
REVIEW

Abnormal development of the human cerebral cortex
Waney Squier1 and Anna Jansen2,3

1Department Neuropathology, John Radcliffe Hospital, Oxford, UK
2Paediatric Neurology Unit, Department of Paediatrics, UZ Brussel, Brussels, Belgium
3Department of Public Health, Vrije Universiteit Brussel, Brussels, Belgium

Abstract

This review presents an overview of human cortical malformation based on the insights gained from examina-

tion of human fetal brains. Examination at early stages of fetal brain development allows the identification of

the specific pathways which are disrupted in human cortical malformation. Detailed examination of human

fetal brains in parallel with studies of genetics and animal models is leading to new concepts of cortical malfor-

mations. Here we review a range of human cortical malformations based on a simple classification according to

the developmental process thought to be disrupted: neuroblast proliferation, undermigration, overmigration,

cortical maturation and destructive lesions. A single case example of a dated intrauterine injury illustrates the

spectrum of malformations which may result at a single period in development. The recommended methods of

examination of human fetal brain are described together with some of their pitfalls. Detailed neuropathologi-

cal observations indicate the need for caution in the classification of malformations; radiological findings and

pathology of the mature brain do not reflect the specific disruptive pathways of cortical malformations. While

many insults may lead to the same pattern of malformation, a single insult can lead to multiple patterns of

malformation. Our detailed studies of the human fetal brain suggest that the interface between the meninges

and the radial glial end feet may be an intriguing new focus of interest in understanding cortical development.

Key words cortical malformations; human cerebral cortex; lissencephaly; neuronal migration disorders; pia;

polymicrogyria.

Introduction

This review presents an overview of human cortical malfor-

mation based on the insights gained from examination of

human fetal brains. Examination at early stages of fetal

brain development allows the identification of the specific

pathways which are disrupted in human cortical malforma-

tion. Detailed examination of fetal brains in parallel with

studies of genetics and mouse models is leading to new

concepts of cortical malformations (Fallet-Bianco et al.

2008).

For several decades the seminal work of Rakic and his

co-workers (Sidman & Rakic, 1973), has taught us the funda-

mental importance of the radial scaffold and the interaction

between migrating cells and the radial glia in cortical

development. However, disruption of the pial basement

membrane associated with the radial glial end feet has

been recently demonstrated in a number of cortical

malformations associated with overmigration. Further,

proliferation of pial basement membrane is a prominent

feature of many forms of polymicrogyria (PMG) and

signals from the meninges appear to be responsible for

aspects of the regulation of cortical growth and develop-

ment (Radakovits et al. 2009; Siegenthaler et al. 2009).

This suggests that the interface between the meninges

and the radial glia at the pial basement membrane may

be an intriguing new focus of interest in human cortical

development.

Human cortical malformations

Modern clinical imaging methods are of such sophistication

that they can precisely define many malformations and

have led to major advances in their understanding and clas-

sification. However, even the most detailed imaging cannot

describe the tissue architecture of malformations and, more

importantly, cannot elucidate the specific developmental

pathways which were disrupted to cause them. This infor-

mation is essential to the understanding of aetiology and

timing of developmental disruptions and the functions of
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the genes involved. Meaningful classification of cortical

malformations depends on knowledge of the basic underly-

ing mechanisms.

The work presented here is based on experience of exam-

ination of the human fetal brain for clinical diagnostic pur-

poses. The use of human material has limitations which do

not apply to animal models, but models can never precisely

reflect the processes of human brain development and in

particular the timing of these events, which shows huge

variation between species of differing gestational periods.

Study of the developing human brain is invaluable, but

every brain represents a personal tragedy for a family. The

authors and readers of this review owe a great debt of grat-

itude to all those families who have given consent for the

use of their babies’ brains to further our understanding.

Technical aspects of the examination of
human fetal and neonatal brains

Human fetal brains are often autolysed by the time of

autopsy due to the inevitable period of time between

death and delivery. Additional delay between delivery and

autopsy contributes further to artefact and autolysis. The

immature brain may be extremely soft, even after fixation

for several weeks, but this should not deter sampling for

microscopic examination, which almost invariably adds valu-

able information. Unfortunately, these delicate brains tend

to fragment during processing; the cortical surface being

particularly vulnerable to mechanical disruption by han-

dling. Careful processing by experienced and dedicated lab-

oratory technical staff can minimize artefactual damage.

Fixation

In recent years we have had high rates of consent for fetal

brain examination, particularly if the brain is examined

within a few days so that it can be quickly reunited with

the body without disrupting the family’s funeral arrange-

ments. To comply with families’ wishes we have experi-

mented with reduced fixation times and found that

fixation for only a few days can produce excellent results,

particularly if strong (undiluted) formalin is used. It is appar-

ent that delay between death and autopsy is more damag-

ing to tissues than short fixation times.

Staining methods

Haematoxylin and eosin (H & E) is the standard stain but

the anatomy of the cortical surface can be particularly

enhanced by the use of the reticulin stain (a silver impreg-

nation method) which demonstrates the collagen fibres in

the pial basement membrane and around small blood ves-

sels in the brain parenchyma. Reticulin demonstrates the

integrity or otherwise of these membranes and highlights

pial anomalies which may be too subtle to detect with H&E.

It demonstrates the proliferation of collagen on the brain

surface, common in polymicrogyria, and marks the buried

pial surface in cobblestone lissencephaly and the capillary

proliferation in response to injury. Immunocytochemical

markers specific for endothelium, such as CD31 and CD34,

work well in fetal tissue. Perl’s stain for blood breakdown

products indicates old haemorrhage and areas of tissue

destruction which may not be readily seen with H & E. The

macrophage marker CD68 also highlights areas of brain

damage.

Many of the cell markers used in experimental anatomy

depend on frozen tissue or perfusion fixation and are not

applicable to human diagnostic material; however,

improvements in antigen retrieval techniques are extending

the application of experimental techniques to human

tissue.

The normal developing cortex

The fetal cortex consists of a densely packed band of cells in

which only the superficial marginal zone (layer 1) is readily

distinguished. The immature neurons and glia do not show

cytologically recognizable differentiation until after the

end of gestation at full term.

Papillae of Retzius

In fetuses of 16–24 weeks gestation it is not uncommon to

see irregularity of the cells of layer 1 and 2 of the cortex

with projections of layer 2 cells into the relatively acellular

layer 1 or molecular layer (Fig. 1). These are called ‘Papillae

of Retzius’ and are commonly seen in the absence of any

other abnormality. While widely regarded as an artefact

specific to this gestational period, great care must be taken

not to overlook genuine cortical malformation. It is neces-

sary to check that the overlying brain surface is normal, the

pia is intact and that blood vessels are normal. The deep

cortical border should be well demarcated from the under-

lying white matter and without underlying neuronal

ectopia. If these observations are normal, one may be

reassured that the disturbance confined to layers 1 and 2 is

most likely due to artefact.

Classification of cortical malformations

The disorders described will be set out according to a very

simple classification based on the developmental process

thought to have been primarily disrupted:

• neuroblast proliferation, growth and differentiation;

• neuronal migration;

• undermigration;

• overmigration;

• hind brain migration defects;

• cortical maturation and folding;

• destructive lesions.
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Neuroblast proliferation, growth and differentiation

Microcephaly

Microcephaly is defined as a small head. There is an impor-

tant clinical distinction between microcephaly due to dam-

age or atrophy of the brain and microcephaly vera, in which

the brain is small due to a genetic cause while the rest of the

body is of normal size. In microcephaly vera the brain struc-

ture is either normal or has mild simplification of the gyral

pattern. Mutations have been identified in several genes, all

of which are implicated in cell division and cell cycle regula-

tion; it has been suggested that molecular evolution of these

genes may have been a driving force for the increase in size

of the brain during human evolution (Mochida, 2009).

Cortical dysplasia

This term is applied to focal areas of cortical malformation

in which neuronal orientation and lamination are disrupted

and dysmorphic neurons are seen; these may be giant cells

or balloon cells, both the result of abnormal regulation of

cell growth (Crino, 2005). Several classification schemes

have been devised. Type 1 (sometimes called architectural

dysplasia), is characterized by abnormal distribution of neu-

rons. Type II (cytoarchitectural dysplasia) is subdivided into

type IIa, in which dysmorphic neurons are identified, and

type IIb, where dysmorphic neurons and balloon cells are

seen (Fig. 2).

Tuberous sclerosis complex

Tuberous sclerosis complex (TSC) is associated with both

malformations and benign neoplasms (Boer et al. 2008),

indicating defects in neuronal migration as well as early cell

growth and proliferation. The disease results from muta-

tions of the genes TSC1 or TSC2.

The giant cells of TSC and balloon cells of cortical dys-

plasias both express proteins indicating a mixed glial and

astrocytic lineage; they also express phospho-S6, a protein

A

B

Fig. 1 (A) Normal cortex at 25 weeks gestation. There is a densely

packed uniform band of cells. Although the cortical laminae are not

yet clearly seen, there is a clear distinction from the underlying white

matter. The superficial cortex has a well demarcated marginal layer.

(B) Papillae of Retzius. There are groups of cells of layer 2 extending into

the marginal zone. The deep cortical border is well demarcated from

the white matter and the pial surface is intact. H&E scale bar: 500 lm.

A

B

Fig. 2 Focal cortical dysplasia. (A) This section is stained with

H&E and shows giant and balloon cells. (B) MAP-2 stain

shows the pale cytoplasmic inclusions of balloon cells

corresponding to the pale, glassy cytoplasm in H&E stains.

Scale bar: 20 lm.
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involved in ribosomal protein translation and regulation of

cell growth (Crino, 2005). Few fetal examples have been

described.

Figure 3 shows a fetus of 27 weeks with a collection of

abnormal cells at the junction of cortex and white matter.

The abnormal cells extend, often along vessel walls, to the

subpial surface. Use of a number of cell markers shows a

mixed population of cells, small oval deeply staining cells

intermingled with giant cells, which themselves show heter-

ogeneity of protein expression.

Disruptions of neuronal migration

Undermigration

Failed or incomplete neuronal migration may be general-

ized, as in type 1 lissencephaly and double cortex syndrome,

or may be focal and represented by clusters of ectopic neu-

rons forming heterotopic nodules in the subcortical or peri-

ventricular zones.

Failed migration results from a defect in one of the many

processes involving cell recognition and interaction essential

for migration, or from inherent cytoskeletal defects within

the migrating cells. To migrate, a cell requires the cytoskele-

tal structure which permits formation and withdrawal of

cell processes and relocation of the nucleus. The fundamen-

tal importance of the microtubular system has been demon-

strated by the association of mutations in tubulin genes

with malformations involving failed or impaired migration.

Identification of mutations in tubulin genes has led to rec-

ognition of a much wider spectrum of malformation pat-

terns than was previously anticipated (Jaglin & Chelly,

2009). Tubulins are cytoskeletal proteins involved in a wide

range of functions, including roles in the cell cycle, mor-

phology and polarity of cells, mobility, intracellular traffick-

ing and axonal growth. The tubulin-related disorders

exhibit a wide range of brain malformations including

microcephaly, pachygyria, heterotopia and agenesis of the

corpus callosum (Fallet-Bianco et al. 2008; Jaglin et al.

2009).

Type 1 lissencephaly

Type 1 lissencephaly is characterized by a smooth brain sur-

face with coarse, if any, gyration. The cortex is thick with

poor lamination and an indistinct deep border with the

underlying white matter (Fig. 4). Periventricular nodular

heterotopias may be seen beneath the ependymal lining of

the lateral ventricles. The olivary nuclei are commonly mal-

formed, reflecting abnormal migration across the tissues of

the brainstem. Brainstem surface migration is usually not

affected and the brainstem leptomeninges and cerebellar

cortex are normal.

Overmigration syndromes

The overmigration syndromes all share disruptions of the

basement membrane asociated with migration of neurons

from the cortex into the overlying leptomeninges. The

developmental mechanisms in individual syndromes are

likely to be diverse. The significance of primary defects in

basement membrane proteins has long been recognized in

the dystroglycanopathies and cobblestone cortex (Muntoni

et al. 2004), but several other distinct genetic syndromes

have been described, including GPR56, MARCKS and

TUBB2B mutations. Overmigration is also a feature of

destructive lesions and polymicrogyria (PMG) – see below.

The demonstration, in TUBB2B mutation, of focal

breaches in the basement membrane and neuronal overmi-

gration leading to a polymicrogyra-like pattern led to the

suggestion that radial glial cells play a role in development

of the pial basement membrane, as indicated in GPR56

mutation (Li et al. 2008).

B

A

Fig. 3 Fetus of 27 weeks gestation with tuberous sclerosis (TS). (A)

Low-power section stained with H&E shows an abnormal mass of cells

at the junction of deep cortex with the white matter. Scale

bar: 500 lm. (B) A higher-power section stained with vimentin shows

that only a proportion of the abnormal giant cells express this protein.

The vimentin-positive cells form foot processes around blood vessels.

Scale bar: 40 lm.
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However, it may be a bit more complicated than that.

First, in several mutations associated with cortical dysplasia

the pial basement membrane appears to develop normally;

breaches develop later (Blackshear et al. 1997; Hu et al.

2007; Li et al. 2008), suggesting that defects arise as a result

of instability of the basement membrane during remodel-

ling and brain growth. Secondly, it appears that the base-

ment membrane per se may influence cortical development

(Zarbalis et al. 2007; Radakovits et al. 2009; Siegenthaler

et al. 2009). Foxc1 is a protein expressed in all three menin-

geal layers; homozygous mouse mutants show normal early

formation of the pial basement membrane, which later

develops defects associated with detached radial glial end

feet leading to disorganization of cortical neurons in the

marginal zone (Zarbalis et al. 2007). However, in this model

there does not appear to be the extensive overmigration

characteristic of cobblestone lissencephaly, instead the dys-

plasia is intracortical.

In dystroglycanopathies and GPR56 mutation, migration

of neurons through the hindbrain basement membranes is

also defective (Muntoni et al. 2004; Koirala et al. 2009).

Generalized overmigration (type II lissencephaly

or cobblestone cortex)

Animal and human studies show three distinct patterns of

generalized overmigration; loss of integrity of the pial base-

ment membrane appears to be critical to all. In the mouse

model of cobblestone cortex associated with dystroglycan-

opathy a continuous basement membrane forms but later

develops breaches through which glial end feet protrude.

Subsequently, neurons are found on the brain surface out-

side the basement membrane (Hu et al. 2007). It is notable

that the original cortical plate in these mice does not

appear to form normally, in that a marginal zone is not

seen; a situation comparable to the early human cobble-

stone malformation (Fig. 5A–C). In contrast, in the mouse

GPR56 model the cortex develops normally until E13.5, after

which defects are observed in the basement membrane fol-

lowed by neuronal overmigration into the subarachnoid

space (Li et al. 2008). Interestingly, in both forms of overmi-

gration the hippocampus is spared (Fig. 5D) (Li et al. 2008).

A similar sequence of events is seen in the MARCKS-defi-

cient mouse (Blackshear et al. 1997) where cortex and base-

ment membrane are normal at E9.5 but by E13, basement

membrane defects are apparent and cells are seen in the

subarachnoid space. In this model it appears that defects in

the cytoskeleton, cell adhesion and polarity lead to

deformed aberrant radial glial end feet. It is suggested that

lack of apicobasal polarity leads to impaired interaction

with the pial basement membrane and overmigration of

neurons into the leptomeninges (Weimer et al. 2009).

A third pattern of cortical malformation is associated with

defective pial expression of Foxc1 protein, a protein nor-

mally expressed in all layers of the meninges (Zarbalis et al.

2007). In this model, initial cortical development is also nor-

mal, but later, at E18.5, basement membrane defects

appear and there is disorganization of glial end feet. This

malformation differs from the cobblestone cortex in that

there appears to be no extracortical migration; the cortical

dysplasia is limited to disorganization of neurons within the

marginal layer.

Disruption of hindbrain migration pathways

Brainstem and cerebellar development depends on two

migration pathways. Certain of the cells destined for the

A

B

Fig. 4 Type 1 lissencephaly in a 34-week fetus. (A) Lateral view of the

brain shows poor gyration which is more marked anteriorly (arrow).

(B) A coronal slice shows a thick, but simple cortex and small

ventricles. Scale bar: 1 cm.
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cerebellar cortex and basal brainstem nuclei, such as the

inferior olivary nuclei, are generated in the rhombic lip at

the lateral angle of the fourth ventricle and migrate to their

final destination through the surface basement mem-

branes.

The cells destined for the cerebellar cortical granule layers

spread over the entire cerebellum from 10 weeks of gesta-

tion (Sidman & Rakic, 1973). Cells of the brainstem nuclei

also originate in the rhombic lip. These cells migrate on the

surface and then penetrate the brainstem to form its nuclei

(Altman & Bayer, 1978a,b). Another population of cells

migrates from the rhombic lip within the parenchyma of

the brainstem and developing cerebellum, independent of

interaction with the leptomeninges. These latter pathways

may be disrupted in both type I and type II lissencephaly,

but the surface leptomeningeal pathways are only dis-

rupted in the cobblestone type and not in classical lissen-

cephaly.

Disruption of the surface migratory pathways indicates

not only dependence on the integrity of the basement

membrane or extracellular matrix but also highly selective

adhesion to its constituent proteins. The cobblestone com-

plex appears to be due to defective glycosylation of alpha-

dystroglycan, while migrating cerebellar granule cells of

GPR56 mutant mice, which have malformations of the ros-

tral cerebellum, show selective deficiency in adhesion to

laminin-1 and fibronectin but normal adhesion to collagen

IV (Koirala et al. 2009).

Cortical maturation and folding

After the cortical plate has formed, it undergoes further

maturation, including the acquisition of a glial population

and development of intercellular connections and den-

dritic growth. The closely packed cells of the immature

cortex become separated by increasing amounts of neuro-

pil. Morphological differentiation and lamination become

better defined. The most obvious maturational change is

gyration, which occurs between 21 and 40 weeks in the

human brain. If the cortex does not form normally there

may be few simplified gyri (pachygyria) or virtually com-

plete absence, as in the lissencephalies. There are also

syndromes in which gyri appear to be too small and too

numerous (polymicrogyria).

A

B

C D

Fig. 5 Cobblestone lissencephaly, 23 weeks gestation fetus. (A) Coronal section through the brain, stained with H&E, shows a line running

throughout the cerebral wall (arrows) where the original pia was to be found (see higher power picture C.) Note there is also adhesion between

the medial frontal lobes (asterisk). Scale bar: 1 cm. (B) A section through the hindbrain (scale bar: 1 cm) shows thickening of the leptomeninges

around the brainstem and cerebellum (arrows) which contain abnormal clusters of migrating neurones. (C) The original pia is marked (P). Cells of

the cortical plate form dense groups abutting directly on the pial basement membrane without a molecular layer. Migrating cells may be seen

streaming through defects in the basement membrane (arrows) into the leptomeninges (LM). Scale bar: 200 lm. (D) A section of the

hippocampus (H) showing the junction of normal and abnormal cortex. Here, just lateral to the hippocampus, the leptomeninges become buried

in the dysplastic cobblestone cortex (Luxol fast blue stain). Scale bar: 1 mm.
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Polymicrogyria

Based on imaging, polymicrogyria (PMG) is characterized by

an irregular, bumpy surface of the cortex, with apparent

thickening and a stippled appearance of the grey–white

matter junction (Barkovich, 2005). Different patterns of

PMG have been described, including a number of bilateral

PMG syndromes (Leventer et al. 2010). PMG is a highly het-

erogeneous malformation, resulting from both genetic and

destructive events, including infection, hypoxia-ischaemia,

and trauma (Jansen & Andermann, 2005). In many cases

even combined analysis of imaging, pathology and genetic

studies is unable to identify the underlying aetiology.

The delineation of different PMG patterns on imaging

has facilitated the orientation of genetic studies, at least to

a certain degree. However, it has been shown that a single

bilateral PMG syndrome may have multiple genetic aetiolo-

gies (Villard et al. 2002; Santos et al. 2008) and that genetic

causes may also give rise to asymmetrical PMG patterns

(Jaglin et al. 2009).

The features of polymicrogyria may be difficult to recog-

nize on the brain surface as gyri often appear coarse; the

cut surface usually shows a cortex which appears abnor-

mally thick, formed by ‘piling upon each other of many

small gyri with fused surfaces’ (Friede, 1989). The neuro-

pathological description of PMG generally remains limited

to the description of a two- or four-layered cortex, which is

generally thought to correlate respectively to early vs. late

insults to the developing brain. The concurrence of both

two- and four-layered cortex in the same patient is not at

all uncommon and can be seen both in cases with defined

genetic lesions and in those with destructive lesions. More-

over, in early fetal cases it can be very difficult or impossible

to define the number of layers in the PMG cortex. Making

the distinction between these forms may be of little value.

Friede (1989) described three characteristic microscopic

features: abnormal arrangement of cells and an intracorti-

cal fibre plexus, excessive folding of all or only the upper

layers, and fusion of gyral surfaces, with large sinusoid

intracortical vessels marking the seams between adjacent

fused gyri. Among many patterns of human PMG, we have

seen fusion of adjacent gyri in association with bilateral

periventricular nodular heterotopia (Fig. 6).

Our experience with examination of fetal examples,

however, has shown that true fusion of the molecular lay-

ers does not seem to be a prerequisite for the diagnosis of

PMG, as it is not uncommon to see a folded and undulat-

ing neuronal band beneath a straight molecular layer

without any evidence of true fusion (Fig. 7). It therefore

seems more appropriate to limit the neuropathological

definition of PMG to the presence of one or more undulat-

ing or festooning cortical neuronal layers. The observation

of this pattern at 18 weeks, well before the onset of nor-

mal gyration, is further evidence that this is not always an

abnormality of folding or fusion of adjacent gyri but an

earlier inherent anomaly of cortical formation (Fig. 8). This

brings into question the signals for folding and when they

are operative.

The leptomeninges overlying the PMG lesion can be nor-

mal but often appear thickened, with vascular proliferation

and leptomeningeal heterotopia (Fig. 9). This can be

encountered both in genetically proven PMG and in PMG

resulting from destructive causes. The abnormal leptome-

ninges may extend out on both sides of the PMG lesion.

It remains to be clarified whether this leptomeningeal

A

B

Fig. 6 (A) Bilateral periventricular nodular heterotopia in a term

neonate. One subependymal nodule is indicated with a short arrow.

This section of the cerebral hemisphere shows focal polymicrogyria in

the cortex overlying the periventricular nodules (long arrow). H&E

scale bar: 1 cm. (B) A higher power image shows focal adhesion of

adjacent gyri which appear to be ‘zipping up’ from the depth of a

sulcus. Scale bar: 80 lm.
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thickening participates in the generation of the PMG cortex

or represents a secondary change, or whether both mecha-

nisms co-exist. Leptomeningeal thickening with neuroglial

heteropia was also recently described in TUBB2B mutations

(Jaglin et al. 2009) and GPR56 mutations. The malformation

associated with the GPR56 mutation is described as bilateral

frontoparietal polymicrogyria, but closer examination of

the early stages of development of this malformation in the

mouse model has shown defects in the basement mem-

brane and neuronal overmigration (see above). These

observations blur the definitions between the classically

described malformations and indicate the need for caution

with classification systems.

The grey–white matter junction in PMG can be either

sharp or blurred, with heterotopic neurons or nodules

populating the transition zone between grey and white

matter.

PMG can occur as an isolated finding or can be associated

with other CNS anomalies including periventricular nodular

heterotopia, excessive scattered neurons in the underlying

white matter, and brainstem or cerebellar abnormalities.

PMG can also be part of a multiple congenital anomaly

syndrome with additional abnormalities outside the CNS.

As highlighted above, multiple questions with respect to

the development of PMG, including the role of the leptom-

eninges, the mechanisms of premature folding, and the

mechanisms by which different genetic or acquired causes

result in a similar cortical abnormality, remain unanswered.

It is hoped that the integration of progress in the fields of

imaging, genetics and animal models with human neuropa-

thology will assist in finding at least part of the answers. To

date, it has not been possible to determine the primary

insult, genetic or destructive, associated with each of the

observed subtypes of PMG.

Destructive lesions

While destructive lesions may appear to be of no interest to

the neurobiologist, they are of great importance in human

diagnostic pathology. A well documented injury may teach

us about the effects of a single insult at a specific point in

A

C

B

Fig. 7 Three examples of polymicrogyria

characterized by undulating cortical laminae

beneath a smooth cortical surface. (A) Fetus

(H&E); (B) adult reticulin stain, (C) Adult Luxol

fast blue and cresyl violet stain. Scale bars:

500 lm.

Fig. 8 Coronal section of the brain of an 18 weeks gestation fetus.

Focal cortical irregularity and festooning of the neuronal band is seen

in the area which will become the perisylvian cortex (arrows). Reticulin

stain. Scale bar: 1 cm.
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brain development. It is clear that a single insult can cause

multiple disruptions, leading to a variety of malformation

patterns and, conversely, that multiple forms of insult

(genetic, infectious and ischaemic) may lead to the same

malformation.

A single timed intrauterine injury

The following case illustrates the effect of an ischaemic

insult at 24 weeks of gestation. The mother has very gener-

ously given consent for the case to be described for the pur-

poses of education.

The mother was involved in a road traffic accident when

she was 24 weeks pregnant. Post-injury fetal ultrasound

brain scan and a repeat at 28 weeks were normal. However,

by 30 weeks the fetal MRI scan showed reduction in supra-

tentorial brain volume, prominent extraaxial spaces and

bilateral ‘porencephalic cysts’.

The pregnancy was terminated 12 weeks after the injury

at almost 36 weeks gestation. The brain was small, two-

thirds of the expected weight, and there was bilateral

infarction of middle cerebral artery territory (Fig. 10).

Coronal slices showed bilateral middle cerebral artery

infarction. There was PMG in the frontal and occipital

watershed zones. Histology of the cerebral hemispheres

showed, apart from necrosis, failure of neuronal migration

with subcortical heterotopia, polymicrogyria, overmigration

into the leptomeninges, transmantle dysplasia and schizen-

cephaly. There was middle cerebral artery infarction as well

as watershed zone damage. The damage was the result of

fetal cerebral ischaemia, rather than direct trauma to the

baby or the brain.

This case illustrates that a single timed insult can lead

to a variety of malformations, the nature of which

depends on the timing and the developmental processes

which are disrupted. Further, it shows that the arterial

territories and watershed zones are established by

24 weeks. It has generally been assumed that the fetal

brain is not susceptible to watershed damage until term

(Huang & Castillo, 2008).

Schizencephaly

Schizencephaly is one of the more common cortical mal-

formations with a prevalence of 1.5 per 100 000. Defined

as a split in the brain wall extending through the full

thickness from the ventricle to the leptomeningeal sur-

face, it was first proposed as the result of primary failure

of development of a small focus of the germinal matrix

(Yakovlev & Wadsworth, 1946). EMX2 mutation has been

proposed as a cause, but this has not been established

(Tietjen et al. 2007). Consensus opinion is that schizen-

cephaly is the result of a destructive event (Norman,

1981); and Friede, (1989) does not differentiate schizen-

cephaly from porencephaly, describing both as

circumscribed hemispheric necrosis occurring in utero.

Barkovich (Barkovich & Kjos, 1992) suggested the cause

was ischaemia before 25 weeks of gestation. Most cases

result from a vascular disruption; attempted abortion,

amniocentesis, chorionic villus sampling and motor vehicle

accidents have been described in association with the con-

dition. Twenty-three of 43 cases of ‘isolated schizenceph-

aly’ were bilateral (Curry et al. 2005).

Destructive lesions of the brain wall may be seen in

watershed zones (Fig. 11), although in the fetus, middle

cerebral artery territory is more commonly involved. Lesions

occurring before 20 weeks are associated with impaired

neuronal migration which results in the cleft being lined by

dysplastic heterotopic neurons.

Larger cystic infarcts may have dysplastic cortex at the

border with normal brain in the ischaemic penumbra

A

B

200 µm

500 µm

Fig. 9 Polymicrogyria. (A) Polymicrogyria associated with

cytomegalovirus infection. Note the considerable thickening of the pial

basement membrane over the abnormally festooned neuronal layer of

the cortex. It is the festooning of the neuronal band which leads to

classification as polymicrogyria. Reticulin stain. Scale bar: 500 lm. (B)

36 weeks gestation fetus. There are focal glioneuronal heterotopia

(arrows) in the greatly thickened leptomeninges overlying an area of

polymicrogyria. Reticulin stain. Scale bar: 200 lm.
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(Squier et al. 2003) if the infarct occurs prior to cortical mat-

uration. Collapse of a large, fluid-filled infarct cavity may

lead to the appearance of a cleft-like disruption of the

brain wall and fulfil the criteria for schizencephaly (Fig. 12).

Conclusion

Observation of very early stages of cortical malformations

indicates the need for caution in their classification; the

C

D

B

500 µm

A

Fig. 10 Fetus 36 weeks; 12 weeks after

maternal trauma. (A) Lateral view of the

whole fixed brain showing a large area of

collapse which is old infarction in middle

cerebral artery territory (arrow). Scale

bar: 1 cm. (B) H&E stained section of the

middle cerebral artery territory shows a large

area of infarction (between small arrows) and

polymicrogyria at the junction of damaged

brain with normal cortex (long arrow). Scale

bar = 1 cm. V = ventricle. (C) This is the area

marked with a square in (B). Beneath the

infarcted cortex there are numerous groups

of migrating cells within the white matter

which have failed to reach the cortex

(arrows). Scale bar: 500 lm. (D) High-power

image of cortex in the infarcted middle

cerebral artery territory. Note that there is

florid thickening and increased vascularity of

the leptomeninges over the damaged cortex

(arrow). Reticulin stain. Scale bar: 200 lm.

A

B

C D

Fig. 11 Fetus of 26 weeks gestation with

infarctions in watershed territories. (A) The

naked eye appearance of a fixed brain slice

shows an area where a band of white tissue,

resembling the cortex, forms a fold dipping

almost the full depth of the brain wall

towards the ventricular lining (V). Scale

bar: 1 cm. (B) Higher power image shows an

abnormally folded band of neurons around

the edges of cleft (H&E). Scale bar: 700 lm.

(C) There is focal calcification in cells within

the damaged brain wall suggesting old brain

destruction as a cause for the cleft (H&E).

Scale bar: 20 lm. (D) Perl’s stain showing

altered blood pigment in an area of old

damage. Scale bar: 20 lm.
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appearances seen in the mature brain by pathology or

radiology do not necessarily reflect the specific pathways

which have been disrupted in the development of malfor-

mations. Many insults may lead to the same pattern of mal-

formation and a single insult can lead to multiple patterns

of malformation.
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