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Preface to the fourth edition

More than 25 years have passed since the publi-
cation of the first edition of Neuropathology,
which; since the second edition in 1963, has been
known as Greenfield’s Neuropathology in recog-
nition of the pioneering work of Dr Greenfield
at the National Hospital for Nervous Diseases,
Queen Square. The fundamental approach and
the format of the book remain true to the Green-
field tradition which was established in the first
edition but the subject has inevitably enlarged
and changed reflecting the rapid developments
which are taking place in all branches of the
neurosciences. Many of the chapters have been
completely rewritten and there is now a greater
emphasis on ultrastructure and biochemistry. A
new generation of neuropathologist contributors
has been joined by specialists in clinical fields
and. in other laboratory disciplines to provide
what we think are up-to-date and authoritative
surveys of their topics. To bring in the new does
not necessitate discarding the.old and much of

the irrepldceable expertise expressed by the ori-
ginal authorship has been retained. Many of the
recent discoveriés in neurobiology have yet to be
applied to the clinical and 'neuropathological
study of man and the subject inevitably contin-
ues to grow. This is reflected in the size of the
book which has grown with each-edition but it is
still contained within a single volume and this
has unfortunately led to the omission of some of
the historical aspects of the subject. Although
the personal links with J.G. Greenfield himself
are now not strong, many of the contributors
were students of his fellow authors Blackwood,
Meyer, McMenemey, Norman and Dorothy
Russell who together with Greenfield laid
the foundations of Neuropathology in Great
Britain.

JHA
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LWD



Acknowl_edgeménts

Individual acknowledgements are made where
possible throughout the text. Special thanks are
due to Professor D.G. McDowall, University of
Leeds; Mr Alwyn Brown, MRC Toxicology La-
boratories Carshalton; Dr Seth Love and Mr
J.A. Mills, Institute of Neurology, and Mrs V. V.
Smith, Institute of Child Health. The photo-
gtaph of Dr J.G. Greenfield was provided by Mr
H. Prentice, The National Hospital, Queen
Square. Many more people have made important
contributions towards the preparation of this
book than can be thanked individually. Qur gra-
titude to the many friends and colleagues who
have provided illustrative material is very con-
siderable. In many hospitals and universities, to

A

which Neuropathology lab ies are affi-
liated, loyal and tolerant seq igl, technical
and photographic staff have g m“bld' ex-
pert support to the contributory. Thianks are due
in particular to our secretaries, Mrs E. Daniel,
Miss Jean Pegrum, Mrs E. Perkins, Mrs Joan
Rubython; to Miss Gillian Clarke for much ex-
pert editorial help and to Mr P.J. Price and Mjss
Barbara Kostet of Edward Arnold for their h¢lp
in overcoming the many problems which ardse
in the production of this volume.

. JHA
JANC
LWD



,_ Qﬁptents .

Frontispiece , ii
Preface : vii

1 General pathology of neurons and neuroglia L. W. Duchen 1
2 The pathophysiology of raised intracranial pressure J. Douglas M tller and J. Hume Adams 53
3 Headinjury J. Hume Adams 85
4 Hypoxia and vascular disorders of the central nervous system J.B. Brierley and D.I. Graham 125
5 Spontaneous intracranial haemorrhage Roy O. Weller 208
6 Bacterial infections of the central nervous system D.G.F. Harriman 236
7 Virus diseases of the central nervous system Berty Brownell and A. H. Tomlinson 260
8 Parasitic and fungal infections of the nervous system F. Scaravilli 304
\/ 9 Demyelinating diseases Ingrid V. Allen 338
10 Malformations of the nervous system Jeanne-Claudie Larroche 385
11 Perinatal brain damage Jeanne-Claudie Larroche _ 451
12 Lysosomal enzyme deficiencies Brian D. Lake 491
13 Nutritional deficiencies and metabolic disorders L.W. Duchen and Jean M. Jacobs 573
14 Toxic disorders of the nervous system Jean M. Jacobs and Pamela M. Le Quesne 627
15 Diseases of the basal ganglia, cerebellum and motor neurons D.R. Oppenheimer 699
16 The hypothalamus and pituitary gland C.S. Treip 748
17 Disorders of the spine and spinal cord J. Trevor Hughes 779
" 18 Diseases of the peripheral nerves P.K. Thomas, D.N. Landon and R.H.M. King 807
19 Epilepsy B.S. Meldrumand J.A.N. Corsellis ' 921
20 Ageing and the dementias B.E. Tomlinson and J.A.N. Corsellis 951

21 Diseases of muscle D.G.F. Harriman , . 1026

Index ’ ' 1097



General pathology of neurons and neuroglii

L.W. Duchen

Neuropathology, as surveyed in this volume,
itlgmorphological aspects of the

‘gf the nervous system. The
foundations science were established in
the nineteen lSe ury by the pioneer neurohis-
tologists in France, Germany and Spain, many
whom combined clisfical neuropsychiatric prac-
tice with labormlz investigation. Greenfield
(1958) and-subséquently Greenfield and Meyer
(1963) and Blackwood (l976) briefly reviewed
the historical development of neuropathology.
The comiplexity of structure and composition
of the nervous system necessitates a wide range
of technical methods for its microscopic study.
Each component has some method of staining
most appropriate for its vnsuahzatlon, and the
importance of each method varies in different
Wl conditions. The methods applied to
study of cases with complex neurological

. di ase which may have required many hours of

: dividual case. Obviously, there-
¢, the details of the clinical history of a case
er study need to be known. As complete a
post-mortem examination of the nervous system

as is possible should be the aim in every case. *

Widespread sampling of tissues should be a
routine procedure, so that the examination will
include not only different areas of the brain and
spinal cord but also nerve roots, sensory and
autonomic ganglia, peripheral nerves, muscles,
visceral innervation and sensory receptor organs.
The brain should normally be fixed intact. Indis-
‘criminate slicing of the fresh unfixed brain may
prectude further useful study but it is possible to
obtain fresh brain tissue without compromising
later histological study. For example, a cut
through one frontal lobe anterior to the lateral
ventricle will provide a good sample of cortex

1 invesugﬁ ion should be the most appro- .

and white matter. In diseases affecting the brain
symmetrically, a mid-sagittal division will pro-
vide one hemisphere for histological examina-
tion while the other ¢an be studied by techniques
requiring unfixed tissue. This type of combined
approach enables advances in neurobiology to
become applicable to the study of human peuro-
logical disease. The application of electron
microscopy to human clinical neuropathology
remains a considerable, perhaps intractable,
problem. The rapid development of post-mor-
tem artefact due to autolytic changes, the disrup-
tion of membranes and the consequent impair-
ment of adequate fixation and staining make it
difficult to apply criteria for significant patho-
logical change even when the period between
death and fixation is reduced to 3 to 4 hours.
Only the most stable, and metabolically there-
fore the most inactive, constituents can be iden-
tified with certainty in post-mortem electron mi-
crographs. Nevertheless, electron microscopy of
post-mortem tissue has made important contri-
butions to bur understanding of the pathogenesis
of neurological disease and could be used more
widely and routinely when the material is suit-
able.

Brain weight ‘

The weight of the brain is a useful measure of its
pathological state. Fixation in 10 per cent for-
malin usually causes a small but variable increpse
in weight while fixation in 30 per cent formalin
leads to a small decrease. Brain weight is related
to age, height and sex, and many tables have
been published giving the normal range. A recent
extensive survey (Dekaban and Sadowsky, 1978)
was based on recorded fresh unfixed weights
from more than 2700 male and nearly 2000
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female patients dying with histologically normal
brains. Brain weight was correlated with height,
weight, age and sex, and it was found that in
males brain weight is almost 10 per cent greater
than in females of similar age. The largest rate of
increase occurs between birth and 3 years, the
maximum weight is in young adults around the
19th year and there is a progressive decline after
45-50 years of age. Lowest values occur after 86
years, when brain weight is about 11 per cent
lower than the maximum. Average brain weights
for males are 380 g at birth; 970 g at 1 year; 1120 g
at 2 years; 1300 g at 5 years; 1400 g at 10; 1450 g
at 19-21; 1430 g at 50; 1370 g at 60 and 1330 g at
80. In females the maximum is 1340 g at age 18,
which declines to 1140 g at 80.

The neuron

The great variety of shapes and sizes of nerve
cells makes it difficult, if not impossible, to define
the morphological characteristics of a typlcal
neuron. The identification of alterations in the
morphology of neurons is one.of the corner-

stones of neuropathology and it is useful to com-

- pare suspected alterations in pathological states

with control material of the same type of cell.
Some features are common to all nerve cells,
large or small. Nuclei tend to be rounded in
section—i.é. they are spherical (Fig. 1.1)—and
on electron microscopy can be seen to be
bounded by a double membrane which in places
is fused to form nuclear pores or diaphragms.
Often, and usually in the large neurons such as
large pyramidal (Betz) cells of motor cortex and
Purkinje* cells of cerebellum, there is a large
prominent, nearly central, nucleolus. Typically,
neuronal nuclei lie in the centre of the cell body,
and displacement to the periphery may be evi-
dence_of pathology. However, the nucleus may
be normally eccentric in some neurons such as in
the cells of Clarke’s column of the spinal cord
and in neurosecretory cells of the hypothalamus.

- Nuclei may also seem to be displaced by peri-

karyal accumulation of lipofuscin pigment and

*In view of its common usage the spelling Purkinje has
been retained instead of the more correct form, Purkyné.

b

Fig. 1.1 Normal neurons. (a) Anterior horn cell from lumbar spinal cord. Note the central round nucleus,
prominent nucleolus, and Nissl bodies in the perikaryon extending into dendrites but absent from the axon
hillock and axon. Thionin (Nissl’s method) x 550. (b) Cerebellar cortex showing two Purkinje cells with their
dendrites extending up into the molecular layer. Axons from basket cells surround the cells and pass up the

dendrites. Bielschowsky silver impregnation x 400.



in normal cells of the substantia nigra or locus
" ceruleus where there is abundant perikaryal neu-
romelanin. In small neurons such as cerebellar
granule cells the nucleus forms the major consti-
* tulent of the cell body The sex chromatin, charac-
,(cnsueully larger in femailes, was described in
- nerve cells of the cat where it forms a juxtanu-
cleolar mass (Barr and Bertram, 1949). In other
‘species, including man, it may be seen as attached
to the internal aspect of the nuclear membrane.
Penkaryal constituents vary in amount and in
proportion among neurons but most elements
are common to all nerve cells. As in other cell
typesactively synthesmng protein, neuronal peri-
karya are rich in ribosomes (composed of ribo-
‘nucleic acid) which may be grouped in polysomes
or arranged along stacks of membrane in parallel

array fthe rough endoplasmic reticulum) form-

ing Nissl bodies or granules (Fig. 1.1). These
.granules are readily visible with light microscopy
and are stainable with haematoxylin and with
basic aniline dyes such as cresyl fast violet or
thionin which also stain the nucleolus. The pres-
ence and distribution of Nissl granules through-
out the perikaryon or the more diffuse basophilia
produced ‘by free ribosomes is of importance
because abnormalities in these components of
the cell occur under pathological conditions.
Normally ribosomes are absent from the axon
but they are found in dendrites.

In addition to the stacks of organized rough
endoplasmic reticulum there are other perikaryal
organelles which include arrays of agranular
(smooth) endoplasmic reticulum, often lying
close to the nucleus and forming the Golgi ap-
paratus, abundant mitochondria, smooth as well
as coated vesicles, multivesicular bodies, neuro-
filaments and neurotubules (Fig. 1.2). Lipofuscin
granules and, in specific sites, neuromelanin
granules are other normal constituents. The nor-
mal electron microscopic structure of nerve cells
has been reviewed by Peters, Palay and Webster
(1976). With light microscopy the use of silver
impregnation techniques in either paraffin or
frozen sections adds very greatly to the extent of
neuronal visualization. Neuronal processes and
perikarya rich in neurofilaments are readily
stainable in paraffin sections by methods such as
those of Palmgren (1948) and Marsland, Glees
and Erikson (1954), while the Golgi silver tech-
' nique (as used and modified by Valverde, 1970,
and Ramon-Moliner, 1970) in thick sections
gives the most extensive picture of the neuron

The neuron 3

and is particularly valuable in the assessment of
the size of the dendritic arborization and the
density of dendritic spines.

The density of the perikaryon varies consider-
ably among neurons, with both light and elec-
tron microscopy, giving rise to the terms ‘large
light’ and ‘small dark’ cells. This is particularly.
apparent in sensory ganglia where the large lighyl
cells have prominent well-ordered stacks o'¢
rough endoplasmic reticulum forming Niss |
granules widely separated from each other by
cytoplasm containing abundant neurcfilaments
and microtubules and dense organelles (sce Lie-
berman, 1976). Small dark cells have more
closely packed ribosomes, mostly free or in pack-
ets, and few well-organized Nissl granules. The

_cells of autonomic ganglia differ in many respects

from neurons of the CNS. A comprehensive
account of structure and function of adrenergic
neurons has been given by Burnstock and Costa
(1975).

Synaptic morphology was reviewed by D.G.
Jones (1975) and by Peters, Palay and Webster
(1976) and can, for convenience, be divided into
symmetrical types in which densities are present

_on both pre- and postsynaptic membranes and

asymmetrical where the postsynaptic density is
the more prominent. The characteristic organ-
elles of the axonal terminal are synaptic vesicles
(Fig. 1.3) which are agranular (clear) or dense-
cored in type. Agranular vesicles may be spheri-
cal with a diameter of 40-50nm or somewhat
fiattened or ellipsoidal, depending to some extent
on the type of fixative used. The association of
flattened vesicles with symmetrical synapses and
their neurophysiological correlates points to-
wards an inhibitory function in these synapses
while the spherical vesicles are the preponderant
type in excitatory synapses as at the neuro-
muscular junction. Dense-cored vesicles of 40-
60 nm diameter are considered to be sites of stor-
age of noradrenaline. Larger dense-cored vesi-
cles of 80-90 nm diameter are found throughout
the central nervous system and in peripheral
autonomic fibres but their functional correlate is
uncertain. Other constituents associated with the .
transmitter function of neurons include neurose-
cretory vesicles which are much larger than
other synaptic vesicles, up to 300 nm in diameter,
and are found in the neurons of the supraoptic
and paraventricular nuclei and their terminals in
the neurohypophysis. At a light microscopic
level these vesicles correspond to the stainable
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Fig. 1.2 Electron micrograph of part of an anterior horn cell of the spinal cord of a normal rat. The nucleus
(N) is bounded by a double membrane which is fused at the nuclear pores (arrowheads). In the perikaryon the
parallel arrays of rough endoplasmic reticulum (3§) correspond to the Nissl bodies seen by light microscepy.
There are abundant polysomes (small groups of ribosomes), mitochondria (m) and cisternae of smooth
endoplasmic reticulum forming the Golgi apparatus (G). Occasional microtubules and one lipofuscin inclusion
(L) are also shown. Bar=1 um. (Preparation by Dr Jean M. Jacobs). -




Fig. 1.3' Electron rl;iérographs shdwing netve terminals and synapses. (a) Several axonal terminals are seen
containing synaptic vegicles which have a varied morpholagy. Some are round and clear, others are round and
have a dense core. Cléar t;{;lhphcal vesicles are also shown. One synapse (arrow) on the perikaryal membrane

of an anterior horn cell®hias an associated flattened cisterna lying close to the postsynaptic membrane.
Bar=0.5um. (b) In the cerebellar granul¢ cell layer a large axonal terminal (A) of a mossy fibre contains
abundalat mitochondria uaxcluunnmsynapm vesicles. Several dendritic profiles (D) and synapses
(arrowheads) are shoMn some there is a prominent postsyraptic density but in others pre- and postsynaptic
densities are of snmllnd\hackam Bar=0.5 ym. (Preparations by Dr Jean M. Jacobs)




| “has Gentred'on. the: problems as’'they presentat
. the neuromuscular junction, where the physio- -
'logic.al studnes of Kaa and hls collaborators

* whether thxs reiease 1sby exocytosis from ves:cles
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neufosecretory material. demonstrabbe by the
Gomori chrome. alum haematoxylm stain and -

contain the: hofmones OXytocin n{ vasopressm ;
and their carrier proteins. . "~‘€

* A great deal of interest. at ¢hes to the func-
tional : relanonshxps -between’. vesicles, nem:o—
transmitters anﬂ the mech: of transmitter

telease from nerve. terminals. Much discussion -

e v

or by some other'mechanism controlling acetyls. ..

“‘choline release from a cytoplasmic pool has been-

< discussed by Israel,” Dunant and Manaranche

(1979) and by Ceccarelli and Hurlbut (1980). It
seems that although a proportlon (estimated at
about 40 per cent) of transmitter is present within

vesicles- and that an exocytotic ‘process does -

occur, it is by no means certain that quantal
transmitter release is by exocytosxs or is denved -

" frém vesiclés: -

The correlation between neuronal structure,

. the identification of. neurotransmltter function-

of identified neurons arid their patfwlogy is still
a new - field (see Iversen, 1982). The putative
transmitters include gamma—ammobutync acid
(GABA), glycine, glutamic acid, acetylcholine,
dopamine, noradrenaline,adrenaline, 5-hydroxy-
tryptamine and histamine. ‘Methods for the lo-
calization of these transmitters, particularly in

 nerve terminals, may rely more on identification

of synthesnzmg enzymes such as glutamic acid

decarboxylase, choline acetyltransferase or ty- -
- - rosine hydroxylase than of the transmitter sub-

-stance itself’ Other hormone-like, rather than
“transmitter, substances include oxytocin and

vasgpressm, while recently identified neuropep-
tides seem likely to act as modulators of neuronal
activity rather than as neurotransmitters and in-
clude the opioid peptides, substance P, hypo-
thalamic releasing factors, gut hormones and
pituitary peptnde~ These peptides can be local-
ized by 1mmunocy10u.amcal methods (see
Chan-Palay and Palay, 1982; Gaspar et al., 1983;
Pearson, 1983) which can also be applied to re-
ceptor localization. Clearly, methods for the
identification of transmitters are set to make

- great contributions 'to the understandmg of

neurological disease.
The use of monoclonal antibody techniques,

developed by Kohler and Mdstem (1975), has
greatly facilitated the exact localization ‘of anti-
.gens in the nervous system and these methods
‘are now being applied to the identification and
_characterization of cells, both neuronal and gl ial.
" Neuronal cell markers, localizable by immuno-

Ecytochemlcal tec‘hmques (fluorescence or im-
- munoperoxidase)- include neurofilament poly-

peptide (Anderton et al., 1980; Yen and Fields,

~1981); and the anubodxes A2BS (Eisenbarth,
Waish and Nirenberg, -1979) A4 .and’ 38D7.
“~ Other methods for.the identification of neurons
5 - are. tctanus toxin bmdmg -and the ‘visualization
sof neuron-spec:ﬁe énolase. - These-cell#markers

-are already makmg great contributions to neu-

“robiological research, particularly- for identifi-

cation of eells in tissue culture, and their applic-
ability to problems of human neurological
disease is apparent (see Kennedy, 1982).
Artefact ;

Artefact occurs all too readily at various stages

- of neurohistological preparation and may cause

errors of interpretation. Post mortem autolysis

‘seems to be less of a pgoblem in the central
- nervous system than in-other viscera, at least for

light microscopy, and reasonable histological

~staining can be obtained even several days after
death, provided refrigeration has been adequate.

The autolytic changes which develop after brain

“death has occurred but with the patient main-

tained with life-supporting systems may be a

- major obstacle to useful histological study. After

only 24 hours on a réspirator, changes resemble
hypoxic cell damage. ‘Longer periods on artificial
ventilation after brain death lead to faifure of the
brain to become adequately fixed and hardened
in formalin and renders detailed histological
study useless. The ‘respirator brain’ 1scons|dered
in more detail in Chapter 4.".

Other artefactual changes have been reviewed
by Blackwood (1976) and include the formation
of ‘mucocytes’ (Buscaino bodies) in the white
matter. These ‘metachromatic bodies’ were stud-
ied by Smith (1949). They occur only in some
cases, and are seen in frozen sections as well as
paraffin- and celloidin-embedded tissue. Separ-
ation of cell layers from each other is also
artefactual and affects particularly the granule
cell and molecular layers of cerebellum and the
hippocampus in paraffin-embedded blocks.
These are probably akin to the perineuronal dnd
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perivascular sffaoes which appear in paraffin sec-
tions arld are shrinkage artefacts occurring
during tissue processing. They can be partially
avoided by prologging the duration of each stage
.of dehydration, clearing and ifapregnation with
paraffin wax and by celloidin embedding. Fixa-
tion artefact is also probably the cause of ‘selec-
tive granule cell necrosis’ in which the granule
cell layer of cerebellar cortex appears pale grey
or whitish macroscopically and the cells Tail to
stain adequately. The exact cause s not known,
perhaps being autolytic, but it is a very rare
occurrence when brains are fixed in a stronger
formalin solution (20-30%) than in general use

and the volume of formalin relative to brain is

adequate (i.e. 6 litres or more of formalin).

Shrunken dark neurons have been clearly
demonstrated to be artefactual (Cammermeyer,
1960, 1961; Brown, 1977) and are caused by pres-
sure on unfixed brain tissue. They are irregular
in outline, the apical dendrite has a twisted,

and the apical dendrite
appearance. Haematoxylin and van Giesofi x 400;

-

&

Fig.14 Artefuctually ‘iﬂc‘:gmmmxmecm
edge of a cortical biopsy. T are darkly stained™
a twisted corkscrewtlike

Artefact 7

corkscrew-like appearance, the nucleus and cy-

toplasm stain darkly and Nissl bodies cannot be

_identified (Fig. 1.4). There imay also be a peri-

nuclear halo. The presence of dark neurons is
often a problem, particularly in biopsy speci-
mens of cortex and in experimental animal

~ material in which brain tissue is handled in the

fresh state and subjected to pressure. The arte-
fact can be prevented or at least reduced by min-
imizing handling of the brain when fresh and
unfixed. In experimental animals the use of
perfusion-fixation and leaving the brain un-
touched in the skull for several hours before
removal helps to prevent artefact, 4
Artefactual changes are easily induced during
removal and handling of the spinal cord, which,
if bent or kinked sharply before fixation, may
develop swellings which may resemble intrinsic
tumours. The cord should therefore not be sub-
jected to pressure and should be kept as straight

i spinal cord are
shown in grey matter close to several anterjor horn

cells. Paraffin section of lumbar spinal é6rd of a

Fig. 1.5 Argyrophilic bodies in the

_patient without neurological disease. Giées silver im-

pregnation x 160.
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as possible until placed in fixative in a suitable
container.
Argyrophilic bodies in the spinal cord

Argyrophilic bodies (Fig. 1.5) up to 30 ym in
diameter are a constant finding in the anterior

General pathology of the neuron

horns of the grey matter of the spinal cord in
adults (Smith, 1955). Their nature is uncertain
but because of their ubiquity they are not con-
sidered to be indicative of any specific pathology
in spite of their resemblance to axonal retraction
balls.

Hypoxic neuronal damage

One of the commonest forms of injury to neurons
is that caused by hypoxia, this term being used
to cover a wide range of underlying physiological

disturbances such as arrested or impaired blood -

flow, reduced oxygen tension in circulating blood
or toxic factors. Furthermore, because of the
dependence of the neuron on glucose as its main
metabolic substrate, hypoglycaemia of whatever
cause can induce morphological changes similar
to those caused by hypoxia due to the neuron’s
inability to utilize oxygen (Lawrence, Meyer and
Nevin, 1942; Meyer, 1963). The mechanisms of
these disturbances are discussed in Chapter 4.
The early neuropathological literature re-
ferred to Nissl’s acute cell or severe cell disease

but these terms have been superseded. For details

of the older terminology the reader may refer to

the previous editions of this book or to prel- 3

meyer (1922). 3

The sequence and tlmc-course of events fol-
lowing hypoxic injury to the neuron have been
well defined in experimental animals. The use of
perfusion-fixation and delayed removal of the
brain has allowed the differentiation between ar-
tefactual and significant pathological alterations
and in particular has facilitated the definition of
the early stages of hypoxic cell damage (see
Brown, 1977). The earliest stage of ischaemic
neuronal pathology was named microvacuolation
by Brown and Brierley (1966). The cell (Fig. 1.6)
may be normal in size or only slightly shrunken,
and the nucleus also only slightly shrunken while
the perikaryon is vacuolated. The majority of
vacuoles (which are up to about 2 ym in diame-
ter) are swollerr mitochondria, while some may
be due 1o dilatations of endoplasmic reticuliim
orof otherintracytoplasmic organelles (Fig. 1.7).
Microvacuoiation has been identified in hippo-

-Fig. 1.6 Microvacuolation in pyramidal neurons of

the hippocampus of a rat surviving il hour after a
hypoxic-ischaemic episode. The vacuoles are evenly
distributed throughout the perikaryon, extending into
the dendrites. 1 um epon section. Toluidine blue x
2000. (From Brown, 1977. Reproduced by permission
of the Editor, Journal of Clinical Pathology).

campal and-cortical neurons in the rat after only
5-15 minutes of hypoxia. In the rhesus monkey
microvacuolation has been observed within 15
minutes of severe hypotension and 30 minutes of
hypogiycaemia, and Rrierley (unpublished) has
identified the changes in the brain of a human
case dying 1 hour after cardiac arrest. Microva-
cuolation can, however. only rarely be identified

- in man because of early autolytic changes. Mi-

crovacuolation occurs earlier and seems to por-
sist for a shorter time 1 small neurons than in



S T s

Hypoxic neuronal damage 9

B a— . e

;
4

Fig. 1.7 Electron micrograph showing microvacuoiation of a pyramidal cell of the hippocampus of a rat as in
Fig. 1.6. Swollen mitochondria witk disorganized cristae lie within a cytoplasm of increased electron density.
The nucleus is irregular in shape. Bar =5 um. (Preparation by A. W. Brown).

large in which it has been seen for up to 4 hours
after the ischaemic-hypoxic insuit.

The stage termed ischaemic cell change (Fig.
1.8) develops as a gradual transition from the
stage of microvacuoclation to one in which the
neuron is shrunken, staining darkly with cresyl
violet, its cytoplasm becoming markedly eosino-
philic and containing finely granular dispersed
Nissl substance. The nucleus is also shrunken
and often triangular and darkly staining, and the
nucleolus may be eosinophilic. Luxol fast blue
stains nucleus and cytoplasm bright blue to dark
mauve. Electron microscopy has shown in-
creased electron density of the cytoplasm which
contains degenerating but usually identifiable or-
ganelles and remnants of microvacuoles. A later
stage in the ischaemic cell process is the appear-
ance of incrustations which stain darkly in most
preparations (Fig. 1.9), and are seen on the peri-
karyon and dendrites. Electron microscopy has
shown incrustations to be electron-dense profiles

of neuronal cytoplasm, including some derived
from the dendrites, formed into projections from
the cell surface which is indented and distorted
by clear swollen astrocytic processes (Fig. 1.10).
Ischaemic cells with incrustations are found as
early as 30 minutes in the rat and 90 minutes in
the monkey after the hypoxic episode, and they
may persist for 48 hours. As Greenfield pointed
out (1958) the cells with incrustations are hap-
hazardly distributed, in some areas almost every
cell being affected, while in other cases or in other
areas in the same case none is seen, although
there may be other evidence of hypoxic damage.

A later stage of neuronal morphology
observed after a hypoxic ischaemic insult is hom-
ogenizing cell change (Fig. 1.11). This was first
described in Purkinje cells by Spielmeyer (1922)
who considered that it was not necessarily due to
ischaemia since he observed it in association with
infectious and toxic disorders, and Greenfield
(1958) believed it to be due to a less severe or less



