).
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3.95 PNCH occurring in two siblings.
(a) Inferior view of the brain stem and cerebellum which together accounted for only 2.7% of the total brain weight (normal 12%) in a 9-year-old girl. (b) Superior surface of the brain stem and cerebellum shown in (a). The cerebellar hemispheres are reduced to thin plates with clear folial markings, while the preserved vermis and flocculonodular lobes appear unduly prominent. (c) The cerebellum seen from behind in the 5-year-old brother is similarly small and flat. (d) Horizontal section through the girl’s hindbrain showing hypoplastic cerebellar hemispheres and a relatively preserved vermis, dysplastic inferior olives, and fragmented dentate nuclei. (e) The dentate nucleus in the boy’s cerebellum consists of discrete islands that have been likened to a string of pearls. (f) The stubby hypoplastic cerebellar folia can be variably populated by Purkinje and granule cells. (g) Olivary dysplasia and absence of the arcuate nucleus in the boy. (h) Section through the pons in the girl shows an extremely shallow base due to a lack of transverse pontine fibers and middle cerebellar peduncles, and hypoplastic pontine nuclei.
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3.96 Sporadic case of PNCH in a 5-week-old infant.
(a) The tiny cerebellum and brain stem weighed only 3 g (1% of total brain weight) and the cerebellar folia are barely visible. (b) There is extreme hypoplasia and the hemispheric folia are virtually devoid of nerve cells.









MACROSCOPIC APPEARANCES


There is often severe microcephaly, but the hindbrain is disproportionately small and is usually 3% or less of total brain weight. The extremely small cerebellar hemispheres are virtually smooth or reduced to a few coarse convolutions (Figs 3.95, 3.96), while the vermis and flocculonodular lobes are almost normal in size. The pons is narrow and the olivary bulges are poorly defined.





[image: image] PONTONEOCEREBELLAR HYPOPLASIA








[image: image] Presents at birth with microcephaly, severe psychomotor retardation, feeding difficulties, choreiform and other abnormal movements, myoclonic jerks, and convulsions.


[image: image] Usually fatal before the age of 2 years, though survival is possible through the first decade.


[image: image] Usually sporadic, but familial examples are described.


[image: image] Pontocerebellar hypoplasias (PCH) have been classified clinically into six groups. PNCH corresponds to PCH type 2, the most frequent form.


[image: image] PCH1 corresponds to cerebellar hypoplasia with anterior horn disease.
















[image: image] PATHOGENESIS OF PONTONEOCEREBELLAR HYPOPLASIA








[image: image] The disparity in formation of the neocerebellar and paleocerebellar cortices suggests a developmental disturbance at the end of the third month.


[image: image] The dentate fragmentation has been ascribed to a developmental arrest or primary malformation, but dentate and brain stem changes could also reflect secondary anterograde and retrograde atrophy following initial interference with neocerebellar cortical development.


[image: image] In PCH2 and PCH4 (with severe course and early lethality), mutations in subunits of the tRNA-splicing endonuclease complex (chromosome 17q.25) have been recognized.




















MICROSCOPIC APPEARANCES


The hypoplastic cerebellar hemispheres (Figs 3.95, 3.96) may show normal zones interposed with others where Purkinje and granule cells are completely lacking and replaced by tenuous gliotic tissue. There is only minimal, poorly myelinated, central white matter. The dentate nuclei are disorganized, lacking an undulating ribbon, hilum or amiculum (i.e. a surrounding sheath of myelinated fibers), and the reduced neuronal population is clustered into small neuropil islands embedded in a meshwork of myelin fibers. The vermis, archicerebellum, and roof nuclei are normal.


The superior and middle cerebellar peduncles are thin and poorly myelinated, but the inferior peduncles are preserved. The shallow basis pontis has few transverse fibers and markedly hypoplastic nuclei pontis. The inferior olives are hypoplastic or dysplastic, and the arcuate nuclei are absent.












CEREBELLAR HYPOPLASIA IN OTHER CONTEXTS


Various combinations of neocerebellar and paleocerebellar hypoplasia, rudimentary segmented dentate nucleus, large heterotopias in cerebellar white matter, and olivary dysplasia have been reported (Fig. 3.97a).




[image: image]


[image: image]


3.97 Cerebellar hypoplasia.
(a) Combined neocerebellar and paleocerebellar hypoplasia. The folia are short and poorly branching throughout the cerebellum while the dentate is small and accompanied by large heterotopias. (b) Cerebellar hypoplasia in a patient with anterior horn cell degeneration, which is not related to the SMN1 gene on 5q.





Cerebellar hypoplasia may accompany anterior horn cell degeneration resembling Werdnig–Hoffmann disease (Fig. 3.97b), and clinically classified as PCH type 1. The hemispheres and vermis are equally involved and associated with severe secondary cortical atrophy in the inferior parts of the hemispheres and dentate and olivary dysplasia. Most cases are sporadic, but autosomal recessive inheritance has been recorded. These are genetically distinct from SMA.









GRANULE CELL APLASIA


This is a developmental disorder affecting mainly the cerebellar granule cells.






MACROSCOPIC AND MICROSCOPIC APPEARANCES


The brain is usually small, but its convolutional pattern and histology are normal. The brain stem looks relatively normal, but the cerebellum is very small. The cerebellum retains individual folia, but they are shrunken and sclerotic (Fig. 3.98).
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3.98 Granule cell aplasia.
(a) Superior view of the rudimentary cerebellum and small brain stem (combined weight less than 1% of total brain weight). (b) Inferior view of the hindbrain specimen in (a). (c) Cerebellar cortex showing absence of the internal granular layer. Purkinje cells form a closely packed row, but some are displaced into the molecular layer. (d) In the case shown in (a) and (b) granule cells fill the molecular layer, and there is no internal granular layer. (e) In this case of granule cell aplasia, cortical loss is very severe but some Purkinje cells remain. (f) Strange starburst-like dendritic protrusions may be demonstrated with silver impregnations (da Fano’s modification of Bielschowsky’s method). (g) The dendritic asteroid body is in continuity with a Purkinje cell, which retains its associated basket plexus.





Microscopically, the folia are short and show a narrow molecular layer above a crowded row of Purkinje cells. The internal granular layer is absent. Purkinje cells are often misplaced into the molecular layer. An abnormal dendritic arborization and spiked expansions of terminal dendrites are common. There are few distinct pericellular baskets, but Purkinje axonal swellings (‘torpedoes’) are numerous.


Ectopic granule cell somata can be found at any level within the molecular layer. Fibrillary gliosis extends through the cortex and white matter. Dentate and olivary neurons are preserved within a gliotic neuropil.












CEREBELLAR HETEROTOPIAS


Heterotopic gray matter within the cerebellar white matter is quite frequent and often an incidental finding in infants (perhaps present in over 50%). It is more common in the hemispheres, varying from a few cells to large islands of gray matter in which there are clusters of large cells surrounded by neuropil or islands of heterotopic cortex (Fig. 3.99).
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3.99 Cerebellar heterotopia.
(a) Large bilateral heterotopic gray masses within the central cerebellar white matter. Note also the dysplastic dentate nuclei. (b) Most cerebellar heterotopias consist of haphazardly arranged neurons and glia and associated neuropil. (c) Heterotopia situated within the folial core of the vermis and consisting of scrambled cerebellar cortex.





Heterotopias are notably associated with trisomy 13, cerebellar hypoplasias, brain stem dysplasias, and other migration disorders.









CEREBELLAR CORTICAL DYSPLASIA


Small foci of dysplastic cerebellar cortex in the flocculonodular lobes and tonsils and adjacent to the cerebellar peduncles are found in a minority of normal infants. In other parts of the cerebellum, cortical disorganization can be considered to be abnormal (Fig. 3.100). It occurs either alone or with many other malformations, but in the cerebro-ocular dysplasias it is particularly extensive and replaces most of the normal cerebellar cortex. Macroscopically, the branched folia are replaced by a smooth or irregularly fissured surface.
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3.100 Cerebellar cortical dysplasia.
(a) In association with cerebro-ocular dysplasia (lissencephaly type II), the whole of the external surface of the cerebellum is bumpy and lacks folia. Compare with the normal control below. (b) Microscopically, the dysplastic cerebellar cortex comprises extensively fused cortical ribbons. This is the same case as shown in Fig. 3.59 h. (c) A more restricted example of cerebellar cortical dysplasia limited to part of the superior surface in one hemisphere. (d) Low magnification cresyl violet-stained section of the specimen shown in (c). (e) Histologically, the cortical layers are fused, but their normal relationships to each other are maintained.





Microscopically, the folia are scrambled together with an apparent fusing of apposed molecular layers. However, the cortical layers remain in correct order.





[image: image] PATHOGENESIS OF CEREBELLAR CORTICAL DYSPLASIA








[image: image] A relatively late interference with the developing external granular layer is the suggested pathogenesis.


[image: image] Selective destruction of cerebellar meningeal cells in rats by 6-hydroxydopamine disrupts the glial scaffold and produces cerebellar cortical dysplasia.























BRAIN STEM MALFORMATIONS





OLIVARY HETEROTOPIA


One or more heterotopic fragments of inferior olivary nucleus can be found anywhere along the migration route taken before the end of the third gestational month by their neuroblastic precursors from the rhombic lip to the ventral medulla:





[image: image] Laterally, near the inferior cerebellar peduncle.


[image: image] Medially, near the rootlets of the hypoglossal nucleus.






These small groups of typical olivary neurons and neuropil can be folded and ensheathed by myelinated fibers rather like the normal nucleus, but the residual main nucleus may be dysplastic (Fig. 3.101). Associations include:




[image: image]
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3.101 Olivary heterotopia.
(a) Small olivary fragments within the inferior cerebellar peduncles. Note the absent pyramids. (b) A rare example of a medially placed olivary heterotopia (arrow) near the twelfth nerve in a patient with trisomy 13. Note how the heterotopia mimics the normal folding of the olive, which in this case appears dysplastic. (Courtesy of Dr T Revesz, Institute of Neurology, London.)








[image: image] Agyria and pachygyria.


[image: image] Dandy–Walker syndrome.


[image: image] Cerebral lactic acidosis due to pyruvate dehydrogenase deficiency.


[image: image] Megalencephaly.













OLIVARY AND DENTATE DYSPLASIAS


Malformations of the inferior olive and dentate nucleus are often combined (Figs 3.102–3.104), probably because of their common origin from the rhombic lip.
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3.102 Dentato-olivary dysplasia peculiar to a syndrome of intractable, often tonic, seizures that commences in early infancy.
The findings are remarkably stereotyped. Most cases are sporadic, but a familial form has been documented. (a) The dentate nucleus is compact and oval, lacking a hilum. (b) The dentate nucleus forms a mass of interconnected islands of neuropil and cells. (c) The inferior olives are coarse, hook-shaped, and unconvoluted. (d) Close-up of the dysplastic unconvoluted olivary ribbon.
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3.103 Various types of olivary dysplasia.
(a) In trisomy 18 the olive is coarse and C-shaped with thickening of its dorsal part. (b) In Zellweger syndrome the olive is C-shaped with dorsal thickening and also shows fragmentation of the ribbon. (c) Disorganized olives in a case of cerebro-ocular dysplasia. (d) In a pachygyric brain the olives are broken into a series of convoluted fragments within an abnormally wide medulla.
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3.104 Dentato-olivary dysplasia.
(a,b) A simplified dentate and inferior olive in a neonate with appearances expected in the second trimester. (c–f) Specimens from identical twin sisters with identical dentato-olivary dysplasias and identical clinical courses of intractable seizures and death from respiratory infection. The olives (arrows) are lozenge-shaped while the dentate nuclei (arrowheads) are completely disrupted. (c,e) are from twin 1. (d,f) are from twin 2.





Inferior olivary dysplasia has various forms including:





[image: image] Excessive folding in thanatophoric dysplasia.


[image: image] Too few convolutions in cerebellar aplasia or hypoplasia.


[image: image] A simplified C-shaped band lacking folds in Joubert syndrome.


[image: image] Dorsal thickening in trisomy 18.


[image: image] Poverty of convolutions, peripheral margination of neurons, and fragmentation of the cell band, with an overall C shape and dorsal thickening in Zellweger syndrome.


[image: image] Complete disorganization and disruption.


[image: image] A solid mass of cells.


[image: image] A horseshoe band resembling an early fetal stage.






The appearance of dentate dysplasia may be:





[image: image] Hyperconvoluted in thanatophoric dysplasia.


[image: image] Simplified or broken into islands or segments in cerebellar hypoplasias and in trisomies 13 and 18.


[image: image] An unfolded thick plate.


[image: image] Interconnected bands and masses of cells.


[image: image] Unrecognizable.









[image: image] DENTATO-OLIVARY DYSPLASIA








[image: image] Dentato-olivary dysplasia is often part of a more extensive complex of anomalies, the clinical features being those of the disorder as a whole.


[image: image] A small number of children with intractable tonic seizures from early infancy and severe developmental delay has been found to have a stereotyped dentato-olivary dysplasia in which the inferior olives are hook-shaped, coarse, and lack undulations, while the dentate nuclei form a compact or club-shaped mass of interconnected gray islands irregularly separated by myelin fibers. A familial occurrence suggests autosomal inheritance.
















[image: image] PATHOGENESIS OF DENTATO-OLIVARY DYSPLASIA








[image: image] The pathogenesis of dentato-olivary dysplasia is obscure.


[image: image] The precursor neurons have a common ancestry in the rhombic lip, from where they migrate in the third month to form a hook-shaped plate (olive) and diffuse mass of cells (dentate), evolving into their final, folded appearance by about 7 months.
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