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Preface

The scope of this book embraces the structure and function of the
nucleus in diseased tissues with emphasis on neoplasia because that
is the current focus of interest. Molecular aberrations within the
nucleus are thought to be fundamental to the genesis of the neo-
plastic process.

At first, all that was known about tumours were their signs and
symptoms, and there was speculation that they due to an excess of
“black bile”. Then the autopsy disclosed the association of primary
malignant tumours with secondary metastases. The advent of mi-
croscopy revealed abnormalities of tissue and cellular architecture
in tumours and enabled the first glimpse of the nuclear aberrations
within these lesions. Now, advances in molecular genetics have
caused considerable attention to be directed at the nucleus. It hasn’t
always been so for two reasons: first, until this century, the primor-
dial state of physics and biochemistry denied investigators the ability
to study the nucleus of eukaryotic cells in the way we can today;
second, even when the biochemical ingredients of the DNA in the
nucleus were ascertained it was not thought possible that complex
genetic data could be encoded in combinations of just four bases.

In editing this book I have solicited a series of chapters covering
various aspects of nuclear pathology, with some methodological
details where appropriate so that readers unfamiliar with these tech-
niques could begin to employ them in their own work.

The first chapter summarises briefly aspects of nuclear morpho-
logy in human tumours, which are probably familiar to most histo-
pathologists but are nevertheless diagnostically useful and serve to
set the remaining chapters in context. It is to be hoped that further
detailed analysis of tumour cell nuclei will reveal the diagnostic
usefulness of some of the abnormalities recognised by histopatho-
logists but for which we have, as yet, no biological explanation and
can attach no clinical significance. Some of these abnormalities,
and others, are explored at an ultrastructural level in the following
chapter.

The last few years have seen a spate of publications on nucleolar
organiser region enumeration in interphase nuclei in tumours.
These intranuclear pools of ribosomal RNA and associated pro-
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teins, some of which are argyrophilic, can be identified in sections
and cell preparations by a relatively simple silver staining technique
within the capabilities of most routine diagnostic laboratories. It
brings transcriptional activity and nucleolar organisation within
reach of routine histopathology and the diagnostic and prognostic
significance of the observations is of considerable interest.

The abnormalities of nuclear size and shape summarised in the
first chapter can be quantified, digitised, processed, and subjected
to statistical analysis. These procedures and the results derived from
them are detailed in the fourth chapter. Because nuclear abnormali-
ties are observed quite consistently in cytological preparations from
tumours, it is likely that quantitative and image analysis techniques
can be developed to assist in population screening for malignancies
accessible to exfoliative cytology. An extension of this approach is
flow cytometry, which has the advantage that many cells can be
assessed very rapidly using two or more parameters including DNA
ploidy and cell markers.

Moving from observations on the whole nucleus to the indivi-
dual chromosomes, in the sixth chapter it is gratifying to discover
that solid tumours are yielding to the techniques of the cytogeneti-
cist. Consistent chromosomal abnormalities are being revealed in
certain types of tumour and, from our knowledge of the location of
genes on individual chromosomes, the functional significance of
these abnormalities is being elucidated.

Finally, to the study of the nucleus and its transcribed products
at a molecular level. The relatively new technique of in situ hybridi-
sation enables the abundance and expression of genes to be investi-
gated at a cellular level. This is fundamentally important to the
neoplastic process on which most of the work is being done.

In conclusion, I am indebted to the other authors, who shared
my enthusiasm for the pathology of the nucleus. Their erudite and
well-prepared contributions greatly eased the editing process. On
behalf of all authors I thank also Mrs. Ursula Davis and her col-
leagues at Springer-Verlag for their advice and help inthe prepara-
tion of this volume.

Sheffield, UK J. C. E. UNDERWOOD
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1 Introduction

VON HANSEMANN (1890) is credited with first postulating that abnor-
malities of nuclear morphology in tumour cells might be correlated with
their biological properties and clinical behaviour. He placed importance on
the mitotic rate and the presence of abnormal mitoses (VON HANSEMANN
1892). His postulate has remarkable prescience because it would not be
for almost 100 years that evidence would be gathered to provide biochem-
ical support for the notion that the aberrant behaviour of cancer cells was
attributable to genetic lesions within their nuclei.
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2 Structure and Function of the Nucleus

Most of the DNA in eukaryotic cells is in their nuclei; relatively minute
quantities of maternally derived DNA reside in mitochondria. In nuclei the
DNA is organised into chromosomes in a highly folded configuration. The
folded state of nuclear DNA is crucial for not only does it enable the DNA
to be accommodated within the limited volume of a nucleus (the unfolded
DNA in each chromosome is approximately 5 cm long), but it influences
the activity of the genes encoded therein (only a small proportion of the
DNA encodes essential proteins). Associated with the DNA and contribut-
ing to its folded state are a variety of DNA-binding proteins: these are the
histone and non-histone proteins. The non-histone proteins are numerous
and subserve many functions. Histones are structural proteins which are,
on a basis of mass, as abundant in nuclei as the DNA with which they are
associated. The DNA and associated histones constitute the chromatin in
interphase nuclei.

Within each nucleus there is at least one subsidiary structure — the
nucleolus. The nucleolus is formed around loops of DNA, called nucleolar
organiser regions (see Chap. 3), located on the acrocentric chromosomes
and coding for rRNA synthesis. The nucleolus contains, in addition to
rDNA and rRNA, associated proteins such as RNA polymerase 1 (AL-
BERTS et al. 1983).

The shape of the nucleus, frequently abnormal in neoplastic cells, is
dictated by the characteristics of the nuclear envelope. The nuclear en-
velope comprises an inner and an outer nuclear membrane separated by
the perinuclear space and perforated by pores. The nuclear aspect of the
inner membrane is bordered by the fibrous lamina, but this is often ultra-
structurally inconspicuous. The fibrous lamina contains proteins which
form the nuclear pores, bind to the inner membrane, and bind to the un-
derlying chromatin. The fibrous lamina is therefore crucial to the structural
organisation of the nucleus.

In histological and cytological preparations the nucleus, its chromatin
pattern and the nucleoli can be discerned by light microscopy. Their size,
shape and staining pattern are of proven value in the diagnosis and grading
of neoplasms, although the precise functional significance of some of the
observations remains speculative.

3 Nuclear Abnormalities in Tumours

Nuclear abnormalities in tumour cells were noted in the early days of mi-
croscopy, but the biological explanation of these abnormalities only later
achieved its current importance. Although it was realised that the nucleus
of cells contained genetic information on the chromosomes which became
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visible during mitosis, it was not until 1944 that it was demonstrated that
DNA carried the code. :

The genetic basis for the relatively autonomous and autocrine growth
of neoplastic cells is now under active investigation and the role of on-
cogenes is being elucidated. However, the application of the techniques of
molecular biology to the genome of neoplastic cells does not diminish the
diagnostic usefulness of the simple time-honoured morphological observa-
tions which are summarised in this chapter. It is to be hoped that even-
tually a molecular explanation will be forthcoming for the wide range of
nuclear appearances seen in human tumours. Indeed, it is remarkable that,
since the fundamental genetic aberrations in cancer lie within the nuclei of
cancer cells, the nuclear abnormalities in these lesions are not more consis-
tent. But it should be borne in mind that morphology is a relatively indi-
rect and insensitive paradigm of function; for example, a chromosomal
translocation can result in the expression of a normally unexpressed on-
cogene, thus enabling autocrine growth, but the total DNA content of the
nucleus and its morphology may be unaffected.

3.1 Diagnostic Significance

The size, shape and texture of tumour cell nuclei are regarded as impor-
tant features in the diagnosis and classification of neoplasms (Table 1).
Certain features are so common and general that they are helpful in distin-
guishing between benign and malignant lesions. These include pleomor-
phism, hyperchromaticism and mitotic figures; these reflect disturbances
in nuclear ploidy and DNA synthesis. Of these features, pleomorphism is
the least reliable indicator of malignancy. It is often seen, for example, in

Table 1. Examples of nuclear morphology restricted to
certain tumour types

Nuclear feature Diagnostic significance

Vacuolated
and grooved

Coffee bean nuclei

Convoluted or
cerebriform

Grooved
Hyaline inclusions

Cleaved

Corrugated and
blunt ended

Reniform

Pépillary carcinoma of the thyroid

Brenner tumour

T lymphocytes in mycosis fungoides
and Sézary syndrome

Langerhans cells and histiocytosis X

Lymphoplasmacytoid lymphoma
(Dutcher-Fahey inclusions)

Centrocytic lymphoma

Smooth muscle tumour

Histiocytic neoplasms
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Fig. 1. Nuclear pleomorphism in a nerve sheath tumour. In the absence of mitotic activity this
abnormality can be attributed to degeneration rather than malignancy. H& E

benign endocrine tumours and in degenerate areas of benign connective
tissue neoplasms (Fig. 1). Nuclear pleomorphism is an alarming feature of
atypical fibroxanthoma, a benign lesion. Conversely, banal nuclear mor-
phology may be encountered in highly malignant neoplasms. As a rule, it
is unwise to attach a malignant significance to nuclear pleomorphism in a
neoplasm unless it is accompanied by inappropriate or excessive mitotic
activity. Many of the bizarre nuclei seen in neoplasms are probably so
genetically deviant as to be effete.

Nuclei may be deformed by cytoplasmic structures in neoplastic cells;
the deformability of nuclei may, in itself, be an abnormal feature. Exam-
ples include the identation of nuclei by fat vacuoles in lipoblasts in liposar-
comas and by mucin vacuoles in the signet-ring cells of adenocarcinomas.

Nuclear morphology is of paramount importance in diagnostic cytol-
ogy, because information on tissue architecture and organoid growth pat-
terns is usually lacking. Nuclear features favouring malignancy include
coarseness of nuclear chromatin, abnormally large or irregular or abun-
dant nucleoli, moulding of nuclear outlines, and hyperchromaticism. Nu-
clear detail may be less easy to discern in histological sections of solid tis-
sue biopsies due to suboptimal fixation, which often results in artefactual
nuclear vesiculation, and to nuclear superimposition. Certain fixatives,
especially those containing acetic acid and ethanol (e.g. Carnoy’s) which
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precipitate nucleoproteins, are advocated for preservation of nuclear de-
tail. Thinner sections can be used to improve the rendition of nuclear de-
tail; this may necessitate the use of plastic embedding media.

Some nuclear features are specific to individual tumour types.

3.1.1 Clear and Grooved Nuclei: Papillary Carcinoma of the Thyroid

Papillary carcinoma of the thyroid is characterised by the presence of opti-
cally clear nuclei within the tumour cells (Fig. 2). These pale nuclei are
often referred to as “Orphan Annie” nuclei because of their resemblance
to the empty forlorn eyes of a North American cartoon character of that
name. The pallor is attributable to dispersion of the chromatin, giving a
ground-glass appearance, and to intracytoplasmic inclusions (GRAY and
DONIACH 1969; OvaMA 1989). Another recently recognised diagnostic fea-
ture is the presence of grooved nuclei (CHAN and SAw 1986).

These nuclear features are so pathognomonic of this tumour type that
their presence virtually overrides any other diagnostic criterion. For ex-
ample, some thyroid carcinomas have a predominantly follicular growth
pattern, but the tumour cells possess clear nuclei; these tumours should
be regarded as papillary carcinomas with a follicular pattern because they
behave as do the more typical papillary carcinomas (i.e. they are lymphan-
gio-invasive).

Fig. 2. Papillary carcinoma of the thyroid characterised by clear vesicular nuclei (arrow).
H&E
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Fig. 3. Longitudinally grooved “coffee bean” nuclei (arrows) in a Brenner tumour of the
ovary. H& E

3.1.2 “Coffee Bean” Nuclei: Brenner and Granulosa Cell Tumours

The nuclei of ovarian Brenner tumours and granulosa cell tumours invari-
ably have ovoid nuclei with a single linear groove along the longitudinal
axis, thus resembling coffee beans (“coffee bean” nuclei) (Fig. 3). Similar
nuclei are seen in the cells forming Walthard cell nests (AREY 1943).

3.1.3 Convoluted and Cleaved Nuclei: Malignant Lymphomas

T- and B-cell lymphomas are often characterised by distinctive nuclear
morphology. Indeed, because the cytoplasm of T and B cells is often mini-
mal and featureless on light microscopy, attention is usually concentrated
on the nucleus for the purposes of diagnosis and classification.

Convoluted (or cerebriform) nuclei are characteristic of T-cell lym-
phomas, including mycosis fungoides and Sézary syndrome. The nuclei of
some normal T-cell subpopulations is recognisably convoluted, but the con-
volutions are exaggerated in the neoplastic state; cells with such nuclei are
thus often referred to as “hyperconvoluted” or Lutzner cells (LUTZNER
et al. 1971).

Cleaved nuclei are a feature of the B cell-derived centrocytes of germi-
nal centres and their neoplastic counterparts. Recognition that cleaved
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Fig. 4. Vesicular nuclei of Langerhans cells, some of which are reniform or grooved (arrow),
in a case of eosinophilic granuloma in a lymph node. H& E

nuclei are present is important in the subclassification of B-cell lym-
phomas. When small cleaved cells (centrocytes) are seen in the blood
smears from patients with follicular lymphomas they are referred to, by
some North American haematologists, as “buttock cells” because of their
conspicuous nuclear clefts.

3.1.4 Reed-Sternberg Cell Nuclei: Hodgkin’s Disease

The typical Reed-Sternberg cell, the presence of which is virtually a pre-
requisite for the diagnosis of Hodgkin’s disease, has a symmetrical or “mir-
ror image” bilobed nucleus, each lobe of which contains a large round
eosinophilic nucleus. It would be thought that such a distinctive nucleus
might betray the histogenesis of the Reed-Sternberg cell, but no normal
lymphoid cells are candidates on purely morphological grounds. Variants
with distinctive nuclei are associated with certain subtypes of Hodgkin’s
disease, such as the polylobate nucleus of the Reed-Sternberg cell of the
lymphocyte and histiocyte rich variant.
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3.1.5 Reniform Nuclei: Histiocytic Neoplasms

Normal macrophages possess vesicular elongated nuclei which are fre-
quently angulated or bent so that they resemble the shape of a kidney
viewed in anteroposterior profile; thus, this shape is often referred to as
reniform. A wide variety of nuclear shapes are seen in neoplasms alleged
to be of histiocytic origin; in some the reniform nucleus of the putative
parent cell is retained and its recognition aids identification of the type of
neoplasm.

The nucleus of Langerhans cells and their neoplastic derivatives, seen
for example in some of the histiocytoses, and of interdigitating reticulum
cells is characterised by a longitudinal crease or groove which may be evi-
dent in a favourable plane of section (Fig. 4).

3.1.6 Blunt-Ended Corrugated Nuclei: Smooth Muscle Neoplasms

Smooth muscle cells, and benign and well-differentiated tumours derived
from them, have an elongated nucleus aligned with the long axis of the
cell. In benign neoplasms the nuclei often appear palisaded, reflecting the
parallel orientation of the adjacent cells. In addition, these nuclei often
appear to have corrugated or serrated profiles, best seen in thin sections.
Presumably this allows the nucleus to concertina when the normal cell con-
tracts.

3.2 Nuclear Inclusions in Tamours

3.2.1 Nucleoli

The nuclei of malignant neoplastic cells often contain multiple nucleoli.
These are usually more prominent in smears and imprints than in histolog-
ical sections, and they are a useful criterion in diagnostic cytology. The
nucleoli in malignant cells are also commonly irregular is size and shape;
these features are criteria included in some grading schemes.

3.2.2 Cytoplasmic Inclusions

Cytoplasmic inclusions within tumour cell nuclei are evident in routine
hsitological sections as vacuolations. To be certain of the true nature of
the vacuolations it is necessary to perform electron microscopy. They are
particularly conspicuous in papillary carcinoma of the thyroid (Oyama

1989).
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3.2.3 Dutcher-Fahey Inclusions

Dutcher-Fahey inclusions are eosinophilic hyaline inclusions within the
nuclei of the lymphoplasmacytoid type of non-Hodgkin’s lymphoma. They
are diastase-resistant PAS-positive and immunohistology has revealed that
they consist of immunoglobulin.

4 Mitoses in Tumours

The presence of mitoses in epithelial cells is not helpful in distinguishing
between normal and benign and malignant neoplasms, because almost all
epithelial cells are labile in the sense that in many instances they are nor-
mally replicating. Notable exceptions include the epithelial cells of solid
organs (e.g. hepatocytes), in which mitoses are infrequent except during
regeneration after injury. In epithelial neoplasms, therefore, invasion out-
side the epithelial compartment is a more important criterion of malig-
nancy. In connective tissue neoplasms, however, recognition of the pres-
ence of invasion requires that the cells have entered the vascular compart-
ment; because connective tissues lack conspicuous basement membrane
boundaries between cellular compartments, this same criterion cannot be
used to diagnose malignancy. It is therefore in connective tissue neoplasms
that the recognition and assessment of mitotic activity plays a more impor-
tant role in tumour diagnosis.

The frequency of mitoses does not necessarily denote a commensurate
tumour growth rate. Numerous mitoses may be counteracted by a con-
comitant degree of ischaemic necrosis (which may be obvious) or apoptosis
(which may be inconspicuous). Also, the administration of cytostatic
drugs, such as vincristine, causes arrest of cells in metaphase because syn-
thesis of tubulin for the mitotic spindle is blocked; in such tissue the mito-
tic index will be artificially high because a large number of metaphase
arrests have accumulated.

5 Nuclear Immunohistochemistry in Tumours

5.1 Steroid-Hormone Receptors

The nucleus is now regarded as the intracellular site of unoccupied steroid-
hormone receptors. Formerly they were thought to reside in the cytoplas-
mic cytosol because of the ease with which they appear in the soluble frac-
tion of tissue homogenates. However, immunohistology using monoclonal
antibodies to steroid-hormone receptors such as those for oestrogens and
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progestogens invariably reveals that the receptors are intranuclear, as in
breast carcinomas for example (GIRI et al. 1987, 1988). Although no mor-
phological differences may be evident on conventional light microscopy,
immunohistology often reveals heterogeneity of nuclear staining and this
may have therapeutic and prognostic significance.

5.2 Proliferation Antigens

Certain nucleoproteins appear only during certain phases of the cell cycle.
Of these the most widely studied is the protein detected by the Ki67
monoclonal antibody (GERDES et al. 1984). This protein is expressed in
G,, S, G, and M phases of the cell cycle and is undetectable in the nuclei
of non-cycling cells. It can be detected by this antibody only in frozen sec-
tions of unfixed tissue, thus limiting its applicability to archival material or
conventionally fixed biopsies. As an index of proliferative activity it is
prognostically useful in certain categories of tumours, such as non-
Hodgkin’s lymphomas.

Alternatively, cellular proliferation can be assessed by incubating fresh
tumour biopsies in medium containing bromodeoxyuridine (BrdU)
(MORSTYN et al. 1986). This is incorporated into the DNA in the nuclei of
cells in S phase at the time of incubation. The BrdU can be detected by
immunohistochemistry with a specific antibody after the tissue has been
fixed and processed.

5.3 Nuclear Oncoproteins

Most protein products of oncogenes are to be found in the cytoplasm, on
the cell membrane, or are secreted. Examples include growth factors and
their receptors. The protein products of other oncogenes reside in the nu-
cleus of cells in which they have been synthesised. Examples include the
c-myc oncoprotein which is thought to act directly within the nucleus and
is associated with DNA synthesis (EvaN and HANCOCK 1985), in particular
the transition from G, to G, phases of the cell cycle (BLANCHARD et al.
1985). The study of nuclear oncoproteins is likely to have increasing impact
on our understanding of the molecular biology of neoplasia and may have
prognostic implications in certain types of tumour.
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6 Nuclear Orientation

6.1 Nuclear Stratification in Glandular Epithelial Dysplasia

In most glandular epithelia the nuclei are basally situated, that is they re-
side in that part of the cell adjacent to the basement membrane and fur-
thest from the surface or lumen. In the epithelial lesions commonly refer-
red to as “dysplasia” there is progressive migration of the nuclei away from
their basal location. In severe dysplasia the nuclei appear to reside at all
levels in the epithelial surface; this gives the appearance of nuclear stratifi-
cation.

6.2 Nuclear Streaming in Epithelial Proliferations in Mammary Ducts

Elongated nuclei may be indicators of cellular polarity if they consistently
orientate parallel to the long axis of the cell. This is most useful diagnosti-
cally in the- interpretation of proliferative epithelial lesions in mammary
ducts, where it assists in the distinction between epitheliosis and intraduct
carcinoma. In epitheliosis the nuclei frequently appear to “stream”; the
nuclei of adjacent cells appear to lie in the same orientation, an appear-
ance which has been likened to that of a field of corn being blown by the
wind. In intraduct carcinoma the nuclei of adjacent cells are orientated
haphazardly, a feature which, in addition to nuclear hyperchromaticism
and architectural pattern, usually denotes malignancy.

6.3 Nuclear Palisading in Spindle Cell Tumours

Nuclei in smooth muscle tumours and in neurilemmomas are often seen to
be orientated in parallel arrays or palisades. Presumably this reflects cellu-
lar orientation within these lesions, but the intercellular borders are often
indistinct so it is the nuclear pattern which is the visible expression of this.

7 Nuclear Morphology in Tumour Grading

BRODERS (1926) pioneered the introduction of grading in the his-
topathological appraisal of tumours and as a prognostic index. Numerous
grading systems have been proposed for different tumours with varying
emphasis on the nuclear component. A few grading systems utilise nuclear
features exclusively; others rely solely on tumour architecture; most incor-
porate both parameters. Features such as hyperchromaticism, size, mitotic
activity and pleomorphism are often recorded for compilation of nuclear
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Table 2. Examples of tumour grading systems incorporating an assessment of nuclear features

Grading system Tumour Nuclear criteria Other criteria
BLACK and SPEER Breast ca. Frequency of
(1957) abnormal nuclei
BLOOM and RICHARDSON  Breast ca. Hyperchromaticism  Tubule formation
(1957) Pleomorphism

Mitoses
KEMPSON and BARI Uterine Mitotic counts
(1970) smooth muscle

tumours

HARTVEIT Breast ca. Crowding
(1971) Lobulation

Diameter
JAKOBSSON et al. Larynx ca. Pleomorphism Growth pattern
(1973) Mitoses Differentiation

Invasion
Cellular response

EvaNS et al. Chondrosarcoma Multinucleate Cellularity
(1977) lacunae

Size

Mitoses
GAETA et al. Prostatic ca. Nucleoli Architecture
(1980) Pleomorphism

Vesicularity

Mitoses
KREICBERGS et al. Chondrosarcoma Size Cellularity
(1981) Mitoses
FUHRMAN et al. Renal cell Size
(1982) ca. Pleomorphism

Chromatin
CHRISTOPHERSON et al. Endometrial Chromatin
(1983) ca. Shape

Nucleoli
KERN Bladder ca. Atypia Architecture
(1984) Mitoses
KLOPPEL et al. Pancreatic ca. Mitoses Architecture
(1985) Size Mucus content

Pleomorphism

Chromatin
MITTAL et al. Endometrial Size
(1988) ca. Shape

grades (Table 2). In general such grading schemes correlate successfully
these nuclear parameters with prognosis. However, flow or static nuclear
cytometry for DNA ploidy (see Chap. 5 and 4 respectively) and other pa-
rameters (see Chap. 4) may provide a much more accurate measure be-
cause a larger number of nuclei are analysed and the subjective element
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of microscopy is eliminated. Nevertheless, direct visual assessment of nu-
clear parameters by microscopy removes the possibility that the results
may be biassed by contamination with stromal elements, as occurs with
flow cytometry.

Grossly bizarre or pleomorphic nuclei tend to imply a high-grade malig-
nant neoplasm, but the cells harbouring such nuclei are probably effete
and incapable of replication. Nevertheless, bizarre and pleomorphic nu-
clear morphology may denote an unstable genome favouring the
emergence of highly malignant clones.

All grading systems are prone to a significant degree of observer error
because the appraisal of nuclear features like size (without morphometry)
and staining density (without microdensitometry) are subjective. Some
investigators have argued that formal grading systems are so prone to ob-
server variation that the pathologist need do no more than assign indi-
vidual tumours to well, moderately or poorly differentiated categories
(DELIDES et al. 1982).

A recent survey by the Surveillance, Epidemiology, and End Results
Program (SEER) of the National Cancer Institute, Bethesda, Maryland,
in the USA has revealed that only 52.6% of cancers were graded following
histological examination (HENSON 1988). Reasons given for absence of a
recorded grade for tumours include the suspicion that grading is arbitrary
and subjective, and so prone to observer error that it is unreliable in prac-
tice. Also, it is assumed that tumour heterogeneity vitiates grading because
the histological sample is unlikely to be representative. It is also time con-
suming and competes with other activities which carry a more immediate
or tangible reward for the histopathologist. Prognosis can also be predicted
from tumour stage.This information is usually available more frequently
than grade, probably because it is simpler and quicker to derive and the
individual criteria contributing to the overall grade are less subjective (e.g.
extent of local invasion, nodal status). But stage and grade are not mutu-
ally exclusive prognostic indices. Indeed, one enhances the usefulness of
the other. The prognostic usefulness of the grade of an individual tumour
is very limited unless the stage is also determined.

8 Conclusions

Nuclear morphology in tumours is important for two reasons. First, subtle
nuclear features can be diagnostically useful and can assist in the identifi-
cation of specific tumour types. Second, abnormalities of nuclear morphol-
ogy are major or sole components of grading systems for tumours. Al-
though flow and static DNA cytometry may eventually supersede the
rather subjective assessment of nuclear grade, it is unlikely that, on a simi-
lar timescale, machines will replace histopathologists in the recognition of
subtle but diagnostically useful nuclear features.
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Current concepts of the molecular biology of cancer situate the funda-
mental biochemical lesion within the nucleus. Lesions such as point muta-
tions, gene amplification, and translocations are beyond the scope of con-
ventional histology used in most diagnostic laboratories. Although the new
techniques of molecular biology, in particular in situ hybridisation, can
now be applied to tumours, it is likely that a relatively simple assessment
of morphological nuclear parameters will continue to hold its importance
in the surgical pathology of tumours for some time to come.
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1 Introduction

This chapter deals with the ultrastructure of the pathological interphase
nucleus. Starting with a concise account of normal structure, it aims at pro-
viding an illustrated outline of the range of alterations in ultrastructural
morphology which may result from or accompany pathological conditions.
Where appropriate, the mechanisms of such alterations will be described
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and their functional and diagnostic significance discussed. It is not possible
in a chapter of this size to encompass the whole of this rapidly expanding
field, so the emphasis throughout is on those aspects which are of signifi-
cance in establishing pathogenetic mechanisms and in diagnosing disease.

1.1 Normal Nuclear Structure

Because the interphase nucleus in eukaryotic cells has a relatively constant
ultrastructure, the basic structural components can be demonstrated in the
nucleus of any cell, irrespective of its tissue origin, state of differentiation
or functional specialisation. The same components may also readily be
seen after the cell has suffered a variety of chemical, physical or biological
insults, some of which may affect the shape, size and internal arrangement
of the nucleus. Despite this underlying uniformity, different cell types can
have distinctive nuclei, characterised by a combination of size, shape,
chromatin disposition and type, number and size of nucleoli, and other
features. It-follows that no consideration of altered morphology should be
embarked upon without an awareness of what is normal for the cell and
tissue in question (WEISS 1988).

The nucleus has tended to be the Cinderella of ultrastructural studies,
because it lacks the membrane-bound specialised organelles, the promi-
nent filaments and tubules and the other formed structures which give
such interest and diversity to the cytoplasm. Its relative homogeneity be-
lies its importance as the control centre of the cell.

The four basic nuclear structural components are: the nuclear en-
velope, which consists of the inner and outer nuclear membranes and the
perinuclear cisterna; the chromatin, which is present as dense patches
under the nuclear envelope, dispersed throughout the nucleus and in and
around the nucleolus; the nucleolus itself; and the nuclear matrix, includ-
ing the nuclear pore-lamina complex. Much of our knowledge of these
structures and of their alterations in disease comes from electron micro-
scopic observations.

From the beginning, however, it must be clearly understood that most
isolated nuclear alterations cannot be regarded as pathognomonic of any
particular underlying condition. Nuclear and nucleolar enlargement, segre-
gation of nucleolar components, irregularities of the nuclear membrane,
chromatin abnormalities, some kinds of nuclear inclusions and an in-
creased nuclear-cytoplasmic ratio can all be observed in many different cir-
cumstances, both physiological and pathological.

1.2 Techniques in Electron Microscopy

Although for most practical purposes, ultrastructural pathologists rely on
conventional, glutaraldehyde-fixed, osmicated, heavy metal-stained, thin
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section transmission electron microscopy (CTEM), there is increasing use
of specialised procedures on tissues which have not undergone this proces-
sing sequence, to supplement the available information. Thus, chromatin
spreading (SCHEER and ZENTGRAF 1982; TSANEV and TSANEV 1986), his-
tochemical staining (BOUTEILLE et al. 1975; DROZ et al. 1976; FAKAN
1976; GAUTIER 1976; MOYNE 1980), specific labelled molecular probes
such as enzyme-gold complexes (BENDAYAN 1982, 1984), immunolabelling
(GERACE et al. 1978; KISTLER et al. 1984; SPECTOR et al. 1984; SCHEER
and ROSE 1984; HERMANDEZ-VENDUN 1986; SCHMIDT-ZACHMANN et al.
1984) and in situ hybridisation (HAASE 1986; MANUELIDIS 1985; NUOvA
and RICHART 1989) are now available as research tools, to give an insight
into the chemistry of the nucleus, and in particular its protein and nucleic
acid composition. Computer-assisted three-dimensional reconstruction of
serial sections and stereological techniques on random sections, to quan-
tify the volume or identify the three-dimensional organisation of nuclear
components, are now well developed (BOUVIER et al. 1980; PEBUSQUE
et al. 1981; DuPUY-COIN et al. 1986; HERNANDEZ-VERDUN 1986). Com-
bined time-lapse microcinematography and three-dimensional photo-
graphic reconstruction have been exploited by DUPUY-COIN et al. (1986)
to study nuclear changes and movements in living cells during the cell
cycle. Valuable information can also be derived from examination of “thick
sections” by high voltage TEM, often combined with tilting stage, stereos-
copic observations. Epoxy-free embedding and chromatin extraction pro-
cedures enable the examination of the nuclear matrix stereoframework
(PENMAN 1985; WEISss 1988).

1.3 The Final Electron Microscopic Image

The appearance of the nucleus as revealed by CTEM is an image of the
electron-staining properties of a single thin section, comprising only a
small fraction of its total volume. The patterns of dark and light on the
micrograph reflect the differential staining of its components, modified by
the processing to which these structures are exposed prior to electron mi-
croscopic examination. It is important to recognise the factors which can
modify the final image, some of which are of particular importance to the
practising ultrastructural pathologist.

1.3.1 Tissue-Processing Effects

Delay in fixation after tissue excision, postmortem delay, the resulting fall
in the pH of the unfixed tissue, and high room temperature are the best
known of the factors that can induce morphological alterations in the nu-
cleus, as in other parts of the cell. Others include drying out of the speci-
men, mechanical trauma through rough handling and diathermy during
surgery. Because such factors are very common, though variable, in
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pathology practice, are often uncontrollable and are rarely properly
documented, the electron microscopist must constantly be on guard
against misinterpreting their effects. These morphological effects mimic
and can easily be confused with those due to several pathological condi-
tions. Condensation of chromatin into heterochromatin clumps, nuclear
membrane splitting due to swelling or blebbing of the perinuclear cisterna,
and nucleolar condensation are examples of such effects. Comparison of
the appearance of perfusion-fixed animal tissues with those excised and
fixed immediately following delay (YAGISHITA et al. 1979; COLLAN and
SALMENPERA 1976), with and without handling, gives some idea of the na-
ture and scale of the problem. This exercise is strongly recommended for
the novice ultrastructural pathologist.

The type and concentration of primary and secondary fixative and the
duration and temperature of fixation are additional factors which not only
affect the nature and quality of the final image, but can also produce arte-
factual structural formations which can be misinterpreted as pathological
change. In the routine diagnostic laboratory, the pathologist commonly en-
counters tissue which was initially fixed in buffered formalin and some-
times stored for a prolonged period. Such tissues are often refixed in
glutaraldehyde prior to routine CTEM processing. In the worst cases, tis-
sues are rescued from paraffin or frozen blocks before reprocessing. The
effects of suboptimal fixation and paraffin processing on nuclear morphol-
ogy, such as loss of membrane definition in the nuclear envolope, conden-
sation and degradation of the fine structure of chromatin and nucleoli and
the appearance of extensive “empty” areas, should perhaps be better
known, so that interpretation can be more soundly based. Autopsy tissues,
which may often have been stored for prolonged periods in formalin, may
also have suffered a delay of many hours before fixation, compounding
the problems of ultrastructural interpretation.

Although double staining with uranium and lead is now standard prac-
tice, it should be remembered that these and other staining procedures
alter the presentation of fixed components and can selectively enhance or
obscure detail.

1.3.2 Problems of Image Interpretation

Although with experience, many structures, such as nuclear pores and nu-
cleoli, are recognisable without a conscious awareness of the magnifica-
tion, the precise identification of several structures in nuclei is dependent
on an accurate estimate of their size. This is particularly true of the granu-
lar and filamentous components, such as perichromatin and interchromatin
granules and the chromatin itself. Accurate identification of virus particles
in suspected infections often requires their measurement (Sect. 7.7.2).

The precise determination of magnification in the electron microscope
depends on the specimen height being correctly zeroed and the instrument
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being accurately calibrated. Irrespective of these precautions, the routine
achievement of absolute dimensional measurements in biological speci-
mens is an illusion, since the size of a structure in section is not its size in
life. Routine electron microscopic processing causes shrinkage of up to
30%.

It must also be borne in mind that focal conditions in the electron mi-
croscope can influence the final image to a significant extent at high mag-
nification. Because of the fine scale of many nuclear structures and be-
cause out-of-focus images can show artefactual granularity and spurious
enhancement of detail, it is important to use well focused images, particu-
larly for the finer structures.

Finally, a thin section can show only a small part of the whole picture
which constitutes reality and may display misleading images of various
structures, depending upon the angle at which they are intersected by the
plane of section. Oblique and tangential sectioning effects are particularly
common in relation to the nuclear envelope. Nuclear number and nuclear
inclusions are also open to misinterpretation, through a failure to ap-
preciate the effects of plane of section. It is not possible, from a single
thin section to determine with accuracy the number of nuclei in any given
cell. The light microscopic appearances are more reliable in this respect.

2 Changes in Nuclear Number

With experience and with due consideration of the cellular and pathologi-
cal context, multinucleation, or polykaryocytosis, may often be distin-
guished from multilobation, with which it can be confused (Figs. 1—4).
Certain cytoplasmic features may accompany multinucleation. The occur-
rence of multiple centriole pairs, to be distinguished from multiple ciliary
basal bodies, or of viral nucleocapsids, either intranuclear or intracytoplas-
mic, may provide useful confirmatory evidence of multinucleation in cir-
cumstances where the thin section appearances are equivocal.

2.1 Normal Multinucleation

Some normal tissues, such as liver, pancreas and transitional epithelium,
routinely display binucleation. Only a few normal tissues, such as skeletal
muscle and syncytiotrophoblast, are truly syncytial.

2.2 Multinucleation in Pathological Conditions

True binucleation or multinucleation occurs most often in reactive or neo-
plastic situations and in certain viral infections. For example, binucleate
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Fig. 1. A bilobed nucleus in a granular cell myoblastoma. A prominent fibrous lamina is pre-
sent and the nucleoli are reticulated. Note the abundance of secondary lysosomes in the cyto-
plasm. X 9000

plasma cells may be seen in a variety of pathological conditions, ranging
from neoplasms such as multiple and solitary myeloma, to reactive condi-
tions such as chronic periodontitis, periapical granuloma, pemphigus vul-
garis and other situations (JINN-FEI and EL-LABBAN 1986; YEO 1986). The
Reed-Sternberg cell of Hodgkin’s disease typically appears binucleate or
bilobed. The binucleate Reed-Sternberg cell sometimes displays further
nuclear irregularity and segmentation, giving a complex multilobated
binucleated appearance (Fig. 3). The normally multinucleated muscle cells
can also acquire a further increase or alternatively decrease in their nu-
clear number in several muscular disorders and in hypertrophic and re-
generative conditions. This and other nuclear charges associated with mus-
cle disorders have been recently reviewed (TOME and FARDEAU 1986).

2.2.1 Multinucleate Syncytia in Viral Infection and Neoplasia

Multinucleation can result from nuclear division without accompanying
cytokinesis, or alternatively, from the fusion of mononuclear cells.

The formation of syncytial giant cells, with many nuclei, late in the in-
fectious cycle is a pathological feature of infections with certain enveloped
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Fig. 2. Nuclear irregularity causes a bilobed appearance in this case of bronchiolo-alveolar cell
carcinoma. Note the tubular inclusion (arrow). Inset: Tubular inclusions in bronchiolo-alveolar
cell carcinoma. Note the prominent fibrous lamina (arrowhead). Autopsy tissue, X 9500; inset,
% 28000

viruses, including measles and herpes simplex (KINGSBURY 1985; DUPUY-
CoIN et al. 1982; WOLINSKY 1979). This is also a prominent feature in the
brain in encephalopathy which accompanies the acquired immune defi-
ciency syndrome (AIDS) (SHARER et al. 1985; BUDKA 1986). In a recent
demonstration of giant multinucleated cells in AIDS encephalopathy, in
situ hybridisation has detected genomic nucleic acid of the human im-
munodeficiency virus (HIV) and viral particles have been seen by TEM in
the giant cells (KOENIG et al. 1986). Other studies have demonstrated their
haematogenous nature (BUDKA 1986). While most authors accept that
these giant cells form by fusion, this may not necessarily be the case. A
recent report has demonstrated nuclear bridges in giant cells in AIDS
(Mizusawa et al. 1987). Such nuclear bridges are much more commonly
seen in the giant tumour cells of glioblastoma multiforme, where amitotic
division is more likely to be responsible for giant cell formation (KROH
and CERVOS-NAVARRO 1988).

The process by which monocytes transform into macrophages and
under certain circumstances, including anoxia, low pH and lactic acidosis,
may fuse to form epithelioid cells and giant cells, has been studied in detail
by SUTTON (1967), who describes a progressive reduction in marginated
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Fig. 3. Two cells of Reed-Sternberg type in a case of Hodgkin's disease. One appears binu-
cleate or bilobed, the other multinucleate or multilobed; a firm distinction cannot be made on
thin sections. X 4000

heterochromatin, the appearance of multiple nucleoli and the eventual fu-
sion of contiguous cells.

Giant syncytial cell formation during measles and other paramyxovirus
infection results from fusion of adjacent cells, which follows the incorpora-
tion of large amounts of a specific fusion glycoprotein, the F protein, into
the plasma membrane and its activation of trypsin-like proteases in the en-
vironment (GALLAHER and BRATT 1974; KINGSBURY 1985). In neoplasia
the reason for multinucleation may be lack of regulation of nuclear divi-
sion, or alternatively lack of co-ordinated nuclear and cytoplasmic divi-
sion. The reason for fusion of macrophages is not known, but it could in-
volve enzymatic modification of the plasma membrane proteins and glyco-
proteins by latent enzymes, active only at low pH (SUTTON 1967).

2.2.2 In Vitro Induced Multinucleation

Induced multinucleation, either by fusion or by nuclear division without
cytokinesis, has some value in the laboratory. Hybridoma cells, which are
functional heterokaryons, are produced using heat-inactivated Sendai virus
to fuse antibody-producing B-lymphocytes with myeloma cells, as a pre-
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Fig. 4. Marked irregularity in the nucleus of a mouse small intestinal crypt epithelial cell after
X-irradiation. The appearances in thin section resemble multinucleation. X 11200

liminary to producing monoclonal antibodies (KOHLER and MILSTEIN
1975). A valuable means of distinguishing tumour from non-tumour cell
lines in vitro is to apply cytochalasin B, which acts to disrupt the cytoplas-
mic microtubules of the mitotic spindle. Following such treatment, the
nuclei of non-tumour cells divide once, giving rise to binucleate cells,
while unregulated tumour cell nuclei divide repeatedly, creating distinctive
polykaryons (SOMERS and MURPHEY 1980). Multinucleation can also be
induced by agents that inhibit the mitotic spindle such as Colcemid. The
resulting micronuclei are each formed of chromatin material of a single
chromosome surrounded by nuclear envelope. This phenomenon has been
exploited in investigating the nuclear envelope-chromatin interrelationship
(CHAI et al. 1978).

3 Changes in Nuclear Chromatin

In conventional ultrathin sections, chromatin is present in two forms, the
clumped granules of densely aggregated, functionally inactive hetero-
chromatin and the finely dispersed granules of functionally active euchro-
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matin. The distribution and relative proportions of these two forms of
chromatin in different cells show considerable normal biological variation
and are influenced by a variety of pathological processes. Within the nu-
clear substance, there occur discrete dense aggregates known as peri-
chromatin and interchromatin granules.

3.1 Euchromatin and Heterochromatin

Euchromatin, an essential component in active DNA and RNA synthesis,
is abundant in functionally active and secreting cells, as well as in pro-
liferating blast and stem cells. Nuclei of resting cells or cells exposed to
agents which inhibit RNA synthesis contain more heterochromatin. Condi-
tions of accelerated growth, as in regeneration, hyperplasia and neoplasia,
are, therefore, characterised by a decrease in the heterochromatin-euchro-
matin ratio (Fig. 3). An increase is seen in sublethally and lethally dam-
aged cells (Figs. 5—7) and following treatment with cytotoxic agents that
inhibit RNA synthesis, such as actinomycin D, ethionine and amanitine.
Exceptions to the above generalisations cannot easily be overlooked.
Highly anaplastic tumours sometimes display a significantly increased

Fig. 5. Aggregates of interchromatin granules (arrowheads and inset) in actinomycin D-treated
Ridgeway osteogenic sarcoma. Note the dilatation of the nuclear envelope and the prominence
of the nuclear pores. X 18200; insct, X 27000
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Fig. 6. Peripheral clumping and margination of chromatin in methotrexate-treated mouse sar-
coma 180. Note also the dense inclusions in the cytoplasm. X 11200

heterochromatin-euchromatin ratio and actively secreting plasma cells are
characterised by their large peripheral dense heterochromatin clumps. It
may be that in undifferentiated tumours, prominent heterochromatin
aggregation reflects a state of hyperploidy, and that a relatively small eu-
chromatin fraction is adequate to sustain proliferative activity. Alterna-
tively, it may be that the anaplastic state is sometimes associated with loss
of various functional capabilities, with the corresponding genetic material
being maintained in the inactive heterochromatin form. In the case of the
plasma cell, FAWCETT (1981) suggested that as these cells are committed to
a particular narrowly defined function, the secretion of a single pattern of
immunoglobulin molecule, only the relevant small fraction of the genomic
DNA is required in the active form.

Dispersed aggregates of chromosomal material are sometimes seen in
the cytoplasm of neoplastic metaphase cells. These have been attributed
to asynchrony between the rate of nuclear condensation and nuclear en-
velope formation in the dividing population of neoplastic cells (HENDER-
SON et al. 1986).

Margination of the chromatin, leading to the pavementing of dense
chromatin alongside the inner nuclear membrane, is a morphological
phenomenon observed to a variable extent in irreversibly damaged or
dying cells (Figs. 6, 7). It is thought to represent a final stage prior to cell
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Fig. 7. An apoptotic body in methotrexate-treated mouse sarcoma 180, showing the condensed
nuclear structure. X 11200

death and pyknosis. This change is more common after some insults than
others. In the cell death by apoptosis (Fig. 7) the morphological hallmark
is that of cellular shrinkage, darkening and condensation including the var-
ious nuclear components. It is seen after ischaemia and X-ray irradiation
and during certain viral infections and after certain chemotherapeutic
agents such as actinomycin D and methotrexate (Figs. 5—7). Peripheral
margination and clumping of the chromatin are hallmarks of dying and
dead cells.

The staining and distribution of chromatin can be subject to artefacts
due to factors related to tissue preservation, fixative type, pH and storage
temperature. These factors can considerably alter the appearance of the
chromatin. The resulting common changes of dense chromatin clumps,
condensation along the nuclear periphery and blebbing of the nuclear
membranes mimic those seen after some agents in direct damage.

3.2 Perichromatin Granules

Perichromatin granules are electron-dense RNP granules, 30—35 nm in
diameter (WATSON 1962), substantially larger than the individual granular
components of chromatin. They are scattered often singly in the peri-
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Fig. 8. Actinomycin D-treated mouse Ridgeway osteogenic sarcoma. Two giant perichromatin

granules are seen (arrowheads). Note the condensed nucleoli, one of which is surrounded by a
clear halo. x 7100

chromatin regions. They are surrounded by areas of electron translucency
and are often localised at or near the margins of heterochromatin masses.
They are frequently seen in normal hepatocytes, pancreatic cells, and
neuronal and glial cells (BOUTEILLE 1972). SMETANA (1977) demonstrated
the presence of chromatin filaments connecting the perichromatin granules
to the nearby chromatin.

The presence of increased numbers of perichromatin granules appears
to be suggestive of protein synthesis inhibition or impairment (GHADIALLY
1988). They are frequently observed after treatments known to have this
effect, such as actinomycin D (KAMEL et al. 1988), aflatoxin B, (DEREN-
ZINI and MOYNE 1978), cycloheximide (DASKAL et al. 1975) and after ther-
mic shock (HEINE et al. 1971) and hyperthermic treatment (KAMEL 1985).
Increased perichromatin granules have also been noticed in several neo-
plastic conditions and in experimental animal tumours (GHADIALLY 1982,
1985; MURAD and SCARPELLI 1967; KAMEL 1985). The intranuclear
spheroidal bodies seen in cases of nasopharyngeal fibroma are said to re-
present giant perichromatin granules (GHADIALLY 1985). Spheroidal
bodies of similar appearance are also observed after treatment of mouse
Ridgeway osteogenic sarcoma with actinomycin D (Fig. 8) (KAMEL et al.
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1988). Here again, these observations may reflect aberrations in protein
synthesis. Conversely, perichromatin granules are lost early in the course
of autolysis (KARASEK 1975).

3.3 Interchromatin Granules

Interchromatin granules are 10—20 nm in diameter, but otherwise have a
similar appearance to the larger perichromatin granules. They often occur
in clusters interconnected by fine filamentous material (Fig. 5) (MONNE-
RON and BERNHARD 1969). They can sometimes be mistaken for virus
particles. Like the perichromatin granules, increased numbers have been
described in various neoplastic conditions. The association of increased
interchromatin granules aggregates with nucleolar alterations due to toxic
agents or virus infections suggests a nucleolar origin for these granules
(SINGER 1975; RECHER et al. 1976). The authors also found increased in-
terchromatin granules away from the morphologically unaltered nulceoli
in the mouse S 180 tumour cells treated with methotrexate (unpublished
observations) (Fig. 5). This may indicate that interchromatin granules can
be derived from nuclear component other than nucleolar RNP.

3.4 Nuclear Pockets

Nuclear pockets represent localised invaginations of nuclear or cytoplasmic
material into a saccular irregularity of the nuclear envelope, with an under-
lying rim of chromatin material. GHADIALLY et al. (1985b) pointed out
that nuclear pockets are distinguished from nuclear pseudoinclusions by
the -presence of this chromatin band beneath the nuclear envelope. Nu-
clear pockets were classified into type 1, containing cytoplasmic material,
and the less common type 2, containing nuclear material.

Nuclear pockets have been observed in malignant tumour cells such as
retinoblastoma, leukaemic and lymphoma cells, in the nuclei of Leydig
cells in cases of Klinefelter’s syndrome (NISTAL et al. 1985), after treat-
ment by chemotherapeutic agents such as cytosine arabinoside, metho-
trexate and fluorouracil, and in the granulocytes of patients with perni-
cious anaemia (KAMEL 1985; GHADIALLY 1988).

Current views suggest that nuclear pockets may reflect a state of
chromosomal abnormality (GHADIALLY 1988). AHEARN et al. (1974)
showed that there was direct correlation between the occurrence of nuclear
pockets and aneuploidy in leukaemic cells, and that following treatment
their frequency declined. These observations and the nature of the condi-
tions with which nuclear pockets are associated appear to support the view
that they may reflect an underlying chromosomal defect.
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4 Changes in Nuclear Size

4.1 The Relationship of Size to Transcriptional Activity

The nuclei of normal interphase cells vary greatly in size. In most tissues,
this is characteristic of the cell type and its metabolic state. This dimen-
sional variation occurs despite the fact that each somatic cell contains the
same amount of DNA, corresponding to the full genomic complement.
When this DNA, together with its associated proteins, is condensed into
the heterochomatic form, it takes up less space and therefore should need
a smaller nucleus than if it were in its euchromatic form. Indeed there is
often a roughly inverse relationship between the quantity of heterochro-
matin and nuclear volume. The size of a nucleus, however, must normally
depend not only on the amount of heterochromatin but also to a large
degree on the transcriptional activity of its euchromatin component. Thus
transcriptionally inactive euchromatin is more condensed than active eu-
chromatin, though not so tightly packed as to be heterochromatic (WEISS
1988). In most cells only a small proportion of euchromatin is active at
any one time, but this proportion may change with the functional state of
the cell and hence the volume may change in parallel, even though the
amount of heterochromatin remains the same. An activated cell with a
larger nucleus may thus appear to have less heterochromatin, simply be-
cause it is spread more thinly in the greater volume.

4.2 Estimation of Nuclear Size

One of the common features of neoplasia is increased nuclear diameter
and hence volume. The incidence of such enlargement is reviewed by GHA-
DIALLY (1985). Increased size is usually based on a subjective or at best
semi-quantitative impression. Given the restrictions imposed by ultrathin
sections and given the inevitable variations in plane of section, accurate
measurements are very difficult without resort to serial sectioning and
stereological techniques. Such methods are too tedious and time-consum-
ing for most diagnostic purposes. Reliance must instead be placed on im-
pressions derived from a subjective assessment of the cell populations
involved, or from the direct measurement of a small sample. The most
common error in assessing nuclear size is underestimation, due to measure-
ments being carried out on the profile of the tip of an oval or lobed nu-
cleus or on any part of a rod-shaped nucleus. Such profiles, alternating
with larger cross-sections on a micrograph, may erroneously suggest major
variations in nuclear size within a field, which may be interpreted as indi-
cating the presence of more than one cell type. Assessment of the amount
of heterochromatin, of the appearance of the nuclear pores, whether sec-
tioned en face or not, and of cytoplasmic features associated with nuclei
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Fig. 9. Nuclear swelling in mouse small intestinal villous epithelium after hyperthermic treat-
ment. The nucleus in the nearby cell ceems less severely affected. Note the ring-shaped nu-
cleolus (arrowheads). x 8200

of apparently different size, may help in the avoidance of such mistakes.
For relatively uniform spherical nuclei, randomly sectioned, the best mea-
sure of nuclear diameter is obtained from examination of the largest pro-
files in the field.

4.3 Pathological Swelling and Shrinkage

In some degenerating cells, swelling of the nucleus can occur, resulting in
a large nucleus with abundant heterochromatin set in a watery milieu
which may or may not contain the remains of the euchromatin (Fig. 9).
The nucleus, with its envelope remaining intact, can expand to a maximum
of four times its original volume (BRANSTETTER and GOLDBLATT 1983).
This limitation in the extent of swelling may be imposed by the nuclear
matrix component rather than by the nuclear membranes (RILEY and KEL-
LER 1978). More commonly, however, degeneration of cells is accom-
panied by shrinkage and increased condensation. This condensation should
not be regarded as the same process which results in the formation of
heterochromatin from euchromatin during differentiation. Certainly the
euchromatin volume decreases, indicating a cessation of transcription. This
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Fig. 10. Spectrum of nuclear irregularity: note that these diagrams assume that the nucleus in
question has been sectioned through its major diameter. /, Round or oval nucleus with mini-
mal irregularity. 2, Crenated irregularity of spindle-shaped nucleus, as in smooth muscle cell.
3, Polar irregularity with spindle shape, as in fibrocytes. 4, Convoluted nucleus, as in polymor-
phonuclear leucocytes. 5, Shrunken irregularity with separation of nuclear envelope and
peripherally condensed chromatin, as in degenerating cells. 6, Raidally segmented nucleus, as
in some leukaemic cells. 7, Haphazard irregularity, as in some histiocytes and necoplastic cells.
8, Cerebriform, deeply convoluted nucleus as in Sezary’s syndrome

is accompanied by an increase in the proportion of dense material. It is
not known, however, if this material is identical to the heterochromatin
found in the normal cell. The underlying mechanisms for such events in
degenerating or dying cells may be disturbances in the ionic concentration
balance and in membrane permeability (BLACKBURN 1971).

5 Changes in Nuclear Outline and Location

As a result of the higher magnification and greater resolution of electron
microscopy, many normal nuclei may show an unexpected degree of sur-
face irregularity in ultrathin sections, by comparison with their light micro-
scopic appearance in routine paraffin sections. There is no clear under-
standing of the mechanisms by which nuclear irregularity is generated,
whether as a routine feature of a particular cell type or as a reflection of
some physiological or pathological change.

5.1 Normal Nuclear Irregularity

The occurrence of irregularity of contour is a normal morphological
characteristic of the nucleus in many cell types, such as smooth and
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Fig. 11. Nuclear plasticity. An inflammatory cell traversing a vessel wall becomes temporarily
bilobed, the two parts connected by a narrow waist or bridge (arrowheads). x 3900

striated muscle and endothelium (Fig. 10) (WEIss 1988). This can be seen
as an adaptive mechanism in response to substantial changes in the overall
size and contour of these cells, related to their mechanical functions and
physical state. Inflammatory cells crossing vessel walls often show extreme
bilobing and bridge formation (Fig. 11), apparently as a result of the en-
forced narrowing and constriction which is required to enable the cell to
pass through very small apertures (MIGLIORISI et al. 1987). Nuclear irregu-
larity is also a feature of the ageing process in liver, pituitary and adrenal
gland cells (KLEINFELD and KOULISH 1957; SOBEL et al. 1969). Increasing
segmentation and lobulation are characteristic features of the maturing
neutrophil polymorphonuclear leucocyte.

5.2 Acquired Nuclear Irregularity

Elaborate nuclear irregularity and segmentation, nuclear invagination and
deep clefting of the nuclear envelope are frequently observed in benign
and malignant neoplasms and in' secondary tumour deposits (Fig. 12)
(GHADIALLY 1985, 1988; HENDERSON et al. 1986). These irregularities are
prominent in certain types of leukaemia and lymphoma and can be of diag-
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Fig. 12. Malignant fibrous histiocytoma showing variations in nuclear shape: extreme elonga-
tion of a spindle-shaped fibroblastic type nucleus is seen. The other two nuclei show elaborate
irregularity with lobulation, segmentation and invaginations. X 6300

nostic significance in cases of Sézary’s and Reider’s syndromes (GHA-
DIALLY 1985, 1988; HENDERSON et al. 1986 for references).

The pattern of nuclear irregularity, as much as its mere presence, can
be of diagnostic value (Fig. 10). The radially segmented nuclei of Reider’s
cells characterise a range of lymphomas and leukaemias, including B-cell
lymphomas, acute and chronic lymphoblastic leucaemia, acute myeloid
leukaemia, chronic myelomonocytic leukaemia and lymphocytic leukaemia
(GHADIALLY 1985, 1988; HENDERSON et al. 1986). The cerebriform nuclei
of Sé€zary’s syndrome display a peculiarly distinctive segmentation, with
deep identations. Nuclear irregularity in most types of neoplasia, however,
has no one characteristic pattern, but takes the form of apparently random
surface disturbances, widely variable in nature and extent. No particular
pattern is completely exclusive to any one pathological entity, although its
presence and frequency of occurrence in a neoplastic cell population can
sometimes be of assistance in favouring one diagnosis against another.
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5.3 Pathogenesis of Nuclear Irregularity

An acquired or increased irregularity of the nucleus provides an expanded
nuclear surface area, which in turn allows for increased nucleocytoplasmic
exchange. This may explain the prominent irregularity sometimes observed
in conditions characterised by increased cellular activity, including various
forms of malignancy. Increased irregularity, however, is sometimes also
seen in the nuclei of slowly growing and metabolically quiescent benign
tumour cells. This phenomenon, as well as the occurrence of similar nu-
clear changes with age, would seen to argue against heightened metabolic
activity as the sole correlate of nuclear irregularity in neoplasia.

An increased irregularity of nuclear contour may be seen in “insulted”
or “degenerating” cells, particularly in certain viral infections and after ex-
posure to irradiation and to some chemical agents and chemotherapeutic
drugs such as methotrexate (KAMEL 1985). Increased nucleocytoplasmic
exchange can again be hypothesised as a compensatory change, reflecting
the enhanced cellular metabolism required to combat the effects of the in-
jurious agent. Alternatively, the observed irregularity may simply be a
non-specific secondary manifestation of cell injury induced by such
changes as the membrane permeability and ionic concentration. Normal
irregularity in the nuclei of muscle cells has been attributed more to their
function-related changes in the ionic concentration than to the mechanical
effects (FRANKE and SCHINKO 1969).

Other hypotheses have been advanced to explain the pathogenesis of
acquired nuclear irregularity. One such hypothesis proposes that nuclear
contour is affected by changes in the microtubular or filamentous compo-
nents of the cytoplasm (BELTRAN and STUKEY 1972; ZUCKER-FRANKLIN
et al. 1974; NORBERG 1971) and that contraction of these structures in dif-
ferent pathological conditions is responsible for the altered morphology
(BEssis 1961). Inhibition of formation of the radially segmented nuclei of
Reider’s leukaemic cells occurs after treatment with agents that de-
polymerise their microtubular component such as colchicine, low tempera-
ture and vinblastine (NORBERG and SODERSTROM 1967; NORBERG 1969).
Prominent irregularity, however, can occur in the absence of significant
microtubular or filamentous components and vice versa. Another possi-
bility is that such changes are induced by rapid alterations in nuclear or
cytoplasmic volume and may be temporal events. There is no doubt that
the detailed configuration of the nucleus in any cell is constantly changing
in life, although apparently within certain typical limits.

5.4 Nuclear Location

The limitations of ultrathin sectioning make it difficult to define the true
location of the nucleus from electron micrographs, since random sections
will show widely variable appearances. Time lapse cinematography has
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shown that the nuclei of various cell types undergo cycles of regular or
irregular rotation (DUPUY-COIN et al. 1986). Some cells do show a prefer-
ential location for the nucleus, which may be evident on elecron micro-
graphs, although others do not.

The location may change during development, as in muscle cells,
where the central nuclei of developing myotubes give way to a peripheral
situation in the mature cell. Re-internalisation or centralisation of the mus-
cle nuclei may be observed as a pathological change in regenerative dis-
ease and in the centronuclear type of congenital myopathy (TOME and
FARDEAU 1986). The reasons and mechanisms for such changes are not
well understood, although involvement of the intermediate filaments has
been suggested in the case of muscle cells.

6 The Nuclear Envelope and Matrix

The nuclear envelope and matrix are intimately related structures. The
outer and inner nuclear membranes and the nuclear pore-lamina complex,
together with the proteinaceous part of the nuclear matrix, share a com-
mon function in nucleocytoplasmic exchange. The nuclear envelope repre-
sents the outer nuclear boundary, which separates and protects it from the
cytoplasm and delineates its morphology. The matrix is the pool in which
lie the nuclear chromatin and the nucleolus.

6.1 The Nuclear. Envelope

The nucleus is surrounded by a double-membraned envelope. The outer
nuclear membrane is in continuity with the rough endoplasmic reticulum.
The perinuclear cistern is a 20—30 nm wide space that separates the outer
from the inner nuclear membranes (both are 5—7 nm thick), except where
they fuse to form the nuclear pores. The nuclear envelope with its pores is
strategically situated, both bridging and separating the discrete but inter-
dependent structures of the nucleus and the cytoplasm (FRANKE 1977,
FRANKE et al. 1981; GERACE and BLOBEL 1982; GERACE and BURKE
1988).

In functional terms, the nuclear envelope plays a regulatory role, per-
mitting controlled nucleocytoplasmic exchange, perhaps mainly through
the nuclear pores (CLAWSON et al. 1980; DE ROBERTIS and DE ROBERTIS
1987). The anchorage of the nuclear chromatin at its inner aspect might
indicate a role in DNA transcription and processing the genetic material
(FRANKE and SCHEER 1984; COMINGS and OKADA 1973; ZBARSKY 1978),
while the continuity of its outer membrane with the rough endoplasmic
reticulum could suggest a link with protein and membrane synthesis
(FRANKE and SCHEER 1974; FRANKE et al. 1981) while providing a mecha-
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nism for the dissolution and reconstitution of the nuclear envelope during
mitosis. Its strategic location raises the possibility that the nuclear mem-
branes have a protective or barrier role through, for example, their as-
sociated drug metabolising enzymes and might be capable of modulating
the effects of agents such as chemicals and hormones that can gain access
to the nucleus (BRANSTETTER and GOLDBLATT 1983).

6.1.1 Spectrum of Nuclear Envelope Alterations

The common changes caused by various pathological conditions or injuri-
ous agents can be broadly, if rather arbitrarily categorised as either pro-
liferative or non-proliferative (Fig. 13). It should be emphasized that
either type of alteration can be produced by the same agent. The nature of
the induced changes, however, will depend on the extent of the pathologi-
cal event or the dose of the cytotoxic agent, as well as the effect on other
cytoplasmic or nuclear structures. A particular agent at different dosage
can thus produce either proliferative or non-proliferative membrane
changes. Irradiation in non-lethal doses tends to produce largely prolifera-
tive changes, while damaged radiosensitive cells often show non-prolifera-
tive alterations. The changes can involve one membrane, often the inner,
or both. In general, envelope changes are seen mainly in association with
viral infections, described later in more detail, in neoplasia and following
exposure to irradiation and certain chemical agents (BLACKBURN 1971;
BRANSTETTER and GOLDBLATT 1983; GHADIALLY 1988).

6.1.2 Non-proliferative Membrane Alterations

Non-proliferative membrane alterations include membrane separation or
fusion, evaginations or blebbing, sloughing or fragmentation, with or with-
out the formation of annulate lamellae, temporary defects (FLICKINGER
1974, 1978) and nuclear envelope rupture or lysis (Fig. 13). Generally, such
changes are seen in degenerating cells and are associated with cytoplasmic
damage or decreased RNP synthesis, whether mediated by starvation, ther-
mal insult, viral infection, toxic compounds or irradiation (BLACKBURN
1971; GHADIALLY 1988). Some of these changes, however, also accompany
maturation and ageing.

Nuclear membrane separation or “blebbing” is seen in degenerating
cells, while nuclear membrane rupture occurs in necrotic cells. However,
temporary defects in the nuclear envelope are not lethal events in them-
selves and may be repaired by the overlying endoplasmic reticulum (FLIC-
KINGER 1974, 1978). Some nuclear inclusions which arise from the cyto-
plasm may gain access to the nucleus through these defects, which are later
sealed by the endoplasmic reticulum.

Dense particulate inclusions are sometimes seen within the perinuclear
cistern (BLACKBURN 1971). They can be of viral origin or induced by toxic
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agents. Accumulation of immunoglobulin material in the perinuclear space
is described in cases of multiple myeloma (DJALDETTI and LEWINSKI
1978). In effect, any material which may be found in the cavities of the
endoplasmic reticulum may also gain access to this compartment.

Patchy or macular thickening of the inner nuclear membrane charac-
teristically occurs in certain viral infections and is thought to be stimulated
by viral antigens or replicative activity. It is also sometimes seen in senile
cells or cells with low metabolic activity (BLACKBURN 1971).

6.1.3 Proliferative Membrane Alterations

The nuclear envelope may form finger-like projections into the cytoplasm
or the nucleus, or may produce elaborate tortuous branching invaginations
with or without reduplication of the nuclear membranes (Fig. 13). Though
these are described mainly in neoplasia and viral infections (BLACKBURN
1971; Henderson et al. 1986; GHADIALLY 1988), they are also seen in less
common pathological situations such as storage, genetic muscular dys-
trophy diseases and following exposure to certain chemical agents, irradia-
tion or hypothermia (BLACKBURN 1971; SZEKELY et al. 1980).

Nuclear envelope proliferation may also result in the formation of con-
centric lamellar membranous arrays, nuclear pockets, annulate lamellae
and tubular inclusions (Figs. 2, 13; see also Sect. 7.6.3).

Intranuclear tubular formations derived from the inner nuclear mem-
brane are seen in association with various pathological conditions. Well
known examples include idiopathic pulmonary fibrosis, various forms of
fibrotic lung disease, sarcoidosis, collagen vascular disease and hyper-
trophy of human cardiac muscle (TERZAKIS 1965; FERRANS et al. 1975;
ENGEDAL et al. 1977; KAWANAMI et al. 1979). They have also been de-
scribed in some human and experimental animal tumours (KARASAKI
1970, 1973; FERRANS et al. 1975; HENDERSON et al. 1986; GHADIALLY
et al. 1985 a; TORIKATA and ISHIWATA 1977).

Hormone-dependent post-ovulatory tubular formations, arising from
the inner nuclear membrane and connected with or nearly with the nu-
cleolus, are a well recognised feature of the human endometrium, thought
to be related to the acyl group in the 17-beta position of the D ring of

4 Fig. 13. Diagrammatic presentation of various alterations of the nuclear envelope (NE) and
pore-lamina complex. /, Normal NE and pore-lamina complex: a, nuclear pore; b, outer nu-
clear membrane; ¢, inner nuclear membrane; d, nuclear fibrous lamina. 2, Separation of com-
ponent membranes of NE resulting in dilatation. 3, Fusion of membranes of NE. 4 ,Evagina-
tion of outer nuclear membrane. 5, Evagination of both nuclear membranes. 6, Dense inclu-
sions in perinuclear cistern. 7, Rupture of NE. 8, Temporary defects in NE. 9, Lysis and frag-
mentation of membranes. /0, Macular thickening of inner nuclear membrane. /7, Invagination
of inner nuclear membrane. /2, Invagination and reduplication of both nuclear membranes.
13, Increased number of nuclear pores. /4, Enlargement of nuclear pores. /5, Decreased
number of nuclear pores. /6, Thickening of fibrous lamina. /7, Formation of annulate lamellae.
18, Formation of tubular inclusions. /9, Formation of concentric laminated inclusions
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progesterone. They can, therefore, be induced by several synthetic proges-
tational agents with similar chemical structures. The functional significance
of these tubular formations is not known, although it has been suggested
that they may represent a pathway for transport of materials such as RNA
and lipids through the perinuclear cistern, to and from the nucleus and
nucleolus (KARASAKI 1973).

Tubular formations inside the nucleolus are also amongst the com-
monest of intranucleolar inclusions. They are described in normal cells and
in serveral human and animal tumours (BOURGEOIS et al. 1979). The fre-
quent contact of the nucleolus with the nuclear envelope may facilitate the
entrapment of membrane-derived inclusions. Alternatively, these tubular
inclusions may originate from the membranes of the nucleolar-envelope
junction.

6.1.4 The Nuclear Envelope in Viral Infections

Infections by the adenovirus and the herpes-cytomegalic virus groups are
associated with profound morphological alterations in the nuclear en-
velope (GRIMLEY and HENSON 1983). This association can perhaps be attri-
buted to the strategic location of the nuclear envelope and its contribution
to virus assembly. Firstly, the virus has to traverse the nuclear membrane
on its way to and from the nucleus and in the case of Herpesviridae, may
become envoloped during this journey (GINSBERG 1980a,b; WOLINSKY
1979). Sometimes the virus particles accumulate in vesicular structures de-
rived from the proliferating inner nuclear membrane (BIBOR-HARDY et al.
1982 a,b). .

The catalogue of virus-induced alterations in the nuclear envelope in-
cludes fusion, proliferation and reduplication of its two membranes, inner
membrane macular thickening and the formation of dense inclusion bodies
in the perinuclear space (BIBOR-HARDY et al. 1982a,b). Virus-induced
proliferation can cause nuclear envelope invagination, the formation of
small vesicles along the inner nuclear membrane. Formation of nuclear or
cytoplasmic concentric lamellae may also be due to virus-induced nuclear
membrane proliferation (SIMARD et al. 1986). These changes are thought
to be induced by contact of the virus antigen with the nuclear envelope.

6.1.5 The Nuclear Envelope in Neoplasia

Changes in the nuclear envelope in neoplasia are largely proliferative, in-
volving either or both of the nuclear membranes, but mainly the inner
one. Nuclear envelope proliferation may produce finger-like projections
into either the nucleus or the cytoplasm (Figs. 2, 12). Alternatively, it may
result in the formation of concentric lamellar membranous arrays, tubu-
lar inclusions or intracytoplasmic and intranuclear lamellae and nuclear
pockets (HENDERSON et al. 1986; BRANSTETTER and GOLDBLATT 1983;
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GHADIALLY et al. 1985a; GHADIALLY 1988). In some experimental animal
tumours, intranuclear and intranucleolar tubular inclusions occur due to
membrane prolieferation. It should, however, be stressed that noeplasia-
associated changes in the nuclear envelope are infrequently, if not rarely
seen, and that they do occur in other non-neoplastic lesions. They should
not be relied upon solely as markers of neoplasia.

6.2 The Nuclear Fibrous Lamina

This is a fine band of faintly to moderately electron-dense material, mar-
ginating or lining the inner or nuclear aspect of the inner nuclear mem-
brane (Fig. 13). It is considered part of the nuclear matrix (BEREZNEY
1984; VERHEUIEN et al. 1988), playing a part in nucleocytoplasmic ex-
change in conjunction with the nuclear envelope, the nuclear pores and
the proteinaceous component (SCHATTEN and THOMAN 1978). The fibrous
lamina is also assumed to participate in maintaining nuclear shape, by act-
ing as scaffolding beneath the nuclear envelope. It is very difficult to
image in many normal cell types, but it is frequently seen in many mesen-
chymal cells such as smooth muscle cells, fibroblasts, endothelial and
Schwann cells, osteocytes and osteoblasts (COHEN and SUNDEEN 1976;
RIFKIN and HEUL 1979). It is also prominent in the interstitial cells of the
testis and in the epithelial cells of Brunner’s glands (LEESON and LEESON
1968). .

In pathological conditions, the fibrous lamina is not a marker of par-
ticularly active or rapidly proliferating cells, being seen rarely in malignant
tumours (Fig. 2). It is more described in slowly growing benign tumours
(GHADIALLY 1988), such as pleomorphic salivary adenoma, chon-
dromyxoid fibroma, elastofibroma, nasopharyngeal angiofibroma, chon-
droblastoma and granular cell myoblastoma (Fig. 1). It has been described
in the plasma cells of Hodgkin’s disease, in myofibroblasts of repaired tis-
sue and in the synovial cells of rheumatoid arthritis. The significance of its
prominence in pathological conditions remains largely obscure.

6.3 The Nuclear Pores

The nuclear pores, randomly distributed across the nuclear envelope, are
considered to play a major role in nucleocytoplasmic exchanges (CLAWSON
et al. 1980; DE ROBERTIS and DE ROBERTIS 1987; SCHEER et al. 1988).
The number and diameter of the nuclear pores (Fig. 13) correlate with
DNA content, nuclear surface area, nuclear volume and, in paricular,
transcriptional activity (FRANKE and SCHEER 1974; MAUL 1977; MAUL
et al. 1980). It is, therefore, not surprising that they are found to increase
in size and number in conditions requiring increased RNA synthesis or
heightened metabolic acitivity (BLACKBURN 1971; SCHEL et al. 1978), such
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as neoplastic disease (MAUL 1977), and in regenerative or reparative activ-
ity. They also decrease in conditions associated with lowered transcrip-
tional activity and decreased protein synthesis (LODIN et al. 1978), such as
starvation and in mature and aged cells. Their number was noticed to de-
crease in the pancreatic acinar cells of children with kwashiorkor.

On the contrary, it has been suggested that in certain neoplastic disor-
ders, such as thyroid papillary carcinoma, nuclear pore deficiency is itself
responsible for increased nuclear activity, in order to compensate for any
resulting decrease in the rate of nucleocytoplasmic exchange (JOHANNES-
SEN et al. 1982). MAUL (1977), on the other hand, attributed the increased
frequency of nuclear pores in neoplastic cells either to increased synthetic
activity or to the increased cell and nuclear surface areas.

Some experimental studies link increases or decreases in nuclear pore
diameter to the metabolic state of the cell. Enlargement of the nuclear
pores is observed in yeast cells exposed to nitrogen starvation (WILLISON
and JOHNSTON 1978). Other studies, however, reported insignificant varia-
tion in pore size due to metabolic activity (SEVERS and JORDAN 1978).

The annulate lamellae, seen in the cytoplasm and to a lesser extent in
the nuclei, are currently regarded as stores of nuclear pore complexes re-
gularly studded on parallel stacks of membranes. They are formed in ac-
tively dividing embryonic and neoplastic cells, actively secreting cells and
cells treated by tubulin-binding compounds (MAUL 1977). They are also
seen in virally transformed cells. In order to explain their origin, this au-
thor proposed that they are formed in the endoplasmic reticulum from nu-
clear complex precursors that aggregate to form more complexes. The lat-
ter become attached to membranes of the endoplasmic reticulum to form
the annulate lamellae.

The fact that the nuclear envelope and its associated structures, the
pores and the fibrous lamina, are-often neglected or overlooked during
examination of pathological material may be attributed to several factors.
First, proper assessment of these structures requires proper fixation and
preservation, not easy to guarantee in routine diagnostic material. Second,
the range of magnification necessary for proper examination of these struc-
tures often exceeds the level necessary for most routine diagnostic
pruposes. Third, the observations documented are often of non-specific or
incidental findings. Careful study of the nuclear envelope is required in a
wide range of pathological conditions, combined with a better understand-
ing of the functions of its various components.

6.4 The Nuclear Matrix

The nuclear matrix or skeleton is the residual non-chromatin structural
framework that is resistant to successive treatment of purified nuclei by
detergents, salts and nucleases (BEREZNEY 1984; BEREZNEY and COFFEY
1977; KAUFMANN et al. 1986; SIMARD et al. 1986). It can be looked upon
as the nuclear counterpart of the cytoplasmic cytoskeleton.
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The nuclear matrix is formed of a non-chromatin, non-nucleolar in-
tranuclear fibrogranular network, along with the nuclear pore-fibrous
lamina complex and a residual component of the nucleolus (BEREZNEY
1984; SIMARD et al. 1986; VERHEUEN et al. 1988). Functionally, it provides
a scaffolding upon which are built the various nuclear morphological fea-
tures, including size and shape. There is much evidence to suggest that the
nuclear matrix may be a dynamic structure (BEREZNEY 1979, 1984) in-
volved in the regulation of DNA synthesis and gene expression (KAUF-
MANN et al. 1986; JACKSON et al. 1984; VAN DER VELDEN and WANKA
1987), RNA nucleocytoplasmic transport (HERLAN et al. 1979), hormone
binding (BARRACK and COOFEY 1982), carcinomagenesis and virogenesis
(BIBOR-HARDY et al. 1982a; COVEY et al. 1984; EISENMAN et al. 1985;
SIMARD et al. 1986). However, the extent and significance of such involve-
ment are not completely understood (KAUFMANN et al. 1986).

It is difficult to ascertain whether the presence of physiological and
pathological process-related products in the nuclear matrix is due to inci-
dental entrapment during the isolation procedure, or the the acitve engage-
ment of the nuclear matrix in the assembly and storage of these compo-
nents (SIMARD et al. 1986; KAUFMANN et al. 1986). However, with regard
at least to HSV virogenesis, it has been shown that the nuclear matrix par-
ticipates in viral capsid assembly and possibly also in its gene regulation
and DNA replication. Using immunogold labelling studies, it has been
shown that the HSV capsid proteins accumulate in the nuclear matrix after
being synthesized in the polyribosomes and conveyed through the nuclear
pores. There, the nuclear matrix provides an anchoring site on which the
assembly of the viral capsid takes place (SIMARD et al. 1986).

Other studies have demonstrated the presence of an intimate relation-
ship between changes in the structural organisation of the nuclear matrix
components and alterations in the nucleolar structure (BRANSTETTER and
GOLDBLATT 1983; HERLAN et al. 1978). Actinomycin D-induced altera-
tions in nucleolar shape were found to be associated with corresponding
changes in the isolated nuclear matrix of the same cells (HERLAN et al.
1978). It may be speculated that an induced dynamic or structural event in
the volume of the nuclear matrix will have its echo on the entangled nu-
cleolus and vice versa. The possibility that this morphological interdepen-
dence is due to a functional interrelationship, however, cannot be ruled
out.

7 Intranuclear Inclusions

7.1 Introduction

Intranuclear inclusions, as described here, cannot be too rigidly defined in
our present state of knowledge. They include most non-chromatin, non-his-
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tone, non-nucleolar, non-matrical bodies or substances contained within
the nucleus and not in continuity with cytoplasm. Some structures such as
perichromatin and interchromatin granules and normal nuclear bodies are
traditionally not regarded as “inclusions”. Furthermore the term inclusion
has sometimes been applied to altered chromatin, nucleoli or matrix, or
to their component parts. Attempts to limit the designation of an inclusion
to a structure formed inside the nucleus are unnecessarily restrictive, as
they would exclude some definite inclusions like the visible core of an in-
vading adenovirus which has just passed through a nuclear pore. In any
case, the morphologist must deal with structures as they are, since their
origins are often not determinable. While our chief concern here is with
inclusions found in pathologically altered nuclei, the reader must also be
aware that nuclear inclusions of various kinds may be found in some nor-
mal cells.

7.2 Inclusion or Pseudo-inclusion?

Fingerlike projections of cytoplasm into a nucleus can, if the connection is
not visible in the plane of section, resemble true nuclear inclusions
(Fig. 14). In this case such structures are correctly called pseudoinclusions.
Another rare form of pseudoinclusions can arise from an inpushing of the
inner membrane of the nuclear envelope into the nucleoplasm. In this
case, single-membrane-bound pseudoinclusions can be formed with con-
tents derived not from the cytoplasms but from the cistern of the nuclear
envelope. To insist on the term pseudoinclusion for totally detached cyto-
plasmic fragments, surrounded completely by nuclear envelope or by the
inner nuclear membrane and contained within the nucleus, is illogical for
it implies that they are not truly inclusions within the nucleus, which they
patently are.

The electron microscopist can usually distinguish invaginations of both
types from true inclusions by determining whether or not they are mem-
branebound and contain cytoplasmic organelles, in which case they are
more likely, though not certain, to be simply cytoplasmic invaginations.
However, as indicated above, cytoplasmic invaginations can become
pinched off to form true inclusions. Ultimately, the acid test remains serial
sectioning of the whole nucleus, which is usually impractical. Thus are the
limitations of single ultrathin sections exposed.

In summary then, it may not always be possible to distinguish true in-
clusions from pseudo-inclusions. Thorough sampling, experience and
knowledge of the range of morphology of those inclusions which have
been described will aid the distinction.
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7.3 Origins and Mechanisms of Formation

With the exception of inclusions associated with viral infection and a few
other specific examples, the origin and significance of most intranuclear
inclusions has remained obscure. They occur in such a wide variety of situ-
ations, both normal and pathological, that they can rarely, if ever, be de-
scribed as pathognomonic. However, they may act as pointers to unusual
features of cellular activity, such as hypermetabolism. Several theories
have been offered to explain the origins and mechanisms of formation of
the various types of inclusion. Only a few of these have been substantiated
by morphological evidence and experimental studies. The most commonly
offered explanations include:

1. Cytoplasmic material has been entrapped within the forming nuclear
envelope at the end of mitosis. This may occur due to rapidity or fre-
quency of mitosis or due to some defect or abnormality in its control,
as in neoplasia (GHADIALLY 1988).

2. Cytoplasmic material has gained access to the nuclear compartment
by way of agent-induced temporary defects in the nuclear envelope.
Such defects are later sealed by the overlying endoplasmic reticulum
(FLICKINGER 1974, 1978). Inclusions formed in this way are non-mem-
brane-bound true inclusions.

3. Cytoplasmic products or material, such as lipids or immunoglobulins,
have gained access to the nucleus through the endoplasmic reticulum-
nuclear envelope channels (BLOM et al. 1976).

4. Cytoplasmic invaginations have been formed by either cytoplasmic
swelling and expansion or increased nuclear surface irregularity (SOBEL
et al. 1969). As such they may appear as pseudoinclusions if sectioned
in certain ways. Some may be pinched off and separated from the main
nuclear envelope and from the exterior cytoplasm, at which point they
become nuclear envelope-bound true inclusions. Consequent dissolu-
tion of their surrounding envelope (GHADIALLY 1988), most likely as a
result of lack of maintenance from the rough endoplasmic reticulum,
leads to a non-membrane-bound true inclusion.

5. They are derived from basic cellular components made in the cyto-
plasm, but imported into the nucleus before assembly, as for example
some filamentous, microtubular and crystalline inclusions.

6. They are products of viral infection and replication either in the nu-
cleus or in the cytoplasm, being either virions, parts of virions or by-
products of viral replication. In the latter case they may be produced
in the cytoplasm and move to the nucleus for assembly, as above.

7. They are formed in situ from nuclear components, as in the case of
tubular structures derived from the nuclear envelope.

8. They are invaginated and trapped cytoplasmic structures that undergo
subsequent degenerative changes into, for example, myelin figures
(LEDUC and WILSON 1959).
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7.4 Classification

With experience and meticulous searching, many nuclear inclusions can
often be detected and identified using the light microscope. They appear
as optically clear bodies, or as dense eosinophilic or basophilic structures
of various shapes. The application of CTEM has allowed a more sensitive
and specific identification and recognition of components. Terms such as
intranuclear concentric laminated inclusions, intranuclear lamellae, tu-
bules, vesicles and filaments were all introduced following the application
of ultrastructural methods. Beyond the major subdivision into true inclu-
sions on the one hand and pseudo-inclusions derived from and still in con-
tinuity with the cytoplasm on the other, nuclear inclusions can be further
described and classified on the basis of their structure and perceived com-
position. Specified structural components of inclusions include glycogen,
lipid, viruses and haemoglobin. Unspecified descriptive components in-
clude tubular, filamentous, crystalline and amorphous structures.

7.5 Speciﬁed Intranuclear Inclusions

The term “specified intranuclear inclusions” describes the occurrence
within the nucleus of cytoplasmic components or metabolites which can
be recognised by their specific ultrastructure. Intranuclear viral inclusions
will be dealt with separately (Sect. 7.7).

7.5.1 Cytoplasmic Inclusions

Cytoplasmic inclusions are often designated pseudo-inclusions, because
they represent cytoplasmic invaginations which may be separated from the
nuclear matrix by a double-membrane boundary derived from the nuclear
envelope. They vary widely in size and number and may contain almost
any cytoplasmic structure (Figs. 14, 15a). They are often seen in ageing
cells and after exposure to certain drugs and toxic compounds. They are
present in cardiac muscle cells in cases of hypertrophic cardiomyopathy
(FERRANS et al. 1975). They are described as characteristic of several neo-
plasms and can be incidental findings in almost any tumour (GHADIALLY
1985, 1988; TRUMP et al. 1978; HENDERSON et al. 1986). Their presence in
bronchiolo-alveolar cell carcinoma and in thyroid papillary carcinoma is
responsible for the optically clear nuclei or nuclear vacuoles seen by light
microscopy. ‘

7.5.2 Intranuclear Glycogen

Irregularly shaped compact masses of glycogen, either monoparticulate or
aggregated, have been described in hepatocytes in many diseases, includ-
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Fig. 14. A large cytoplasmic pseudoinclusion results from indentation of the nuclear surface.
A small dense inclusion (arrow) is also present. X 18800

ing diabetes mellitus, viral hepatitis, lupus erythematosus, Graves’ disease,
and Wilson’s disease. They are also seen in the liver cells in association with
several neoplastic disorders such as Hodgkin’s disease, hepatocellular car-
cinoma and carcinomas of the stomach and the pancreas (for references to
occurrence and origin of intranuclear glycogen, see GHADIALLY 1988).
Glycogen particles can sometimes be mistaken for viruses. It should also
be noted here that the CTEM appearance of glycogen depends very much
upon the fixation and staining procedures involved (GHADIALLY 1988).

75.3 Intranuclear Lipid

Beside being ubiquitous in some normal cells such as the liver cells, lipid
inclusions also occur in a spectrum of neoplastic and non-neoplastic condi-
tions, ranging from chromosomal disorders such as the Leydig cells in
Klinefelter’s syndrome (NISTAL et al. 1985), through reactive conditions
such as the synovial cells in lipohaemarthrosis (GHADIALLY and ROY 1969),
to a wide variety of neoplastic disorders in different tissues.
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Fig. 15a—f. Intranuclear inclusions. a Inclusion resembling a mitochondrion, apparently un-
enveloped within the nucleus in an experimental animal tumour. X 14250. b Two inclusions
resembling dense pyknotic mitochondria; note also the vesicular structures and the aggregation
of interchromatin granules in a methotrexate-treated mouse sarcoma 180. x 18800. ¢ Mem-
brane-bound intranuclear vacuolation of uncertain cause. Similar appearances can arise ar-
tefactually; actinomycin D-treated Ridgeway osteogenic sarcoma. x 11 500. d Vesicular nuclear
body with fibrillar exterior; astrocyte in multiple sclerosis autopsy tissue. X 39000. e Nuclear
body with fibrillar exterior and dense core; astrocyte in Alzheimer’s disease biopsy tissue.
X 25500. f Concentric laminated inclusion in an experimental animal tumour. X 14250

7.5.4 Lead and Bismuth

These two heavy metals can induce characteristic intranuclear dense ele-
mental inclusions, with a distinctive ultrastructural morphology. Lead in-
clusions are often characterised by a markedly dense core surrounded by a
less dense network of radiating fibrillar material. Bismuth inclusions are
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often well delineated, oval to rounded homogeneous dense structures,
which sometimes show some granularity. Both types of inclusion are typi-
cally detected in the renal tubular cells, but lead inclusions can also be
seen in hepatocytes. Electron-probe X-ray micoranalysis offers a definitive
means for their precise identification. The mere presence of these inclu-
sions does not necessarily indicate acute intoxication, but can point to pre-
vious exposure to either of these elements.

7.6 Unspecified Intranuclear Inclusions

Unspecified nuclear inclusions (Fig. 15b,c) are seen in normal cells and
in several pathological conditions. These include mainly viral infections
and neoplastic disorders, but also some other miscellaneous conditions, in-
cluding muscular and neuronal disorders and toxic or hormone-induced
disturbances. In pathological situations they may be more numerous or
more prominent than normal, or they may appear in cells which do not
normally contain them.

76.1 Nuclear Bodies

Nuclear bodies are among the most commonly seen but most poorly under-
stood forms of nuclear inclusion, as documented in the earlier literature
(BOUTEILLE et al. 1967; KUHN 1967; HENRY and PETTS 1969). Numerous
studies and reviews of their morphology are available and the reader is
referred to these for comprehensive information on their structure and in-
cidence in various situations. Attempts to determine the mechanisms of
formation and the function, if any, of nuclear bodies, have been unreward-
ing. These non-membrane-bound, usually spherical bodies vary widely in
detailed morphology, but tend most commonly to be composed of various
combinations of fibrillar, granular and vesicular components (Fig. 15d,e).

Nuclear bodies have been observed in a wide variety of tumours includ-
ing, for example, malignant fibrous histiocytoma (GOT1Zzo0s et al. 1986) and
parotid acinar cell carcinoma. They occur in virus infections such as
measles, after treatment with certain drugs and after hormonal stimula-
tion. TSH-stimulated cultured thyroid cells show frequent granular nuclear
bodies (VAGNER-CAPODANO et al. 1980). Nuclear bodies can also some-
times be seen in apparently normal nuclei, such as those of astrocytes.
Examination of the list of conditions in which they occur shows that they
tend to be present in metabolically active or activated cells (GHADIALLY
1985). In some cases they may represent cell proteins (i.e., cytoplasmic-,
nuclear- or nucleolar-derived proteins) which have polymerised inside the
nucleus. The formed morphological component will therefore depend on
the nature of the protein product, which in turn will depend on the dif-
ferentiated function of the cell.
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7.6.2 Intranuclear Concentric Laminated Inclusions

These are single-membrane-bound and consist of concentric alternating
electron lucent and electron opaque non-membranous layers (Fig. 15f).
They are often seen in serous and mucin-secreting cells, especially those
of salivary gland origin (GHADIALLY 1988). They are described in cells of
adenoma of the breast (GHADIALLY 1985), acinar cell carcinoma of the
parotid gland (ERLANDSON and TANDLER 1972) and adrenal cortical
adenoma associated with Conn’s syndrome (PROPST 1970). They have also
been observed in methotrexate-treated mouse sarcoma S180 (unpublished
observation) and in the pancreatic acinar cells in cases of Reye’s syndrome
(ITABASHI et al. 1976). These inclusions may be derived from intranuclear
lipid; serous or mucoid pseudo-inclusions that have undergone secondary
degenerative changes (LEDUC and WILSON 1959).

76.3 Filamentous, Fibrillary, Microtubular and
Crystalline (FFMC) Inclusions

This heterogeneous group of inclusions has been described under a variety
of names in an extensive literature and includes the so-called intranuclear
rodlets, vermicellar bodies, and paracrystalline inclusions. They have been
grouped here since (a) there is confusing overlapping in their nomencla-
ture in the literature, (b) intermediate forms between the different variants
are common, and (c) they are mostly seen in the same wide range of
pathological conditions.

It is probably more confusing than helpful in this limited space to list
the full range of normal and pathologically altered cells and the various
situations in which these inclusions have been described, for they are of
diverse origin and differing significance. The reader is referred to the re-
view literature for such information (GHADIALLY 1988; TONER et al. 1980;
PAayNE and NAGLE 1983). However, there are some circumstances in which
particular forms are unusually common, such as the distinctively different
forms in normal neurons and in a number of viral infections.

Morphological subcategorisation is difficult in view of the overlap be-
tween different forms, such as filamentous rodlets and paracrystalline ar-
rays. A few, such as the tubular nucleocapsids of measles virus in subacute
sclerosing panencephalitis or the filamentous forms of papovavirus, are
clearly distinctive when seen in good quality micrographs, preferably en
masse and with other indications of viral infection. Even these, however,
are likely to be missed if present in small quantities in average or. poor
quality micrography, particularly when their occurrence is not anticipated.
Both of these viral inclusions are formed from viral-encoded subunits or
capsomeres, but the origin of the materials which form most FFMC inclu-
sions is unknown, although most are presumed to be host cytoplasmic or
nuclear protein.

A general difficulty in describing FFMC inclusions lies in the accuracy
or otherwise of the measurement of their component filaments and tubu-



Ultrastructural Pathology of the Nucleus 53

les. It is doubtful whether too much reliance can be placed on all pub-
lished fine size distinctions at the level of microfilaments (4—7 nm) and
intermediate filaments (9—10 nm). Most electron microscopes, if correctly
set up and calibrated, would approach 95% accuracy. However, because
of specimen height and hysteresis effects, not to mention uncontrollable
dimensional variations due to tissue processing and sectioning, they are un-
doubtedly unreliable in practice. Accurate measurements on enlarged
prints also depend on well focused negatives, a known enlargement factor,
good printing, proper control of paper shrinkage on drying and an
adequate sample size. Conditions are rarely so favourable in a diagnostic
pathology laboratory.

Any consideration of how the intranuclear rodlets and fibrillar lattices
(Fig. 16) are formed within nuclei must take into account the fact that vir-
tually identical structures have been reported from cytoplasmic locations,
where they may form very large bodies (Hirano bodies) in some patholog-
ical conditions and smaller ones artefactually as a result of post-mortem
autolysis (YAGISHITA et al. 1979). It may be inferred that at least for this
class of FFMC, the constituent structural proteins may be present at higher
concentrations in the cytoplasm than in the nucleus.

In this context, it is noteworthy that there are endogenous nuclear pro-
teins, the lamins, which are normal components of the nuclear lamina and
which share biochemical and structural characteristics with the components
of all known cytoplasmic intermediate filaments (GERACE 1985). Further-
more it has been shown that the lamina of Xenopus oocytes consists of 8-
to 10-nm filaments arranged in a regular, near tetragonal lattice (GERACE
1985; WEIss 1988). Such lamin proteins are therefore prime candidates for
involvement in the formation of filamentous lattices in the nucleus, while
cytoplasmic intermediate filament proteins may be involved in formation
of analogous structures in the cytoplasm.

In an effort to understand the significance of the occurrence of FFMC
inclusions in the central nervous system, where they are common, attempts
have been made to induce their formation experimentally (PAYNE and
NAGLE 1983; GHADIALLY 1988).

7.7 Intranuclear Inclusions in Virus-Infected Cells
7.71 Introduction

By light microscopy, intranuclear viral inclusions have been categorized
either by their morphology, such as Cowdry type A or Cowdry type B in-
clusions, or by their staining reaction, such as basophilic, acidophilic and
amphophilic inclusions. The ultrastructural counterpart of such descrip-
tions has not been fully determined in all cases.

Reviews and similar texts are cited extensively in this section as they provide the maximum
assistance to the ultrastructural pathologist newly entering the field.
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Amongst the many roles which have been identified for the electron
microscope in virology (GRIMLEY and HENSON 1983; BURNS 1980; Boos
and EsIR1 1986), two stand out as being of fundamental importance in viral
diagnosis using pathological tissue sections. First, it is used to supplement
the non-specific light microscopic finding of inclusion bodies in paraffin-
or epoxy-embedded sections. The ease with which this can be ac-
complished depends, for paraffin-embedded material, on whether epoxy
resin-embedded tissue can be prepared from the appropriate region of the
light microscopic section itself (YUNIS et al. 1977) or is available from adja-
cent sections. The routine use of large area toluidine blue-stained epoxy
sections for light microscopic screening for viral inclusions as a prelude to
more precisely targeted CTEM study has been described (BURNS 1978). It
should be noted, however, that the light microscopic appearances of some
nuclear inclusions are less distinctive in plastic sections than in routine
H & E-stained paraffin sections (WILLS 1983).

Examination of such light microscopic inclusion-positive areas by
CTEM can often reveal the viral particles which constitute the inclusion
and permit. their identification. Alternatively, electron microscopy may
show that the “inclusion” was actually a giant nucleolus or cytoplasmic
pseudoinclusion, unrelated to viral infection.

The second clearly defined role of CTEM is to search for evidence of
virus where the index of suspicion is high but where no inclusions are seen
by light microscopy. This method has proven successful, for example, in
the case of herpes encephalitis (WILLS 1983), but may be extremely time-
consuming unless pathological markers such as inflammation, necrosis or
other focal lesions are used to narrow the area for intensive search.

The nucleocapsids of many viruses which form intranuclear inclusions,
including members of measles, papova-, and herpesvirus families, are sur-
prisingly resistant to post-mortem autolysis, formalin fixation, paraffin em-
bedding and even freezing, so it is often possible to identify them in the
most unpromising tissue specimens (WILLS 1983). However, the mem-
branes of enveloped viruses are less well preserved in such circumstances
and poor preservation may preclude identification of the infected cells.
Such tissues are, however, more readily amenable to immunocytochemical
or in situ hybridisation, or polymerase chain reaction studies for viral anti-
gen or genome at both light and electron microscopic levels.

Even when viral particles cannot be detected in the nucleus by CTEM,
the genome of certain viruses — herpesviruses, adenoviruses, par-
voviruses, papovaviruses, retroviruses and hepadnaviruses — may still be
present, either as intergrated or unintegrated viral DNA (GREEN 1985;

4 Fig. 16a—c. Filamentous lattice structures. a In normal well fixed neurons, a ring-shaped
structure, possibly representing a saucer or hollow sphere, shows a lattice substructure.
% 48800. b and ¢ Inclusions in autopsy brain cells (possible artefacts) show a variety of appear-
ances which are all explicable as different orientations of multiple layers of near-orthogonal
filamentous lattices. b x 25500; ¢ x 31800
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BLAckLOW and CUKOR 1985; Fauct 1988). The development of sensitive
in situ hybridisation methods offers the opportunity to detect and visualise
such viral passengers at both light and electron microcopic levels (HAASE
1986; MANUELIDIS 1985; AKSAMIT et al. 1985).

7.7.2 Recognition, Measurement and Interpretation

Intranuclear inclusions found in virus-infected cells comprise a heterogene-
ous collection of both host and virus-derived structures (Figs. 17—19; GHA-
DIALLY 1988; GRIMLEY and HENSON 1983; WiLLs 1983). They include not
only complete virus (virions), but also empty viral capsids (the protein
shells which surround the viral nucleic acid) and other subcomponents or
precursors, surplus pools of viral nucleic acids, budding virions and mod-
ified or disordered host proteins and nucleic acid structures. They may also
be composed of the massive accumulations of abnormal-appearing, non-
functional nucleocapsids. Recognition and identification of intranuclear
viral inclusions requires knowledge, therefore, not only of the classic struc-
ture of the typical mature virus particle but also of immature and aberrant
viral forms and associated structures. All of these viral forms must also be
distinguished from normal and modified host nuclear components, such as
nuclear pores, nucleolar components and chromatin, with which they have
been confused in the past (GRIMLEY and HENSON 1983; WILLS 1983; GHA-
DIALLY 1988).

Furthermore, even if an inclusion contains only perfectly formed
icosahedral virions of uniform size, these will vary in appearance in ul-
trathin sections, depending upon how much of the particle is included
within the thickness of the tissue examined. Such variation is more appar-
ent in the case of virions with a diameter significantly greater than the sec-
tion thickness, such as the Herpesviridae, and less so in those of small
diameter such as the Parvoviridae. Measurements of icosahedral, near
spherical, virus particles should be carried out on the largest profiles, be-
cause a grazing section will give a low estimate of diameter. These mea-
surements of viruses in ultrathin tissue sections cannot be compared di-
rectly with the dimensions cited in most virological texts, which are based
almost inevitably on measurements of negatively stained particles. WILLS
(1983) has estimated that the manipulations involved in the preparation of
ultrathin sections reduces viruses to about 80% of their negatively stained
size.

Fig. 17a—c. Icosahedral (near spherical) nuclear inclusions in viral infections. a Nucleocapsids
of the Herpesviridae family are approximately 100 nm in diameter and may be hollow or have
ring-shaped or dense cores. Lung cell in disseminated cytomegalovirus infection. Autopsy tis-
sue. b Virions of the Adenoviridae are similar but smaller (60—70 nm diameter) and typically
from close-packed crystalline arrays. Avian adenovirus in cultured cells (courtesy of Dr. B. M.
Adair, Veterinary Research Labs, Stormont, Belfast). ¢ Virions of the Papovaviridae arc smal-
ler (30—45 nm) and typically show no substructure. Elongated forms, not illustrated here,
commonly coexist with spherical forms. Experimental papilloma virus infection. All X 50000
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Most published illustrations of intranuclear viral inclusions are selected
to show considerable numbers of particles in cells at an advanced stage of
the viral replicative cycle. As the study of such accumulations reveals the
main features of virus structure, we will concentrate on such inclusions in
the following paragraphs. Pathologists examining tissue sections, however,
will often be unable to find such advanced-stage infected cells and should
remember that there are also earlier stages, from the entry of infecting
virus into the nucleus (GINSBERG 1980a), through the induction of
changes in the host structures and the formation of viral precursors, to the
assembly of the first viral particles. Between the two extremes of viral
entry on the one hand and the stage of massive inclusions on the other,
there are changes which in some cases may be characteristic or at least
indicative of viral infection and which the ultrastructural pathologist may
learn to recognise (GRIMLEY and HENSON 1983). We will draw attention to
such changes in the descriptions of the main virus families. Needless to
say, the nucleus should not be examined in isolation, for in many infections
the occurrence of viral inclusions in the nuclei is accompanied by virus-as-
sociated changes in the cytoplasm (KINGSBURY 1985; WILLS 1983; GRIM-
LEY and HENSON 1983).

7.7.3 Mature Virus Particles (Virions)

In some cases, such as adenoviruses, papovaviruses and parvoviruses, ma-
ture infectious virus particles (virions) are assembled and accumulate in
the nucleus. In the first two of these, the virions, which may be accom-
panied by empty capsids and viral nucleic acid pools, may be so numerous
that they form large inclusions detectable by light microscopy (GINSBERG
1980a; WILLs 1983). In all three, the ultrastructure is sufficiently distinc-
tive to permit recognition of the virus family (Fig. 17b, c¢). With the possi-
ble exception of the polyoma and papilloma subgroups of Papovaviridae,
which differ significantly in size (28—40 nm and 43—46 nm respectively)
(WiLLs 1983; GHADIALLY 1988), subtyping or distinction of genus cannot
yet be accomplished routinely in pathological tissues by ultrastructural
examination of individual nuclear virions in thin sections.

7.7.4 Immature Virus

In other viral infections, most notably in the members of the Herpes-
viridae (cytomegalovirus, HSV-I, HSV-II, Epstein-Barr virus, varicella zos-
ter virus) but also in the Hepadnaviridae (hepatitis B virus), only imma-

4 Fig. 18a,b. Irregular inclusions visible at low magnification in autopsy tissue from viral infec-
tions, with insets showing diagnostic detail (arrowheads) at higher magnifications. a Herpes
encephalitis (courtesy of Dr. C. H.S. Cameron, Dept. of Pathology, Queens University Bel-
fast). x 14300; inset. X 54500. b Subacute sclerosing panencephalitis. X 18300; inset,
x 70000
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ture virions (nucleocapsids) are assembled in the nucleus (Figs. 17 a, 18a).
These must leave and complete their development elsewhere. Their matu-
ration involves addition of a lipoprotein membranous envelope at the nu-
clear envelope, endoplasmic reticulum, Golgi apparatus or plasma mem-
brane. However, the nuclear inclusions, composed both of immature virus
particles and of empty and malformed capsids and other viral components,
can be very large and may be visible as inclusions by light microscopy. The
ultrastructure of the intranuclear, incomplete herpes virus is distinctive for
the family but not for the genera within the family, at least in routine
pathological specimens (WILLS 1983). Immunostaining, in situ hybridisa-
tion and correlative clinical and pathological information must be used for
these finer distinctions.

7.7.5 Non-functional (Dead-end) Nucleocapsids

In certain circumstances in which there is a block to maturation, measles
virus infection results in the accumulation of large numbers of nucleocap-
sids within the nucleus (GRIMLEY and HENSON 1983). These nucleocapsids
are assembled from nucleic acid and capsid components which have earlier
been synthesised in the cytoplasm, the normal site of nucleocapsid assem-
bly. In a productive measles infection, the cytoplasmic fuzzy-coated nu-
cleocapsids mature by budding through the plasma membrane (KINGS-
BURY 1985). Massive nuclear inclusions composed of relatively smooth nu-
cleocapsids in neurons and glia are a distinctive feature of the late stages
of subacute sclerosing panencephalitis (Figs. 18 b, 19; DuBOIS-DALCQ
1979). The nucleocapsids which form the nuclear inclusions in poliovirus-
infected neurons (described in detail in Sect 7.7.6.8) are another example
of this category of inclusion.

7.7.6 Inclusions of Medically Important Viruses

7.7.6.1 Adenoviridae (e.g. human adenoviruses)

DNA genome; un-enveloped icosahedral capsid ca. 57—72 nm diameter in
thin sections (Fig. 17b). Large, dense granular-fibrillar patches or ring-

4 Fig. 19a—d. Further examples show the heterogeneity of the measles virus nucleocapsid inclu-
sions in subacute sclerosing panencephalitis. a Nucleocapsid clumps in an apoptotic nucleus.
Note the highly condensed chromatin masses which have separated from the nuclear envelope;
biopsy tissue, X 7000. b High magnification of a nuclear inclusion reveals a mass of sinuous,
striated, hollow, tubular nucleocapsids (arrowheads); snap frozen autopsy tissue, refixed for
electron microscopy. Measles virus-specific RNA was extracted from the remains of the frozen
block (M. Taylor, personal communication). X 87500. ¢ In this biopsy tissue both curved (c)
and straight (s) nucleocapsids are seen. X 46700. d In an infected brain cell in another biopsy,
nuclear body-like inclusions show a fibrillar exterior, tubular intermediate layer and dense
core. Some authors have stained similar nuclear bodies with measles antibodies and suggest
that the tubules (arrowheads) are nucleocapsids. X 28 800
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shaped filamentous structures may precede and accompany the appearance
of the very distinct and regular dense-cored or hollow capsids in the nuc-
leus (YAMAMOTO and SHAHRABADI 1971; GRIMLEY and HENSON 1983;
SHELBURNE et al. 1983). Capsids often appear in paracrystalline groups
within the patchwork of granular and fibrillar material (GRIMLEY and HEN-
SON 1983). Nuclear envelope thickening and reduplication have also been
described (GRIMLEY and HENSON 1983). Following infection, viral entry
to the nucleus involves alignment of the capsid with the outer face of a
nuclear pore and injection of the DNA genome through the pore into the
nucleoplasm (GINSBERG 1980 a).

7.7.6.2 Herpesviridae (e.g. herpes simplex and cytomegaloviruses)

DNA genome; icosahedral capsid (ca. 100 nm diameter in thin sections).
Chromatin tends to marginate, leaving the centre of the nucleus to the
virus factory. Viral capsids at various stages of development may be seen
around the margin of globular masses or along chain-like strands within a
‘viroplasmic matrix’ (Fig. 18 a; GRIMLEY and HENSON 1983). Herpesvirus
nucleocapsids assemble while attached to the fibres of the nuclear matrix,
as shown by whole-mount electron microscopy of chromatin-depleted cells
and other specialised techniques (BEN-ZE'EV 1983; PENMAN 1985). Al-
though hollow capsids are common, the complete nucleocapsid has a ring-
like (hollow spherical) or dense core (Fig. 17 a). The nuclear envelope may
proliferate and budding through the nuclear envelope may be seen (SHEL-
BURNE et al. 1983). A wide variety of cytoplasmic forms are seen.

7.7.6.3 Papovaviridae

Genus 1. Polymavirus genus [e.g. JC virus, cause of progressive multi-
focal leukoencephalopathy (PML)]
DNA genome; icosahedral capsid. The reported range of diameters in thin
sections (28—40 nm) is unexpectedly wide and may include some inadver-
tent measurements of thin, transversely sectioned, filamentous nucleocap-
sids, which occur commonly in association with the typical spherical parti-
cles. In PML, a large number of virions are found in the enlarged (2—3
times) nuclei of oligodendrocytes within small demyelinating lesions or at
the advancing edge of larger ones (WALKER and PADGETT 1983; ZU RHEIN
1969). Virus is also seen in the cytoplasm of glia and in association with
myelin sheaths. Smaller numbers of virions have also been described in
the nuclei of bizarrely shaped (? transformed) astrocytes (MazLO and
TARISKA 1982).

Genus 2. Papillomavirus genus (e.g. common wart virus)
DNA genome; icosahedral capsid ca. 43—46 nm in thin sections (Fig. 17 ¢c;
GHADIALLY 1988; WILLS 1983). Virus particles are most common in plantar
warts, where they form massive intranuclear arrays which displace the
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chromatin to the margin, but they may also be found in the cytoplasm
(WILLS 1983). SHAH (1985) suggests that cytoplasmic virus only occurs fol-
lowing damage to the nuclear membrane. Mature papilloma virions are at-
tached to nuclear matrix fibres within the nucleus (PENMAN 1985).

7.7.6.4 Hepadnaviridae (e.g. hepatitis B virus)

DNA genome; probably icosahedral capsid ca. 27 nm diameter. The nuclei
of hepatocytes show no distinct inclusions by light microscopy but may as-
sume a ground-glass appearance. TEM reveals numerous distinctive small
hollow and naked capsids, which resemble parvovirus capsids and which
contain the hepatitis B core antigen (YUNIS et al. 1977; GRIMLEY and HEN-
SON 1983; BIANCHI and GUDAT 1983).

7.7.6.5 Parvoviridae (e.g. adeno-associated virus and human parvovirus
B 19, cause of aplastic crisis in sickle cell anaemia)

DNA genome; icosahedral capsid (ca. 17—24 nm diameter in thin sec-
tions). Nuclear inclusions consist of small hollow-appearing capsids. Al-
though not of particular clinical importance, capsids of adeno-associated
parvovirus may sometimes be seen in small numbers adjacent to the in-
tranuclear adenovirus crystals (GRIMLEY and HENSON 1983; BLACKLOW
and CUKOR 1985).

7.7.6.6 Paramyxoviridae (e.g. measles, mumps, respiratory syncytial virus)

RNA genome; the helically coiled nucleocapsids appear as striated sinuous
tubules, with reported outer diameters of 14—17 nm in the morbillivirus
and paramyxovirus genera and around 12.5 nm in the pneumovirus genus
HOWATSON and FORNASIER 1982; DUBOIS-DALCQ 1979; GHADIALLY 1988).
Allowing for the shrinkage expected in ultrathin preparations (see
Sect. 777.1), these figures accord well with the accepted sizes (18 nm and
12—15 nm diameter respectively) of negative-stained nucleocapsids (MEL-
NICK 1984). Although nuclear accumulation is not an essential step in the
life cycle, inclusions composed of large numbers of tubular, usually
smooth, nucleocapsids have been described, particularly in subacute
sclerosing panencephalitis (Figs. 18b, 19; GHADIALLY 1988; DUBOIS-
DALcQ 1979). Additionally in subacute sclerosing panencephalitis, com-
plex nuclear bodies, some enclosing tubular nucleocapsid-like structures,
are a characteristic feature (Fig. 19d) and have been shown to contain
measles antigen (HADFIELD et al. 1972; MARTINEZ et al. 1974).

7.7.6.7 Orthomyxoviridae (e.g. influenza)

RNA genome; Single viral genes, made in the nucleus, appear as nucleo-
capsids in the cytoplasm, and are enveloped at the plasma membrane
(KINGSBURY 1985; GINSBERG 1980b). However although virus-specified
RNA and proteins, including nucleocapsid protein, have been detected im-



64 H. M. H. KAMEL et al.

munocytochemically in the nuclei of influenza-infected cells (JACKSON
et al. 1982; KLENK and RoOTT 1988), distinct. helical nucleocapsids (ca.
7—11 nm diameter) are not normally demonstrable by electron microscopy
in this site, but only in the cytoplasm (CoMPANS and CHOPPIN 1973). Ul-
trastructural abnormalities of influenza virus-infected cell nuclei centre on
the nucleoli in which there is accumulation of dense, sometimes branching
material and, in some reports, 40 nm diamter ‘tubules’ (APOSTOLOV,
FLEWETT and KENDAL 1970; CoMpPANS and CHOPPIN 1973). Eventually the
normal nuceolar structure is lost and the nuclear membrane may break
down.

7.7.6.8 Picornaviridae (e.g. poliovirus, coxsackievirus, human
enteroviruses including hepatitis A)

RNA genome; icosahedral nucleocapsids 18 to 26 nm diameter in thin sec-
tions. Picornavirus replication requires no nuclear functions as it has been
shown to multiply in the cytoplasm of enucleated cells (RUECKERT 1985).
However Cowdry type B intranuclear inclusions have been described in
poliovirus-infected neurons. Ultrastructural study by ANzAl and OzAKI
(1969) has revealed that they are composed of crystalline accumulations of
icosahedral viral nucleocapsids. Poliovirus replication is also known to be
accompanied by nuclear shrinkage, pyknosis and chromosomal fragmenta-
tion (BELSHE 1984).

7.7.6.9 Flaviviridae — flavivirus genus (e.g. yellow fever virus,
Japanese encephalitis virus and dengue)

RNA genome; icosahedral nucleocapsids approximately 24 nm in diameter
in thin sections, found in the cytoplasm and enveloped by an altered host
cell membrane during maturation. The replication of these viruses is in-
completely understood and the widely held belief that there is no specific
nuclear involvement has been challenged (TADANO et al. 1989). For exam-
ple enucleation inhibits the replication of Japanese encephalitis virus and
virus-specified proteins have been detected immunocytochemically in the
nuclei of cells infected by a number of different flaviviruses. However
these are not necessarily structural proteins and old CTEM reports of par-
ticles in the nucleus of Japanese encephalitis-infected cells should be inter-
preted with caution (YASUZIMA et al. 1964; MURPHY et al. 1968).

7.7.7 Virus-like Particles and Inclusions

As mentioned above, normal or pathologically altered host structures can
resemble virus particles or virus-associated structures. With experience,
it is possible to recognise the more common of these structures for what
they are, i.e. nuclear pores, glycogen granules, nuclear bodies and peri-
chromatin and interchromatin granules. Nevertheless, mistaken interpreta-
tions are still published in the literature (COUVREUR et al. 1984). Difficul-
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Fig. 20. “Paramyxovirus-like” non-viral inclusions in human autopsy brain tissue. Two appar-
ently abnormal perivascular nuclei contain numerous fuzzy filaments, some apparently spilling
into the cytoplasm (arrowhead). x 15400. At high magnification( (inset) the dense fuzzy fila-
ments which may be derived from chromatin do not show the distinct hollow tubular structure
typical of Paramyxoviridae. x 75000

ties arise with the less common intranuclear structures such as filaments,
tubules and vesicles, which may frequently resemble viral or virus-as-
sociated structures. The presence of similar structures in normal and
pathological control tissues, which must be examined, should suggest a
non-viral interpretation.

The ultrastructural pathologist daily encounters structures and appear-
ances which cannot be fully explained. This seems to be particularly true
in searches of tissue for evidence of viral infection in disease of uncertain
aetiology.

A classic example of this problem is the description by PRINEAS (1972)
of nuclei packed with paramyxovirus-like filaments in cases of multiple
sclerosis (Fig. 20). After some initial excitement, it became apparent that
these filaments were actually composed of altered chromatin (LAMPERT
and LAMPERT 1975; GHADIALLY 1988). Three features of these “inclusions”
made it unlikely that they were paramyxovirus. First, they could also be
found in perivascular cells in control cases of non-infectious neurological
disease. Second, the inclusions filled and indeed appeared to spill from
the nucleus, whereas paramyxovirus inclusions are always accompanied
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by a rim of chromatin. Finally, it was not possible to demonstrate con-
vincingly the expected hollow tubular nature of the supposed
paramyxovirus nucleocapsids. Incidentally, this artefactual explanation
does not account for all of the paramyxovirus-like intranuclear inclusions
which have been described in multiple sclerosis (reviewed in KIRK and
HUTCHINSON 1978).

The problem becomes even more difficult when the unusual appear-
ances are not demonstrable in control tissues, yet lack the specific features
of the suspected virus. Such inclusions must be put into the category of
the unexplaned, until some further evidence becomes available, perhaps
from the use of immunocytochemistry or in situ hybridisation. Examples
of such inclusions are those found in osteoclasts in Paget’s disease of bone
(HowaTSON and FORNASIER 1982) and in endothelial cells and myocytes
in patients with endocardial fibroelastosis. The hope that viral im-
munocytochemistry would quickly establish the identity of such inclusions
where CTEM was equivocal has not been fulfilled. In the case of the very
distinct 12.5 nm microtubules found in the nuclei of osteoclasts in Paget’s
disease of bone (HOWATSON and FORNASIER 1982), immunocytochemical
demonstration of antigens of both measles and respiratory syncytial virus
has been claimed (MILLS et al. 1982). The size of the tubules is clearly
closer to the latter virus though their disposition is apparently different
and the apparent staining for measles antigen is unexplained. Similarly, in
inclusion body myositis the reported immunocytochemical staining of nu-
clear “filamentous” inclusions with antibodies against mumps antigen
(CHOU 1986) has not been confirmed (NISHINO et al. 1989).

In Creutzfeldt-Jakob disease (CJD), a transmissible dementia analo-
gous to ovine. scrapie and bovine spongiform encephalopathy, peculiar
membranous vacuoles have been described in affected neurones (KM
et al. 1988). The author’s speculation that they might be diagnostic in CJD
is undermined by reports of their occurrence both in normal animals (JEF-
FREY, personal communication, 1989) and also as a non-specific degenera-
tive feature (Fig. 15¢).

8 Changes in the Nucleolus

The nucleolus has a key role in intracellular synthetic processes. It is the
initial site for ribosomal RNA formation and it is actively involved in the
synthesis and distribution of both cytoplasmic and nuclear RNA. Depend-
ing on its functional differentiation, the number of nucleoli in a particular
cell can vary widely, but there appears to be some uniformity between cells
of a given type. In general, metabolically active and proliferating cells
have more numerous and prominent nucleoli.

Although apparently a simple structure by light microscopy, the nu-
cleolus displays great ultrastructural diversity. It has four main compo-
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nents, the fibrillar centres, the fibrillar components, the granular compo-
nent and the nucleolar-associated chromatin (BOUTEILLE et al. 1982;
GOESSENS 1984; SMETANA and BUSCH 1974; JORDAN 1984). The organisa-
tion and proportions of these components, as well as the position, number,
shape and size of the nucleoli, can vary with cell and tissue type, the stage
of the cell cycle, the state of cellular metabolism, the degree of cellular
differentiation and circadian rhythm (HERNANDEZ-VERDUN 1986; GOES-
SENS 1984; BOUTEILLE et al. 1982).

8.1 Morphological Variants

The compact variant of the nucleolus displays fibrillar centres of variable
size, surrounded by a dense fibrillar component. The granular component
surrounds and permeates these structures. The pattern is circumscribed,
rather than spread out in the more typical meshwork configuration
(Fig. 21) (DERENZINI et al. 1983).

The reticulated variant of the nucleolus comprises a network, or nu-
cleolonema, consisting of thread-like fibrillar and granular components in-
corporating the fibrillar centres into its structure and demarcating small
nucleolar vacuoles. This variant is often associated with an active metabol-
ic state or with rapid cellular proliferation as in neoplasia (PLOTON et al.
1983).

The segregated variant of the nucleolus contains the standard compo-
nents, but these coalesce into discrete structures which become separated
into contiguous territories, rather than being intimately interspersed with
one another (Fig. 21; KAMEL et al. 1988).

The nesting or ring-shaped nucleolar variant has a single fibrillar
centre, a thin surrounding fibrillar component forming a shell around it,
and peripheral to this, an often inconspicuous granular component, which
may even be absent (SMETANA et al. 1970, 1973; SMETANA and BUSCH
1974, RASKA et al. 1983).

Intermediate forms or patterns of nucleolus are not infrequently en-
countered, particularly in pathological conditions. The segregated and ring
patterns have various characteristic associations, both normal and
pathological, which will be discussed below in greater detail. Nucleolar
shape is, in fact, highly labile and is influenced by numerous, often tem-
porary or reversible factors.

8.2 Location and Connections Within the Nucleus

Three-dimensional reconstructions of ultrathin serial sections, combined
with morphometric studies in computerised image analysis systems, have
contributed to our understanding of the positional organisation of the nu-
cloeolus within the nucleus (DUPUY-COIN et al. 1986; HERNANDEZ-VER-
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DUN 1986). Nucleoli are arranged in a polarised manner inside the nucleus;
they are connected to the nuclear envelope through a nucleolus-envelope
junction derived from the nuclear matrix (BOURGEOIS et al. 1979, 1982;
BOUTEILLE et al. 1983), or they lie in direct contact with the nuclear en-
velope (BOURGEOIS et al. 1979) and apparently do not change location as
they change their structure (HERNANDEZ-VERDUN 1986). There appears,
however, to be a cell cycle-dependent temporal variation in the intranu-
clear location of the nucleoli (DUPUY-COIN et al. 1986).

8.3 Systematic Studies of Nucleolar Morphology

The recognition of the key role of the nucleolus in cellular function,
coupled with its morphological variability, has stimulated many systematic
studies of this organelle. The following general themes can be identified:
the determination of the role of the various nucleolar components in pro-
tein synthesis; the characterisation of the effects of various pathological
states on the structural organisation of the nucleolus; the linking of par-
ticular conditions and agents to specific structural and function alterations;
and the attempted identification of specific diagnostic features associated
with certain diseases and experimental manipulations.

8.4 Common Nucleolar Changes
8.4.1 Enlargement

Nucleolar enlargement occurs in various active functional and physiolo-
gical states, such as in embryonic and stem cells and in cells engaged in
active protein secretion. Enlargement is also a feature of repair and re-
generation, hyperplasia and neoplasia. The common link is an increased
demand for ribosomal protein synthesis, which is ultimately under nucleo-
lar control.

8.4.2 Margination

In this condition, the nucleolus is seen lying unusually close to, or in par-
ticularly intimate contact with the inner membrane of the nuclear en-

4 Fig. 21a—c. Segregation of the nucleolar components in an actinomycin D-treated mouse.
Ridgeway osteogenic sarcoma. a Normal distribution of the fibrillar centres (C), fibrillar com-
ponent (F) and granular component (G) in untreated tumour. X 55000. b Early stages in segre-
gation; the fibrillar centres and surrounding fibrillar components appear prominent and the
granular component is mainly at the periphery. x 55000. ¢ Segregation of the nucleolar com-
ponents; the fibrillar centre is one large mass surrounded by a band comprising the fibrillar com-
ponent. The granular component is aggregated on the other side with surrounding translucency.
X 55000. (a and ¢ from J Submicrosc Cytol Pathol 20:225—235, 1988, with permission)
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velope. This is said to facilitate nucleocytoplasmic exchange in conditions
requiring increased synthetic activity. It is commonly observed in malig-
nant cells, as well as in some benign lesions, such as keratoacanthomas,
presumably in their growth phase (GHADIALLY 1988). Margination is also
observed in regenerative states, such as in liver cells after partial hepatec-
tomy.

8.4.3 Segregation

Segregation is characterised by migration and separation of the fibrillar
centres and fibrillar component from the granular component of the nu-
cleolus. This unique morphological pattern is observed in response to vari-
ous cytotoxic and chemotherapeutic agents, including actinomycin D,
aflatoxin, amsacrine, mitomycin C and adriamycin; to some carcinogens,
such as 4-nitroquinoline-N oxide; and to physical agents such as hyperther-
mia and radiation (SIMARD 1966; SCHOEFL 1964; LAPIS and BERNHARD
1965; DASKAL et al. 1975; REYNOLDS and MONTGOMERY 1967; MONTGO-
MERY et al. 1966; HARRIS et al. 1968; SITTORI and BosISIO 1966; DIMOvVA
et al. 1979; KAMEL 1985; KAMEL et al. 1988: JENSEN et al. 1985). Nucloeo-
lar segregation is also seen after herpes simplex virus infection
(BOUTEILLE et al. 1982). The underlying common mechanism is interfer-
ence with or inhibition of RNA synthesis.

The ultrastructural details of nucleolar segregation were described
some 25 years ago and since then have been correlated with the DNA-de-
pendent RNA-inhibitory effect of various agents on different normal and
neoplastic tissues both in vitro and in vivo. Depending on cell sensitivity,
agent dose and cytotoxicity, and period of exposure, segregation can be
observed as early as 30 min after the initial exposure. The following is a
brief outline of the morphological changes observed at different stages
of development of nucleolar segregation in mouse Ridgeway osteogenic
sarcoma cells after exposure to actinomycin D (Fig. 21; KAMEL et al.
1988).

In the early stages, there is concentric peripheral aggregation of the
nucleolar chromatin and granular components, with increased prominence
of the fibrillar component and fibrillar centres. As segregation progresses,
there is a tendency for polarisation of the granular component often at the
side of the nucleolus facing away from the nuclear periphery, while the
fibrillar centres, encased crescentically by the fibrillar component, gather
at the side of the nucleolus near to the nuclear rim. This polarisation and
aggregation of the granular component at one side of the nucleolus has
been referred to in earlier studies as the formation of a “nucleolar cap”.

At a later stage, the fibrillar centres seem to fuse to form a few clumps
or a single larger mass, with the encasing fibrillar component forming a
linear density between this and the granular component. As the process
progresses further, a paragranular halo of electron translucency separates
the granular component from the perinucleolar chromatin, perhaps mark-
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ing the start of the gradual disappearance or “eating up” of the granular
component. With larger doses, or in susceptible tumour cells, condensed
ring-shaped nucleoli are also observed. The final stages of segregation are
characterised by a pronounced reduction in nucleolar size that has been
attributed mainly to the loss of granular and fibrillar components.

8.4.4 Ring-Shaped Nucleoli

As indicated earlier, resting or ring-shaped nucleoli show a single central
fibrillar centre, demarcated by a thin fibrillar component with a surround-
ing, sometimes inconspicuous granular component, which may even be ab-
sent. In mature lymphocytes, the fibrillar centre in the ring-shaped nucleo-
lus can sometimes be in contact with the associated condensed chromatin,
with apparent absence of both the granular and the fibrillar component.

Ring-shapoed nucleoli are found in normal mature smooth muscle
cells, monocytes, lymphocytes and plasma cells (SMETANA and BUSCH
1974). They also occur in pathological states, such as after irradiation,
treatment with acridine derivatives, actinomycin D or adriamycin, follow-
ing hypo- or hyperthermia, and in the myeloblasts and promyelocytes of
acute leukaemias. Ring-shaped nucleoli are also described after viral infec-
tion (BOUTEILLE et al. 1982). The presence of ring-shaped nucleoli may,
therefore, indicate reduced ribosomal protein synthesis.

8.4.5 Other Nucleolar Alterations

Other nucleolar alterations include complete degranulation with formation
of fibrillar nucleoli in the absence of the granular component (GOESSENS
1978), the production of granular nucleoli (BOUTEILLE et al. 1982;
SMETANA and BUSCH 1974) formed almost completely of the granular com-
ponent in the absence of the fibrillar component. Fragmentation of the
nucleoli is another morphological event that occurs after exposure to RNA
synthesis-inhibitory toxic agents. (For reviews see BERNHARD 1971; HER-
NANDEZ-VERDUN 1986; FAKAN 1986; SIMARD 1970; SIMARD et al. 1974.)

8.5 Nucleolar-Associated Condensed Chromatin

Nucleolar-associated chromatin is aggregated eterochromatin which can
sometimes be seen either surrounding the nucleolus (perinucleolar
chromatin) or interspersed within the nucleolar components (internucleo-
lar chromatin) (Fig. 22) (GRANBOULAN and GRANBOULAN 1964;
SMETANA and BUSCH 1964). In conventionally stained sections, however,
it can sometimes be difficult to differentiate between this and the granular
component. Nucleolar-associated chromatin is very reduced or absent in
undifferentiated cells and in cultured cells.
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Fig. 22. Nucleolus showing intranuclear (/) and perinucleolar (P) chromatin in methotrexate-
treated mouse sarcoma 180. A perichromatin granule (arrowhead) is also present. X 34 500

8.6 The Nucleolus in Neoplasia

Common morphological features of the nucleolus in neoplasia include
enlargement, increased numbers, irregularity and margination along the
nuclear perimeter. In general, the higher the grade of malignancy, the
more pronounced are these morphological alterations. However, as with
all generalisations, exceptions exist. Early neoplastic lesions derived from
cells that do not normally have significant secretory activity or prominent
nucleoli may show no significant nucleolar alterations. Nucleolar morphol-
ogy in neoplasia is to some extent determined by the same various factors
that operate in non-neoplastic conditions.

In highly malignant neoplasms, whatever their type, there is often a
spectrum of profound morphological change including irregularity, enlarge-
ment, increased number and margination of nucleoli (GHADIALLY 1982,
1985; HAGUENAU 1969). The underlying mechanism for these changes lies
in increased RNA synthesis, whether associated with rapid cellular prolifer-
ation or impaired regulation of production (MILLER et al. 1979; PLOTON
et al. 1982). Impairment in the regulation of DNA synthesis is apparently
another contributory factor.
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Enlarged prominent nucleoli, apart from being compatible with high-
grade malignancy, also occur in tumours which are characterised by active
secretory or metabolic activity. The list includes adenocarcinomas of hepa-
tic, renal, and ovarian origin, melanomas, choriocarcinomas and many
other tumours.

Non-neoplastic cell populations at each particular stage of their devel-
opment usually have more or less equal numbers of nucleoli and possess a
distinctive pattern of nucleolar morphology. It is, however, not uncommon
for neighbouring neoplastic cells to display remarkable qualitative and
quantitative nucleolar variations. Such heterogeneity, if present, is un-
doubtedly a useful ultrastructural pointer to neoplasia.

GHADIALLY (1985) invented the term “meandering nucleolus” to de-
scribe the characteristic nucleoli often although not exclusively seen in
germ cell tumours, such as seminoma, and to a lesser extent in embryonal
rhabdomyosarcoma and metastatic melanoma (GHADIALLY 1988). These
are large reticulated immature or open pattern nucleoli that characteristi-
cally occupy a considerable part of the nucleus.

8.7 Fibrillar Centres and Nucleolar Organiser Regions

The fibrillar centres of the nucleolus are the sites of the ribosomal genes
in the interphase nucleus. During metaphase, hundreds of copies of these
ribosomal genes are distributed at ten specific sites in five different
chromosome pairs. These sites are the nucleolar organiser regions. Fusion
of fibrillar centres often occurs after mitosis, with the result that teir total
number, as well as-the number of nucleoli, is often less than the number
of nucleolar organiser regions. Specific proteins associated with the nucleo-
lar ribosomal genetic material are stained specifically by ammoniacal silver
techniques, which delineate argyrophilic structures known as AgNOR:s.
These are amenable to qualitative and quantitative light microscopic
studies. This subject is reviewed in detail in Chapter 5 of the current issue.

9 The Nucleus in Mitosis

No other aspect of cell structure is subject to such radical morphological
change as the nucleus in mitosis. Although this chapter as a whole deals
largely with the interphase nucleus, it is appropriate in this section to con-
sider, at least briefly, the ultrastructure of the mitotic nucleus.

9.1 Morphological Features

The fundamental cytological changes of the nucleus in mitosis are familiar
to any microscopist. Centriolar division precedes nuclear division, result-
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ing in the formation of the spindle poles. The four principal stages of nu-
clear division, prophase, metaphase, anaphase and telophase, are followed
by cytokinesis, or cell division, which results in the separation of two dis-
tinct cytoplasmic territories around the reconstituted daughter nuclei. The
standard morphological features of this process are outlined in every
textbook of biology (WEIss 1988) and are described in full elsewhere.
(KuBalI 1975; INOUE 1981; BRINKLEY et al. 1984; EARNSHAW et al. 1984;
ZIMMERMAN and FORER 1981).

There are several ultrastructural landmarks as the interphase nucleus
moves into mitotic prophase. The earliest stages of reorganisation of the
chromatin into individual chromosomal masses are accompanied by the
fragmentation and disappearance of the nuclear envelope and by the disin-
tegration and dispersal of the nucleolus. Concurrent with the disappear-
ance of the boundary between nucleus and cytoplasm is the migration of
the reduplicated centriole pairs to opposite sides of the cell, providing the
polar structures between which the mitotic spindle is organised.

By now, the start of metaphase, the chromosomes have adopted their
definitive structural identity and have become aligned along the equatorial
plate of the mitotic spindle (Fig. 23).

Fig. 23. During mitosis, the chromosomes (C) appear as dense clumps in the cytoplasm, un-
bounded by nuclear envelope. Spindle microtubules (M) and a centriole (arrowhead) can also
be seen in this dividing rodent astrocyte. X 9700
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The spindle structure, composed at least in part of identifiable micro-
tubular components, is linked to each chromosome by attachments to a
specific region termed the kinetochore. The tubules linking the
kinetochore to the spindle pole are known as the kinetochoric elements.
The other microtubular components of the spindle are divided into a polar
group, which extends between the two poles of the spindle, and a free
group (KUBAI 1975; INOUE 1981; BRINKLEY et al. 1984). There is reason
to believe that conventional TEM techniques do not visualise all of the
constituents of the mitotic spindle apparatus (HEATH 1981).

During anaphase, each of the two sets of chromosomes is drawn to-
wards the corresponding pole of the mitotic spindle, presumably by mecha-
nisms involving shortening of the kinetochoric microtubules and lengthen-
ing of the polar elements. When the final stage, or telophase, is reached,
the chromosomes gather again into an aggregated mass of dense chroma-
tin, initially of an irregular configuration, around which the nuclear en-
velope re-assembles by fusion of membrane elements derived from the en-
doplasmic reticulum. At this point the nucleolus also reappears.

The mitotic spindle is thus the essential structural framework for the
dynamic changes of mitoses. It organises and sets in position the
chromosomal components of the metaphase plate and it redistributes them
actively between the daughter cells in anaphase and telophase. The spindle
apparatus disperses at the end of mitosis, but a remnant of the spindle,
known as the mid-body, may sometimes persist after mitosis and can be
mistaken for some other form of cytoplasmic specialisation.

9.2 Ultrastructural Interpretation

Electron microscopy has played an important part in establishing many of
the basic facts of the structural organisation of the cell in mitosis (HEATH
1981; McINTOSH 1982). This applies not only to the fine structural features
of the centrioles and of the mitotic spindle, but also to the basic nature of
the chromatin during the process of mitosis and the presence and structure
of the kinetochore. As with most other aspects of modern cell biology, the
unravelling of complex ultrastructural details has contributed significantly
to the understanding of the functional behaviour of the cell (HEATH 1981;
MCINTOSH 1982).

Although the basic ultrastructural biology of mitosis is relatively well
documented, the situation is less straightforward with regard to pathologi-
cal alterations in the mitotic nucleus. This contrasts with the wealth of
cytogenetic information on chromosomal aberrations in various categories
of disease. Such information as we have tends to be derived more from
studies of cells in culture conditions than from tissue biopsies or patholog-
ical specimens. Pathological alterations in the mitotic nucleus are particu-
larly difficult to appreciate in CTEM images. There are various reasons
for this.
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First, pathological changes which exist at the molecular level may not
be expressed clearly at the level of cellular structure. Moreover, the mito-
tic chromosome is in some ways even less rewarding, in ultrastructural
terms, than the interphase nucleus, since it is represented by uniform
darkly stained granular material, similar to heterochromatin, but without
the anatomical and textural variations of euchromatin and heterochroma-
tin in interphase.

Second, chromosomal defects, as they are typically documented, com-
monly involve the deletion or addition of chromosomes or gross structural
defects in single chromosomes. Qualities such as these are difficult, if not
impossible, to determine by routine TEM owing to the uncontrolled orien-
tation of the plane of section and the artefacts of fixation and processing
(HEATH 1981). For changes such as these, the whole-mount, metaphase-
spread specimen of the cytogeneticist is greatly superior to the thin section
of the electron microscopist.

Third, when seen in vivo by time-lapse cinematography on light micros-
copy, the process of mitosis is one of the most turbulent moments in the
life of the cell. The rapid changes in the cytological and molecular organi-
sation of the chromosomes throughout the various phases of mitosis can-
not easily be related to the static morphological patterns detectable by
electron microscopy. It is, for example, quite difficult, from ultrastructural
criteria alone, to determine the precise phase of a mitotic figure, even leav-
ing aside the problems of plane of section and incomplete imaging. Con-
sequently, it is extremely difficult to determine whether a particular ap-
pearance in a given thin section represents a normal event in one of the
standard phases of mitosis, or a morphological aberration associated with
some specific cytogenetic abnormality.

Finally, as already indicated, it is inherent in the limitations of the ul-
trathin section that some structural components of a three-dimensional
assembly will not appear within the image at hand. In addition, the struc-
tural interrelationships between imaged components and components not
included in the plane of section must, of necessity, remain obscure. A
single thin section comprises a tiny fraction of the total substance of a
mitotic nucleus. The significance of any negative finding in such an image
is, therefore, very limited indeed.

9.3 The Role of Other Technologies

For the above-stated reasons CTEM alone is ill-adapted to the study of
mitosis. Our current knowledge is derived from a much broader range of
techniques, including three-dimensional reconstruction, scanning electron
microscopy, high voltage TEM using thick sections, X-ray diffraction,
phase contrast and polarising light microscopy, immunofluorescence and
time-lapse cinematography, coupled with modern molecular and genetic
techniques (MCINTOSH 1982; VALDIVIA et al. 1986; DE ROBERTIS and DE
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ROBERTIS 1987). In the study of mitosis, just as in the interphase nucleus,
the new molecular technologies will be of great importance, particularly
the use of nucleic acid probes for in situ hybridisation and the application
of immunogold labelling methods at the elctron microscopic level. Several
human autoantibodies are recognised that can identify chromosomal
molecular components, such as DNA, histones and non-histone proteins,
nucleosides and kinetochores in routine TEM sections, regardless of orien-
tation (TAN 1979; LERNER et al. 1980; BRENNER et al. 1981; MOROI et al.
1980; VALDIVIA et al. 1986).

9.4 Agent Effects

Agent-induced effects on mitosis depend on the phase during which the
agent gains access to the cell. Due to the relative infrequency of mitosis in
the overall life span of cells, and due to the problems of interpretation of
ultrastructural images of the mitotic apparatus, data regarding the mor-
phological effects of insults during mitosis are scarce, and are mainly de-
rived from cell culture studies.

Some cytotoxic agents have characteristic effects, a few of which are
associated with distinctive morphological appearances, particularly in the
mitotic spindle. Colchicine and Colcemid, hypothermia, microbeam ul-
traviolet irradiation and excess hydrostatic pressure are known to inhibit
the formation of the microtubules of the mitotic spindle and induce their
depolymerisation (BORGERS and DEBRABANDER 1975). The vinca al-
kaloids, vincristine and vinblastine, used as chemotherapeutic agents, also
inhibit the formation of the mitotic spindle. These agents cause the disap-
pearance of the spindle microtubules (BORGERS and DEBRABANDER
1975). The centrioles do not migrate and, as a result, remain in the centre
of the cell, encircled by the double complement of chromosomes.

Following exposure to various forms of irradiation, radiosensitive cells
show profound morphological changes during mitosis. These changes in-
clude abnormalities in the mitotic spindle, such as tripolarity, and abnor-
malities in the chromosomes, such as fragmentation, coalescence or bridg-
ing and altered forms (EVANS 1962; WOLFF 1960).

10 Conclusions

When considered as a tool for the pathologist, electron microscopy is both
uniquely powerful and severely limited. It allows us to image structural
details in tissues and cells far beyond the limits of light microscopy, down
to the level of macromolecular dimensions. On the other hand, there is a
biological “uncertainty principle” which dictates that the act of observing
so changes the structure, through tissue fixation and processing, that its
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interpretation becomes increasingly difficult as the scale of magnification
increases.

Nevertheless, for the last 40 years, ultrastructural techniques have
played a major role in the revolution in cellular and molecular biology and
pathology. Although now supplemented and in some areas superseded by
increasingly sophisticated functional techniques, electron microscopy
seems set to continue to make an indispensable contribution to further
developments. It must be admitted, however, that the earliest and largest
dividends to date have more often been paid on investigations of tissue
architecture and cytoplasmic organisation than on studies of the detailed
morphology of the cell nucleus.

The diagnostic pathologist is still able to make only very few practical
statements about the ultrastructure of the nucleus which are meaningful,
yet simple and unequivocal. Its indeterminate fine structure, when fixed
in any one moment of time, contrasts with its complex, dynamic functions.
The often questionable significance of its diverse inclusions and alterations
is a constant source of frustration. Its contours and patterns are modulated
by its histogenetic identity, its functional state and even its age. The mask
of artefact, the distorting mirror of fallible interpretation and the cosme-
tics of fixation and staining leave us constantly uncertain as to the true
face of the nucleus.

Despite these difficulties, changes in the nucleus associated with viral
infection have been among the most rewarding for electron microscopists,
enabling them to play a major role in establishing the viral aetiology of
two serious neurological diseases, subacute sclerasing panencephalitis and
progressive multifocal leukoencephalopathy. CTEM and immuno-electron
microscopy have been successfully used to identify and establish the dis-
tribution of HBcAg particles and unassembled antigen in nucleus and
cytoplasm of infected hepatocytes. Both techniques may continue to be
useful in identifying the aetiological agents of non-A non-B hepatitis.
CTEM of nuclear inclusions has an important role in the diagnosis of viral
encephalitis and of viral pneumonia in the immunocompromised host. The
involvement of electron microscopy in diseases of uncertain aetiology can
be criticised on the grounds that it has created more heat than light. We
may hope that the in situ application of both viral gene probes and anti-
viral antibodies at the electron microscopic level will prove more definitive
in the future.

In the case of tumours, the problem again is not that we lack ultrastruc-
tural information, but that we have it in such abundance. The list of dis-
tinctive, but ultimately non-specific nuclear alterations is almost limitless,
but there remains no single unique criterion or marker of the malignant
state. It remains to be seen whether some combination of morphometric
and functional techniques may provide the long sought-after key to this
question.

Thus, despite a voluminous literature on fine structural phenomena,
which can only be touched upon in a chapter such as this, our understand-
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ing of the interrelationships between nuclear morphology and disease re-
mains incomplete and largely circumstantial. There are several obvious
reasons for this. First, our historical catalogue of ultrastructural data has
only recently been backed by something approaching an understanding of
the molecular mechanisms of the nucleus in health and disease. Second,
despite undoubted recent progress in this area, we possess only a sketchy
knowledge of the linkage between various aspects of normal nuclear func-
tion and the structure of its component parts. Without a clear definition of
normality, it is impossible to set clear boundaries to the abnormal, let
alone to chart the detailed morpho-functional relationships of disease.
Third, the inherent limitation of ultrastructural technique in the explora-
tion of functional properties has held back progress, although as already
indicated, recent advances in immunohistochemistry and in situ hybridisa-
tion promise a brighter future.

There remain, however, some difficult barriers to future advance. The
nucleus is a uniquely dynamic component, changing with time, most re-
markably in the process of mitosis. In the consideration of agent effects,
nuclear alterations and cellular consequences are materially influenced by
such changes. Moreover, the response of the nucleus to a particular insult,
such as viral infection, may be unpredictable, leading to degeneration,
lysis and cell death in one case and neoplastic transformation in another.
The malignant nuclear phenotype itself, in ultrastructural terms, is proba-
bly a rather poor mirror for the many complex processes involved in on-
cogenesis.

These problems are perhaps best expressed through a simple analogy.
The cytoplasmic organelles of the cells of the body, although complex and
dynamic, can be simplistically considered as the machinery of an elaborate
factory. There is an inherently discoverable and comprehensible linkage,
in such a system, between the structure of a machine and its function. In
such an analogy, however, the nucleus represents the computer system.
The different machine tools in a factory may all be operated by superfi-
cially similar onboard computers, but the key to the factory’s production
schedule lies not in their wiring, but in their programming! For this reason,
for the foreseeable future, the ultrastructural study of nuclear morphology
in health and disease is likely to prove considerably more taxing than most
other investigations of cellular structure.
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1 Introduction

Nucleolar organiser regions (NORs) are structures of central importance
in the transcription of nucleic acid to protein. Thus, by means of hybridisa-
tion methodology, these regions have been shown to be loops of ribosomal
DNA (rDNA) which transcribe to ribosomal RNA (rRNA) and thus ulti-
mately to ribosomes and thence protein. In simple terms, the nucleolus
may be regarded as a “ribosome factory”. The NORs are transcribed to
rRNA under the influence of RNA polymerase I. In view of the close rela-
tionship between NORs and cell activity; their size or number might reflect
or predict cell proliferation, transformation or even overt malignancy. This
exciting prospect has recently received extensive attention from
pathologists and the techniques for NOR study are largely wholly novel to
histopathologists. However, this reflects the sad truth that over-specialisa-
tion in science has led to lack of interdisciplinary communication (ANON
1987). In fact, NORs have been known to molecular biologists and
cytogeneticists for many years. NORs reside on the short arms of the ac-
rocentric human chromosomes 13, 14, 15, 21 and 22 (Fig. 1). Cytogeneti-
cists have made use of the fact for over a decade for the investigation and
identification of certain trisomies, notably that of chromosome 21, where
NORs appear in inappropriate sites in metaphase spreads.

Although NORs were originally identified by in situ hybridisation with
radiolabelled rRNA, they are most frequently studied by simple argyrophil
methods, by virtue of the silver binding of the NOR-associated proteins.
This enables ready recognition of NORs in chromosome spreads, whole
cells and histological sections.

A persistent dilemma for the tumour histopathologists and, therefore,
the clinician lies in the assessment of the degree of malignancy of neo-
plasms. This assessment is of quintessential importance in prognosis and
therapy and therefore any techniques which may aid this often wholly
subjective process are constantly being sought. Traditionally, the assess-
ment of the grade of malignancy has relied upon tedious and subjective
appraisal of features such as nuclear size and irregularity, loss of polarity,
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Fig. 1. A karyotype of a normal female human cell (46, XX), stained with the AgNOR
technique, exhibiting NOR sites on the D and G group chromosomes. (Photograph kindly
donated by Mr. Paul Leedham)

mitotic rate and, of course, invasion. Manifestly, more reliable and faster
methods are required. A recent approach has been that of the application
of antibodies to epitopes associated with cell proliferation, such as Ki67
or transferrin receptors. A severe limitation to the usefulness of these
methods lies in their requirement for fresh, frozen tissue. This chapter will
describe the theoretical and practical basis for a novel approach to tumour
histopathology, namely that of the study of NORs. In many instances, as
will be seen, this technique overcomes some of these problems and is pro-
ving to be of considerable value to both the experimental and the diagnos-
tic pathologist (ANON 1987).

2 Ultrastructural Aspects of the NORs

2.1 The Nucleolus

The numbers of nucleoli within cells may, of course, vary, as may their
shape or form (thus, there may be oval, circular or strand-like nucleoli).
The nucleolus is divided into two ultrastructurally distinct components: the
rather filamentous and relatively electron-dense nucleolonema and the
more extensive pars amorpha (THREADGOLD 1976). The extent of the lat-
ter depends, at least in part, upon the former.



94 J. CROCKER

In mitosis, the nucleolonema is intimately associated with certain (nuc-
leolar) chromosomes and then is, in effect, part of the NORs themselves.
Thus, the nucleoli are representatives of nucleolar chromosomes in in-
terphase.

2.2 The Nucleolus in Cell Division

In mitosis the nucleolus diminishes in size to the extent that it is invisible
in prophase. After division, it reassembles, from distributed premitotic
nucleolar materials (though not the identical material from the latter).
Thus, nucleoli are not “recycled” from their own components. Further-
more, at the end of mitosis (telophase), tiny (15-nm) granules associate
with the chromosomes. These granules are further arranged into larger,
“pseudonucleolar” structures. It is thought that this material is non-
ribosomal RNA (it is not associated with NORs) and there may, indeed,
even be mRNA present in these structures.

In interphase, the nucleolus consists of chromatin clumps and fila-
ments, giving a nucleosomal pattern. These structures include unique nu-
cleolar extended filaments (DERENZINI et al. 1982) which appear to be the
same as the (metaphase) fibrillar component of the NOR (see below).

2.3 Ultrastructural Aspects of NORs in Relation.to Nucleoli
2.3.1 Nuleolus-Associated Chromatin

Condensed chromatin is seen around nucleoli and is attached to the fibril-
lar centres (NORs). Thus, the fibrillar centres and intranucleolar dense
chromatin merge and intermesh at the EM level (ASHRAF and GODWARD
1980; THIRY and GOESSENS 1986).

2.3.2 Fibrillar Centres

These relatively electron-lucent areas are surrounded by the dense fibrillar
component and contain DNA adjoining the condensed chromatin de-
scribed above. The cytochemistry of fibrillar centres, which may be multi-
ple in some nucleoli, is described in Sect. 3. In interphase, fibrillar centres
are equivalent to NORs, as has been confirmed biochemically. Fibrillar
centres have been shown to vary in size, either in a resting state or in rela-
tion to alteration in nucleolar transcription (JORDAN and MCGOVERN
1981; LEPOINT and GOESSENS 1982; MIRRE and KNIBIEHLER 1982).

The numbers of fibrillar centres in a cell nucleus might be expected to
relate to the numbers of chromosomes possessing NORs. However, three-
dimensional reconstruction by MIRRE and KNIBIEHLER (1982) showed that
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Fig. 2. The various layers of the fibrillar centre and its adnexae

this was not the case. CATALDO et al. (1985) further confirmed that there
was no numerical relationship between rDNA sites and fibrillar centres,
using stereo pairs of electron micrographs of human oocytes. It was also
noted that large fibrillar centres were irregular rather than spherical, as
had previously been supposed. An oocyte would be expected to contain
five NORs, yet only two small and four large centres were detected. This
observation was confirmed by VAGNER-CAPODANO and STAHL (1982),
using silver staining of stimulated porcine thyroid cells. The lack of a defi-
nite relationship here is of great importance in the interpretation of NOR
enumeration in tumour cells, in relation to ploidy. Furthermore, there may
be more than one chromosomal NOR for each fibrillar centre and the
numbers of fibrillar centres may increase with cell activation.

2.3.3 The Dense Fibrillar Component

This RNA precursor-containing zone lies around (and partly within) the
fibrillar centre (THIRY et al. 1985). DNA is also present here.

2.3.4 The Granular Component

The granules of the granular component appear to represent pre-ribo-
somes, formed near to the fibrillar component. These are later transported
to the cytoplasm as ribosomes proper (Fig. 2).
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2.4 Ultrastructure of Chromosomes in Relation to NORs

At the electron microscope level, NORs appear as “secondary constric-
tions”; these zones appear as clear areas on Giemsa banding with light
microscopic examination and areas of relative electron lucency at the ultra-
structural level (GOESSENS et al. 1987). The DNA in secondary constric-
tions is in an extended form (HERNANDEZ-VERDUN and DERENZINI 1983)
and it has been suggested that some NOR-associated proteins may help to
maintain it in this configuration.

Hsu et al. (1967) have used a flat-faced embedding method to enable
visualisation of NORs at light, then electron microscopic levels. A Kan-
garoo rat cell line, Pt-K;, was used for simplicity as it possesses a small
number of chromosomes; furthermore, there is a constant secondary con-
striction on the X chromosomes, on the long arms near the kinetochore.
The NOR was found to consist of 50—80 A diameter filaments; the struc-
ture was considered intermediate between compact chromosome arms and
loose, “lampbrush-like” kinetochores. Paradoxically, silver-stained NOR
macromolecules appear adjacent to, rather than within, chromosomes at
the electron microscope level (SCHWARZACHER and WACHTLER 1983). The
argyrophilic NORs nestle in indentations in the chromosome, forming a
pair on each chromatid (Fig. 3).

3 Cytochemistry and Biochemistry of NORs
and Their Transcription

3.1 Detection and Visualisation of NORs

Much of the earlier work on NORs was, of course, performed on meta-
phase chromosome spreads and it is only more recently that these methods
have been applied and adapted to the examination of whole cells or tissue

Fig. 3. The low-power and
high-power  structure  of
AgNOR sites in a human ac-
rocentric chromosome. At
high power the argyrophil
sites can be seen to rest in
Acrocentric grooves in the short arms of
Chromosome the chromosomes

R |
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Table 1. Techniques for the demonstration of NORs

Reagent Target

Radiolabelled rRNA rDNA

Silver colloid (AgNOR) NORAPs
Mercuridibromfluorescein ~ NORAPs

Bismuth ions 100 K NORAP
Antibodies Various NORAP epitopes

sections by light and electron microscopy. The “classical” method was,
perhaps, hybridisation of radiolabelled rRNA with the NOR rDNA. How-
ever, this is a relatively cumbersome, if highly specific, method. For gener-
al use, the argyrophil, AgNOR, method has found acceptance, either
alone or with chemical modification of the tissue prior to staining. Other
methods, using fluorescent or immune probes, have also been applied, as
detailed below (Table 1).

3.1.1 Hybridisation of rRNA with NORs

Early studies of rDNA utilised radiolabelied complementary rRNA; thus,
NOR DNA was localised in Drosophila melanogaster by RITOSSA and
SPIEGELMANN (1965). Similar localisation was shown by WALLACE and
BIRNSTEIL (1966) and the method was also applied to mammalian
genomes by Hsu et al. (1975). In the latter study, sequential hybridisation
and AgNOR staining were used, confirming the correspondence between
the sites demonstrated with both techniques. This confirmed cytological
evidence using *H-rRNA hybridisation, where label was observed at “sec-
ondary constrictions” of chromosomes. The technique has even been
applied at the level of individual genes of the rRNA type, disclosing that
the genes for 18S and 28 S RNA are localised on the short arms of the D
and G group of acrocentric chromosomes (HENDERSON et al. 1972; Hsu
et al. 1975). Thus, concordance was shown between known genetic loci,
morphologically recognisable feature (“secondary constrictions”) and
cytochemically demonstrable areas (AgNOR sites).

A problem may arise in rather small interphase nuclei (e.g. those of
lymphocytes) since the grain sizes of silver in autoradiographic detection
of hybridisation sites may hinder interpretation. In a novel approach to
overcome or reduce this problem, WACHTLER et al. (1986) used a non-au-
toradiographic in situ hybridisation method. RNA coupled to mercury was
the probe used, followed by sulphydryl-trinitrophenyl (mercury-binding)
ligand then a fluorescein (FITC)-labelled antibody to trinitrophenol. In
non-stimulated lymphocytes, the numbers of hybridisation sites outnum-
bered the AgNOR-stained loci. The converse was true in stimulation when
several NORs commenced transcription, having previously been inactive.
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This is not surprising since only transcriptionally active NOR areas are ar-
gyrophilic. The data concerning cell stimulation and NORs are further dis-
cussed in Sect. 5 below.

3.1.2 Argyrophil (AgNOR) Methods for the Demonstration of NORs

The argyrophil, “AgNOR”, technique, which demonstrates NOR-as-
sociated proteins (NORAPs), and thus indirectly NORs, is simple, repro-
ducible and remarkably specific. The biochemistry of the NORAPs is dis-
cussed in detail in Sect. 3.2; however, in this section the mechanism of
their argyrophilia is described.

The AgNOR reaction was first described by GOODPASTURE and
BLOOM in 1975, and by HOWELL et al. in the same year. In the three-step
AgNOR sequence, chromosomes were treated, sequentially, with: (a)
50 g/dlI silver nitrate solution; (b) ammoniacal silver solution (40 g/dI silver
nitrate in 50% aqueous ammonium hydroxide, pH 12—13); then (c) a de-
veloper composed of 3% formaldehyde adjusted to pH 7 with sodium ace-
tate then adjusted to pH 5—6 with formic acid. GOODPASTURE and
BLoOM (1975) applied this method to a series of chromosome spreads
from animals ranging from Carollia perspicillata (Seba’s fruit bat) to
Macaca mulatta (the rhesus macaque). This range of specimens was
selected as they corresponded to those used in previous hybridisation
studies by PARDUE and Hsu (1975) and Hsu et al. (1975). Exact concor-
dance was found between hybridisation sites and three-step AgNOR stain-
ing, suggesting that the latter could readily be regarded as an NOR-label-
ling method. This conclusion was also supported by STOCKER (1978). The
method was subsequently abbreviated to a one-step sequence by HOWELL
and BLACK (1980); this facilitated the procedure and rendered the results
more reproducible. The method was usually run at a temperature of 60°C;
however, PLOTON et al. (1986) recently showed further improvement in the
results of the one-step method by lowering the temperature of the reaction
to 20°C. The one-step method has other, ultrastructural advantages over
the original three-step AgNOR sequence, as shown by PLOTON et al.
(1982): first, the silver reaction product is of a very small mean particle
size, giving good morphology; second “background” staining is minimal,
and third, the reaction mixture diffuses quickly and deeply into the tissue
sample. In the one-step method, silver nitrate and formic acid are mixed
at appropriate dilution (see Sect. 6.10) and gelatin is used as a colloid
stabiliser (Fig. 4).

An understanding of the mechanism of the AgNOR reaction is impor-
tant. As long ago as 1961, DAS suggested that the process occurred essen-
tially in two stages. First, submicroscopic nuclei of silver were supposed to
deposit on “reactive sites” in nucleoli; this was followed by “nucleation”
of further silver upon the initial moieties, in the presence of a developing
agent (such as formaldehyde solution). This would then give a black colour
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Fig. 4. Human promyelocytic leukaemia cells (HL 60) stained with the one-step method for
AgNORs, in a cytocentrifuge preparation. The nuclei exhibit multiple black AgNOR *“dots”

on light microscopy. Subsequently, these assumptions have been shown to
be substantially correct.

In an exhaustive study of the chemistry of the AgNOR reaction, BUYS
and OSINGA (1984) studied silver binding to metaphase spreads from
human blood lymphocytes. For AgNOR staining, the three-step method
was used, with and without labelling with fluorescein-tagged mercury
probes and reagents such as dansylchloride or fluorescamine. In addition,
specimens were treated by means of various hydrolytic procedures,
namely, nucleic acid extraction by trichloroacetic acid, DNA removal by
DNase I and RNA hydrolysis by perchloric acid or RNase. Proteolysis was
performed with trypsin, pronase or papain. Sulphitolysis of -S-S and -S-H
groups was also performed, using curpric sulphite. Silver- or fluorescence-
tagged procedures were then assessed in the absence or presence of these
pretreatments. It was found that histone extraction had no effect on the
AgNOR sequence (as shown, previously, for example, by HOWELL et al.
1975; HOWELL 1977 and SCHWARACHER et al. 1978). After reduction of
disulphide and sulphydryl groups by cupric sulphite or incubation with pro-
teases, fluorescent tagging and silver staining were abolished, the concurr-
ence of AgNOR and fluorescent-labelled -S-S and -S-H sites having previ-
ously been shown. Thus, it appears that AgNORSs are coincident with disul-
phide and sulphydryl groups on NORAPs. Furthermore, it had been
shown in this study that acrocentric chromosomes lacking AgNOR sites
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also failed to bind these fluorescent probes. (Fluorescamine, however, did
not bind at AgNOR sites; this is reassuring since fluorescamine binds to
protein in general rather than disulphide and sulphydryl groups specifi-
cally.) Buys and OSINGA (1984) concluded that the presence of these
sulphur groups at NORs could have functional significance, the resultant
structural flexibility possibly enabling accessibility of the NOR loops.

In a further, detailed study of both silver and Giemsa staining of
NORs, Buys and OSINGA (1984) used polyacrylamide gel electrophoresis
(PAGE) of rat Zajdela ascites hepatoma cell nucleolar fractions. A similar
pattern of chemical reactivity was found in both metaphase chromosome
spreads from the cells and PAGE bands. It was found that certain nucleo-
lar phosphoproteins, namely those with an M, of 104K, 78K, 37K and
29K, were reactive with both silver and Giemsa stains. It appeared that
the two staining methods had different bases: Giemsa appeared to react
with phosphorylated sites on the proteins (as shown by digestion studies),
whereas the presence of carboxyl groups seemed to be important for silver
staining. This latter finding appears to be in conflict with the previous
studies, which showed quite convincingly that the argyrophilia of NORs
was the result of sulphur groups. Buys and OsINGA (1984) point out that
silver binding by proteins appears to result from high electron charge den-
sity, in turn related to phosphate or carboxyl groups. Since it is known
that C,; and B,; proteins, the main NORAPs (see below), contain many
carboxyl groups, it was concluded that these are responsible in the authors’
system for the AgNOR binding sequence. The importance of the carboxyl
group had previously been stressed by OLERT et al. (1979), who showed
enhanced AgNOR staining after brief acidic or alkaline hydrolysis of
metaphase spreads. It must be remembered, of course, that there may be
disparities between results of silver binding to PAGE preparations,
chromosomes and sections. Furthermore, the study of OLERT et al. (1979)
was based on the abolition of the AgNOR reaction by diazomethane; it
should be noted that this also alkylates sulphydryl groups (MEANS and
FEENEY 1971). Perhaps it is safe to presume that carboxyl, sulphydryl and
disulphide bonds are all involved in the argyrophilia of NORAPs. Cer-
tainly, on the basis of an extensive study of the influence of different fixa-
tion schedules on the AgNOR reaction in tissue sections, SMITH et al.
(1988) suggested that silver binding could be sequential. Thus, these au-
thors proposed initial binding of silver to carboxyl groups, followed by
continuing nucleation around -S-S- and -S-H groups. The AgNOR se-
quence was found to be obliterated by fixation involving mercuric ions,
which would “block” sulphur-containing groups from silver binding. Simi-
lar, dichromate-based fixatives abolished the AgNOR reaction, doubtless
as a result of oxidation of sulphydryl groups, ultimately to cysteic acid
molecules, Picric acid, known to bind to sulphydryl and disulphide groups,
also greatly diminished argyrophilia (see Sect. 6.10.1).

In summary, it appears reasonable to presume, from current data, that
both carboxyl and sulphur-containing groups are of essential importance
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in the AgNOR reaction. The functional significance of these groups is, as
yet, uncertain, although the flexibility of NORAP tertiary structure af-
forded by the disulphide groups may be of importance in relation to rDNA
configuration.

3.1.3 Ultrastructural Aspects of the AgNOR Reaction

With increasing interest in and understanding of the basis of the AgNOR
reaction and of the ultrastructure of the nucleolus, it was of considerable
interest to investigate the localisation of AgNOR sites at the electron mi-
croscope level.

Initial attempts, such as those of HERNANDEZ-VERDUN et al. (1978)
and BOURGEOIS et al. (1979), to localise the argyrophilia of NORs at the
ultrastructural level, were hampered by relatively poor fixation. However,
a pattern was found resembling that in interphase cells at the light micro-
scope level. The poor morphology attained rendered precise interpretation
difficult. However, certain observations were possible, as follows. First,
the granular, zone lacked silver deposition, and second, argyrophilia was
observed in the fibrillar centre and dense fibrillar zone. Subsequently,
HERNANDEZ-VERDUN et al. (1980) used modified fixation, namely a short
exposure of the cells examined (TG human cell line) to glutaraldehyde
followed by Carnoy’s solution. Good morphological preservation was at-
tained and argyrophilia was now seen clearly on the fibrillar centres in in-
terphase (and on chromosomal NORs in mitosis). The findings confirmed
that fibrillar centres corresponded to AgNORs but there was also some
lighter staining of the dense fibrillar component. The authors also de-
scribed nucleolar “blebs” which were argyrophilic and were represented
by fibrillar structures lying throughout the nucleoplasm of certain cells;
their significance was considered uncertain. Figure 5 shows fibrillar centres
without silver staining (compare with Fig. 24).

To investigate the relationship between AgNOR proteins and DNA it-
self, HERNANDEZ-VERDUN et al. (1982) used simultaneous AgNOR stain-
ing and a Feulgen-like reaction for DNA at the ultrastructural level. The
latter staining was based on a standard osmium-ammine complex reaction
and the human TG cell line was studied. A constant finding was of overlap
between fine intranucleolar chromatin fibres and the silver grains of the
AgNOR reaction. Thus the AgNOR proteins were presumed to be in phys-
ical contact with thin chromatin fibres during interphase. Great clarity of
staining was possible because of the osmium-ammine method, in which
other nuclear/nucleolar structures and components are not visualised. The
fact that the AgNOR-associated chromatin was observed to be dispersed
is of significance because this form of chromatin appears to be that in-
volved in active transcription. Thus, there was further evidence that the
NORs are ribosomal transcription units.

In an attempt to investigate further the spatial relationships between
NORAPs, RNA, DNA and other nucleoproteins, PLOTON et al. (1983)
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Fig. 5. An electron micrograph of fibrillar centres in a lymphoid cell from tonsil

applied a range .of cytochemical methods to human breast carcinoma cells.
Preferential (Bernhardt EDTA) staining was used for ribonucleoprotein
(RNP), the osmium-ammine method for DNA and the RNase- and
DNase-gold techniques for RNA and DNA. In addition the one-step
AgNOR sequence was applied to the preparations. The cells examined
were of interest as they possessed an unusual, reticular nucleolar structure,
composed of thread-like cords with occasional rounded areas. The EDTA
method for RNP stained all of the nucleolus and granules attached to it by
RNP strands. Staining for DNA revealed clump-like activity peripherally
in the nucleolar cords and RNA was localised in a pattern similar to RNP.
The AgNOR reaction for NORAPs revealed activity at the edge of the
nucleolar cords and rounded areas. It was concluded that nucleolar tran-
scription occured at the edges of the cords, in view of the co-localisation
of NORAPs, RNA and DNA. Further use of the osmium-ammine
technique confirmed these general impressions when applied to resting
human lymphocytes (review by HERNANDEZ-VERDUN 1983). In these
cells, a single fibrillar centre is observed with peripheral RNP-containing
fibrillar component. A central zone is demonstrable, containing extended,
non-nucleosomal DNA. It appears that some of this DNA is transcription-
ally inactive, since in rat liver cells, stimulated by cortisol, these extended
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DNA structures are visible even after actinomycin D-induced suppression
of rRNA synthesis (DERENZINI et al. 1983).

PLOTON et al. (1984) further confirmed the identity of fibrillar centres
and part of the dense fibrillar component with the AgNOR staining reac-
tion. Again, there was no argyrophilia of perichromatin or interchromatin.
As in previous studies, the EDTA method was used for localisation of
RNP. Acetylation with acetic anhydride was performed to improve resolu-
tion (WASSEF et al. 1979). As before, AgNOR staining was always seen to-
gether with RNP. A further technical advance is attributed to MORENO
et al. (1985), who applied the AgNOR method to semithin and ultrathin
plastic (“Lowicryl”), and cryo-ultrathin, sections. Aldehyde-Carnoy fixa-
tion was used. This offers an advantage over some previous studies, where
“block staining” was utilised. The protein nature of the AgNOR-bound
structures was again confirmed, since it was abolished by pronase but was
RNase-, DNase- and micrococcal nuclease-stable. Ultrastructural preserva-
tion was also excellent.

Coiled bodies have been shown in nuclei outside the nucleolus to be
arygyrophilic, in rat sympathetic neurons (SEITE et al. 1982) where their
pattern resembled fibrillar centres (PEBUSQUE and SEITE 1981; PEBUSQUE
et al. 1981). This observation, if applicable to all cells, could have impor-
tant implications, since the suggests that these extranucleolar coiled struc-
tures could be involved in preribosomal assembly.

It is clear, then, that the ultrastructural application of the AgNOR
method has repeatedly demonstrated the identity of fibrillar centres (and,
to a lesser extent, dense fibrillar component) as the site of NORAPs. It
will be of future interest to examine the role played by “extranucleolar
coiled bodies” in ribosomal processing. Another question to be solved is
that of the role of transcriptionally inactive DNA in fibrillar centres.

3.1.4 Immunohistology of NORs

Inevitably, despite the remarkably high specificity of the AgNOR reaction
for NORAPs, several investigators have attempted to demonstrate
NORAPs immunohistochemically, either on chromosomes or in sections.
For routine or general experimental uses, such as those discussed later in
this chapter, these methods probably have little advantage to offer over the
AgNOR method. However, the use of immunohistology has served to de-
monstrate the precise localisation of certain protein components of NORs
and confirmed the results of silver-binding studies performed in gels.
Probably the most extensively immunohistochemically investigated
NORAP is RNA polymerase I (RP 1). SCHEER and ROSE (1984) developed
rabbit antibodies to RP I which reacted with the nucleoli of various species
in an immunofluorescence system. At the light microscope level, rat cells
displayed multiple punctate areas of fluorescence which could be seen
within nucleolar areas; this corresponded with the known ultrastructurally
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visible numerous fibrillar centres of these cells. When cells from Xernopus
were similarly examined, one or two larger fluorescent spheres were ob-
served, corresponding to the known large fibrillar centers in these cells
(SCHEER and RAskA 1987). Both “pre-embedding” methodology (SCHEER
and ROSE 1984) and immunolabelling of ultrathin frozen sections, using
ultrastructural immunogold labelling for RP I, gave essentially identical re-
sults; gold particles were seen over fibrillar centres but were absent from
the dense fibrillar component and other nucleolar zones. As well as rabbit
antibodies to RPI, human autoantibodies (from scleroderma patients)
have also been utilised (REINER et al. 1986 — cited by SCHEER and RASKA
1987) and show identical labelling results. Clearly, then, RP1I is a compo-
nent of the fibrillar centres. SCHEER and RASKA argue that this is a
genuine phenomenon, since the absence of the enzyme from the dense fib-
rillar component is unlikely to be artefactual in their frozen sections. They
also reject the possibility that their antibody exclusively recognises free
rather then template-involved molecules, since it has previously been dem-
onstrated that the antibody reacted with most subunits of RPI (ROSE
et al. 1981).

Two phosphoproteins, designated pp 135 (M,, 135K) and pp 105 (M,,
105K), referred to in Sect. 3.3, were localised in various cell lines by
PFEIFLE et al. (1986). Polyclonal rabbit anti-mouse pp 105 and pp 135
were used in light microscope (immunofluorescence) and electron micro-
scopic (protein A-gold) examinations of these cells. The results were como-
pared with those of AgNOR staining in interphase and mitosis (Fig. 6a).
At the light microscope level, pp 135 was observed to be closely associated
with AgNORs in mitosis, whereas pp 105 seemed to be associated with ar-
gyropohil activity areas only in telophase. Furthermore, pp 105 activity
was found to cross-react with an antibody to rat C,; protein. At the ultra-
structural level, pp 105 was localised in the dense fibrillar component and
granular zone, whereas pp 135 was found in the former only (Fig. 6b).
Neither protein was detected in the fibrillar centres. The staining for
pp 135 was only possible with cryo-ultrathin sections; fixation and embed-
ding in resin destroyed the labelling response (Fig. 6 ¢). The cross-reaction
of pp 105 with C,; suggested that the latter is the rat analogue of the
former. The authors felt it to be unlikely that pp 135 was part of the RP1
complex, since the known components of the latter possess quite different
M, values.

The M, 7100 K NORAP has also recently been studied in interphase and
mitosis by means of immunohistochemistry, by ESCANDE et al. (1985) and
Gas et al. (1985). At the light microscope level, labelling was either with
horseradish peroxidase or fluorescein and ultrastructurally with peroxidase
or colloidal gold. The protein was localised in nucleoli at the optical level
and by electron microscopy within the dense fibrillar component and
granular zone but like pp 135 and pp 105 was absent from the fibrillar
centres themselves. Permanent attachment of the 100K protein to rDNA
was shown by persistent chromosomal attachment through mitosis.
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Fig. 6a. Localisation of pp 135 by means of immunofluorescence in a series of PtK, cells
through their cycle (a, ¢, e, g show reaction for pp 135; b, d, f, h show DNA staining) (a, b,
are prophase; c, d are prometaphase; e, f are anaphase and g, h are telophase).

The M, 80 K NORAP was localised by means of an antibody produced
by immunising a rabbit against a streptococcus (FAKAN and HERNANDEZ-
VERDUN 1986). This reacted with the known NOR sites on the five human
acrocentric chromosomes and at the ultrastructural level was observed in
fibrillar centres (and was absent in the granular zone).

One of the major NORAPs, C,; protein (nucleolin), as well as B,; pro-
tein, was immunolocalised by SPECTOR et al. (1984), who showed co-locali-
sation of argyrophilia and C,; in the fibrillar centres and the dense fibrillar
component. Co-localisation was also seen at the NORs in mitosis. This
was an advance in localisation of the protein over the previous studies of
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Fig. 6b. Localisation of pp 105 by means of immunofluorescence in a series of PtK; cells
through their cycle (a, ¢, e, g show reaction for pp 105; b, d, f, h show DNA staining) (a, b,
are prophase; ¢, d are prometaphase; e, f are anaphase and g, & are telophase).

LISCHWE et al. (1981), who found more general localisation in, for ex-
ample, the granular regions but absence from the fibrillar centres. Double
labelling for C,; and By; at the light microscope level revealed diffuse nu-
cleolar staining for B,; but speckled nucleolar staining (akin to AgNOR
staining) for C,;. It is of interest that OCHS and BUSCH (1984) had shown
that reaction with a monoclonal antibody to C,; blocked subsequent
AgNOR staining on chromosomes and interphase nuclei; the same was not
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Fig. 6 c. Immunoelectron microscopic localisation of pp 135 and pp 105 in F9 mouse teratocar-
cinoma cells (protein A-gold method). a is a section embedded in Lowicryl resin, labelled for
pp 135, and b—d are cryo-ultrathin sections (b = antibody to pp 105; ¢ = antibody to pp 135;
d = control section). (Photographs 6a,b, ¢ reproduced by kind permission of Professor EA.
Anderer and Experimental Cell Research)

true with an antibody to B,; protein. The relative importance of C,; and
B,; proteins in argyrophilia was thus stressed.

3.1.5 Other Nucleolar Antigens

It will, in future, prove of interest to consider the relationship between
NORs, NORAPs and certain recently described nucleolar antigens. At pre-
sent, the main difference between some of these latter is that, unlike
NORAPs, they are not observed in resting cells. Furthermore, they may
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be used to distinguish benign and malignant cells (although, as described
in Sect. 6, this may also be the case, quanitatively, with NORs). This group
of molecules has been named “proliferating cell nuclear antigen” or
“PCNA”. PCNA may differ in normal and malignant cells, both qualita-
tively and quantitatively (for example, BUSCH and BUSCH 1977; DaAvis
et al. 1978; SMETANA et al. 1983). A nucleolar protein, M, 58 K, has been
shown in tumour cells but is absent from their normal counterparts
(FREEMAN et al. 1985). In addition, BUSCH et al. (1979a, b, 1981) demon-
strated differences between nucleoli by means of immunohistochemistry.

More recently, CHATTERIJEE et al. (1987) have described another anti-
gen, P40, associated with cell proliferation. This M, 40 K protein is of espe-
cial interest here, since it was separated from nucleolar C,; protein, which
is the immunologically dominant nucleolar protein. The biological and
functional role of P40 in relation to NORs and NORAPs is currently un-
certain.

The relation between quantitative AgNOR studies and other prolifera-
tion markers in histopathology is discussed later in this chapter.

3.2 Biochemistry of rDNA Transcription

In simple terms, the nucleolus may be regarded as a “ribosome factory”.
The NORs, which are loops of ribosomal DNA (rDNA), transcribe to
rRNA under the influence of RPI. The RNA is initially of the 458§ size
variety and can be seen assembling as nascent molecules from the DNA
core in chromosomal spreads, at the ultrastructural level. The RNA
molecules grow outwards, being arranged in a “Christmas tree” pattern,
the whole complex being surrounded at the 5’ end by protein granules
(which contain about 70 different protein molecule types synthesised on
previously assembled ribosomes) (ALBERTS et al. 1983). The 45S RNA is
then processed to 18S and 28 S rRNA subunits. By means of radioactive
pulse labelling, 18 S subunits appear in the cytoplasm in 1/2 hour, whereas
the 28S (+5.8S and 5S) rRNA subunits appear in an hour. The 45§, 288,
18S and 5.8S rRNAs possess approximately 13000, 5000, 2000 and 160
nucleotide bases, respectively. The sequential order of transcription is 18 S,
5.8S, then 28 S rRNA subunits. About 50% of the assembled 45S moiety
(“transcribed spacer™) is removed in processing. An extraordinary 6800
nucleotides are discarded in processing pre-rRNA in humans. The 5S moi-
ety is assembled outside the nucleolus and is then assembled with the other
subunits within the nucleolus prior to transport out into the cytoplasm via
the nuclear pores. ’

The five acrocentric chromosomes which, in human diploid cells bear
NORs, contain together approximately 200 rRNA gene copies. These num-
bers vary in different species. On these chromosomes the rRNA genes are
separated by spacer DNA, which can be seen as straight lines lying in tan-
dem between the “Christmas tree” arrays of transcription (Fig. 7). An in-
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Fig. 7. A schematic diagram to illustrate the transcription of rDNA genes, ultimately to ribo-
somes

teresting technical approach to the demonstration of AgNOR proteins on
nucleolar transcriptional units was described by ANGELIER et al. (1982).
Use was made of “molecular spreads” from Pleurodeles (salamander)
oocytes on EM grids, after chromosomes and nucleoli had been isolated
by opening the oocyte nuclei, followed by microcentrifugation. A conven-
tional AgNOR sequence was then applied and silver staining was observed
over the axial regions of transcribing units but not over spacer IDNA. The
spacer rDNA repeat is non-transcribing; the lengths of these spacers varies
but there is homology between shorter and longer spacers, implying inter-
nal repetition.

In some animals, some TRNA genes are extrachromosomal. For ex-
ample, in Xenopus laevis, during oogenesis, additional rRNA genes are
made by means of gene amplification and these extrachromosomal units
are usually present as circular molecules of DNA. This phenomenon had
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first been observed in this situation when multiple nucleoli were seen in
oocytes. Amplified rDNA differs from chromosomal rDNA in that it pos-
sesses a different pattern of non-transcribing spacers.

The role of nucleolin (Cy; protein) in transcription is increasingly under-
stood in relation to its binding to non-transcribing rDNA and is discussed
in Sect. 3.3.1.

Finally, the recent sequencing studies of the 28 S and 18 S rRNA genes
have afforded interesting information. There is enormous variation in the
size of 28S RNA. Thus, for example, the human molecule (5025 base
pairs) is about 80% larger then that of E. coli (review by SCHMICKEL
1987). Indeed, across all animal and plant phyla there are large non-vari-
ant length sequences of 28 S rRNA. It has been proposed that variation in
evolutionary rate of change in rRNA sequences could imply that the vari-
able sequences are situated at the periphery of the ribosome and could
thus interact with extraneous factors such as viruses (SCHMICKEL 1987).
The size of the 18S rRNA is much less variable from species to species,
and shows a remarkable degree of homology in many mammals in relation
to the human (1870 base pairs) molecule. The reasons for this “molecular
conservation” are obscure.

3.3 The NOR Associated Proteins (NORAPs)

It will be appreciated from the foregoing sections that the means by which
NOR:s are visualised and assessed is that of labelling NORAPs. Although
the majority of those NORAPs whose molecular size is known are of un-
certain function, the principal protein, C,; (recently ascribed the name
“nucleolin”), has an increasingly understood functional role in rDNA
transcription. The other NORAPs are described below but, sadly, little is
yet known of their function (Table 2).

3.3.1 Nucleolin (C,; Protein)

Nucleolin is the most extensively investigated and characterised of the
NORAPs. PRESTAYKO et al. (1974) described this 110K M, (pI 5.3) “C,3”
protein from Novikoff hepatoma ascites cells, by means of two-dimen-
sional PAGE analysis. It was also found in the 60 S ribosomal subunit. In
fact, the M, of the protein originally named C,; has been ascribed various
values by different authors. LISCHWE et al. (1979) assigned it an M, of
100K, whilst JONES et al. (1981) attributed it with a size of 103K and
LISCHWE et al. (1981) gave a value of 110 K. These minor discrepancies
may presumably by explained by differing gel techniques and purities of
preparations. Subsequently, the argyrophilia of nucleolin was reported in
fibrillar centres (DASKAL et al. 1980) and the protein was also seen to be
silver binding in PAGE preparations (LISCHWE et al. 1979). The im-
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Table 2. The known NORAPs

RNA polymerase I (RP I)
Nucleolin (C,; protein)
B,; protein

100 K protein

80 K protein

Phosphoproteins pp 135 and pp 105
(the latter probably = nucleolin)

munocytochemical localisation of nucleolin has been described earlier in
the chapter. (The protein is localised in the dense fibrillar component in
interphase and on NORs on mitotic chromosomes.)

The role of nucleolin is increasingly well understood. It has recently
been shown to bind to the non-transcribing spacer region of rDNA. OLSON
et al. (1983) demonstrated binding of this protein to a segment of (non-
transcribing) 3500-nucleotide DNA fragment which lies next to the site of
transcription initiation for pre-rRNA. The significance of this finding has
recently been stressed and expanded by JORDAN (1987, in a review of the
10th Nucleolar Workshop, held in Stevensbeck. The Netherlands). The
structural organisation of nucleolin leads to various certainties or specu-
lations regarding its role in transcription. Firstly, nucleolin has been se-
quenced and it has been shown that the 713-amino acid protein possesses
three regions, as follows: (a) the N-terminal end, which could be analo-
gous to molecules known as HMG which may be essential in removing
H1 (histone) from condensed chromatin to form nucleosomes in pretran-
scription; (b) the central region, which binds to RNA (it has previously
been shown that the protein can be seen accompanying early RNA in nu-
cleoli); and (c) the C-terminal end region, which is probably in extended
form. JORDAN (1987) has proposed that nucleolin might regulate RPI. In
ingenious experiments, TRNA genes have been transfected into cells of
other species and amplified, and they may then be transcribed by RPII
rather than RPI. When this is done, no argyrophilia can be seen on the
chromosomes of the transfected donor. Since nucleolin is the principal ar-
gyrophilic NORAP, this suggests that it is involved in the selection and
control of RPI.

It appears, then, that nucleolin may be of quintessential importance in
the transcription of rRNA genes. The precise relationship of the protein to
other NORAPs, including RPI, is, as yet, undetermined but this will
surely be a field of rapid and exciting development in the near future.

3.3.2 By; Protein

B,; is, like nucleolin, a phosphoprotein but with a more widespread im-
munolocalisation throughout the nucleolus. Its homology, if any, with nu-
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cleolin is uncertain, as is its role. It does, however, appear to be associated
with RNA. The M, of B,; is 37K at pI 5.1.

3.3.3 The M, 100 K Protein

On performing PAGE analysis of the non-histone proteins of nucleoli, ap-
proximately 10% of their mass is a moiety of M, 100 K. The protein is as-
sociated with preribosomal structures, recently transcribed RNA and
rDNA. As is often the case with these NORAPs, the precise nature of this
“p 100~ is not wholly clear; however, it may be related to nucleolin and,
like the M, 110K, 125K and 130K proteins, is highly phosphorylated. It is
readily demonstrated in nucleoli by binding of Bi** (HERNANDEZ-VERDUN
1983). As with nucleolin, the situation of “p 100” in the dense fibrillar com-
ponent and granular component and its absence from the fibrillar centre
suggests a role in transcription and in vitro evidence exists to imply that
maturation of 45S rRNA precursor formation is also assisted.

3.3.4 The M, 80 K Protein

This molecule has been demonstrated by means of immunoblotting pro-
teins from nucleolar extracts (COURVALIN et al. 1983). Its role is uncertain
but is is localised in the fibrillar centres, being absent from the granular
component.

3.3.5 Phosphoproteins pp 135 and pp 105

These two polyphosphorylated proteins have been isolated from nuclei and
their immunolocalisation has been discussed above (Sect. 3.1.4). When
these proteins are exposed to *?P-ATP they bind the substrate strongly, and
large amounts of pp 135 and pp 105 may be seen in exponentially growing
cells; pp 105 is especially abundant (cited by PFEIFLE et al. 1986). How-
ever, the two molecules are apparently not structurally related. It is possi-
ble that nucleolin (C,;) and pp 105 may be similar if not identical (PFEIFLE
et al. 1986). The function of these two proteins is unknown.

3.3.6 NORAPs in Relation to RNA Synthesis Blockage Experiments

A method which has proved to be of great value in the study of NORAPs
and their localisation has been that of blockage of rRNA synthesis in vitro.
The agent most widely used for this purpose has been actinomycin D
(AMD), although adriamycin and D-galactosamine exert the same effect
(SPECTOR et al. 1984). Cells subjected to treatment by these agents display
altered nuclear morphology, with “segregated” nucleoli, where the fibrillar
centres and dense fibrillar component are not distinct from the granular
regions. After this treatment, the nucleoli have been reported to comprise
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only a fibrillar and a granular zone. The association of NORAPs with these
structures or with RNP after treatment of cells with AMD can thus afford
information regarding the relationship between the NORAP examined and
rDNA transcription. After such treatment, argyrophilia has been observed
in the fibrillar zone (DASKAL et al. 1980; DIMOVA et al. 1982). The fact
that AMD did not decrease NOR argyrophilia was in keeping with the as-
sociation of NORAPs with rDNA rather than rRNA (RAMAN and SPER-
LING 1981).

RP1 has also been shown to redistribute after AMD treatment (of
Xenopus cells), the movement being from an intranucleolar to peripheral
area (SCHEER and RASKA 1987). The M, 100 K NORAP also changes its
site of immunolocalisation after AMD suppression, the labelling vanishing
from the dense fibrillar component, supporting a role for the protein in
rDNA transcription. Interestingly, in this study, it was noted that part of
the M, 100K protein was retained in the segregated nucleoli and this has
been taken to imply a possible structural as well as transcriptional role
(FAkAN and HERNANDEZ-VERDUN 1986). If cells are treated with the pro-
tease inhibitor leupeptin, rRNA does not fully mature, and staining for
the M, 100K protein and the size of the fibrillar zone are both correspond-
ingly increased; thus, again, the role of this NORAP in rDNA transcrip-
tion is confirmed.

Thus, the treatment of cells by AMD or other rRNA blocker provides
us with a powerful means for the examination of the role of NORAPs in
rDNA transcription. It is of interest to note that whereas treatment with
puromycin (which blocks protein synthesis) leads to a decrease in the
volume of fibrillar centres in actively growing cells, AMD does not alter
the size of these structures. Thus, there appears to be a protein turnover
in these centres which is governed by rDNA transcription.

4 NORs and Chromosomal Abnormalities

It is certainly not, of course, the remit of this chapter to present a detailed
and comprehensive review of the cytogenetic aspects of NORs. However,
some pertinent information regarding the chromosomal sites of NORs and
their value in the investigation of certain chromosomal disorders is out-
lined below, together with a consideration of NOR positions on abnormal
chromosomes of malignant cells.

4.1 Chromosomal Trisomies, NORs and Gene Amplification
The position of “secondary constrictions”, later shown to be NORs, on

chromosomes 13, 14, 15, 21, and 22 in the human is fortuitous, since it
enables the investigation of certain chromosomal alterations, such as
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Fig. 8. A karyotype preparation, stained for NORs by means of the AgNOR method, show-
ing, in a case of Down’s syndrome, (47, XY,+ 21), atypical placement of NOR sites on D and
G group chromosomes. (Photograph kindly donated by Mr. Paul Leedham)

trisomies, in metaphase spreads (Fig. 8). There is good evidence that the
degree of argyrophilia and total number of chromosomal AgNORs varies
from individual to individual, but is constant for each subject. Indeed,
these features appear to be inheritable (review by BABU and VERMA 1985).

Meiotic non-dysjunction, causing trisomies, such as Down’s and Patau’s
syndromes, may result from chromosomal associations resulting at NOR
sites and, indeed, these conditions may be detected by AgNOR staining of
metaphases. Some 40% of lethal trisomies occur in acrocentric NOR-con-
taining chromosomes. The non-dysjunction here results from a close associ-
ation of rDNA in the pachytene fibrillar centres (i.e. a sort of “overlap”
between pachytene genetic material in meiosis). In trisomy 21, where
NORs are gained (per chromosomal complement), increased rDNA has
been detected biochemically, as would be expected. Another sort of disor-
der which can occur, between homologous or heterologous acrocentric
chromosomes, results from nucleolar or NOR associations. In these cases,
one of two changes occurs: first, the whole chromosomes fuse, including
the (short arm) NOR zones; second, the centromeres may fuse and reject
the NORs. In these cases, the amount of biochemical measured rDNA is
diminished, as anticipated.
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Thus, studies of NORs in meiotic or metaphase chromosomes may
help to elucidate the origin and type of certain trisomies. The picture is,
however, complicated by the phenomenon of gene amplification. This is
where excess tandem copies of rDNA are formed, probably as a result of
unequal chromosomal crossover or duplication. This could result from hor-
monal and other stimuli or be a direct genetic affect. A specific chromo-
some, 14p+ has been noted in a human family, which has 6—8 times more
rDNA than the normal 14 chromosome (MILLER et al. 1978). Interestingly,
not all of this rDNA appears to be transcribing (as shown by AgNOR stain-
ing). These amplified rRNA genes are in a G + C-rich, homogeneously
staining region (HSR). It is thought that this HSR may contain genes
other than rDNA. Thus, much of this HSR is transcriptionally inactive
and, typically, contains much 5-methylcytosine (5MeC) (MILLER et al.
1981). It is known that inactive genes, whether mammalian, host or, for
example, viral, are highly methylated if non-transcribing. Indeed, MILLER
et al. (1981), using immunoperoxidase-tagged antibodies, showed that the
DNA of the 14p+ chromosome is rich in 5 MeC. In certain transformed or
malignant cells, there may be much more pronounced rRNA gene amplifi-
cation than in 14p+ chromosomes and clearly this phenomenon is worthy
of extensive further investigation. The relevance of these observations to
the quantitative tumour-histopathological findings described in Sect. 6 will
clearly be complex, especially in view of possible “feedback” mechanisms
regulating gene amplification phenomena in malignancy.

4.2 NORs and Chromosomal Changes in Malignancy

In view of the above comments, it is perhaps not surprising that there have
been sporadic reports and descriptions of abnormal NORs in malignant
cells. Thus, for example, CROSSEN and GODWIN (1985) described rear-
rangement and amplification of rRNA genes in the chronic myeloid
leukaemia cell line, K562. The authors refer to the fact that other genes,
such as c-abl and ch, had previously been shown to be amplified in K562
cells. In a study of human testicular tumours, DELOZIER-BLANCHET et al.
(1986) showed ectopic, possibly insertional NORs in four out of seven
cases. There appeared to be no direct evidence of gene amplification per
se in these tumours, merely of NOR ectopia. However, in analysis of a
series of nine cell lines established from squamous cell carcinomas of
human head and neck, four of the lines possessed NORs 10—30 times
larger than normal (HAUSER-URFER and STAUFFER 1985). Since these
NORs were detected by argyrophilia and were thus transcriptionally ac-
tive, it is interesting to speculate that this may have occured in these pro-
liferating, malignant cells at the expense of 5MeC-rich inactive areas.
Thus, the examination of NORs in chromosome spreads may be of more
than passing interest in malignant cells. This is certainly borne out by inter-
phase NOR studies in such cells, as described below.
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5 Growth Regulation, the Cell Cycle, Tumour Cells and NORs

5.1 NORs in Mitosis and the Cell Cycle

The morphological arrangement of NORs in mitosis has been reviewed by
GOESSENS et al. (1987). Briefly, in prophase, the dense fibrillar and the
granular components disappear, and the nucleolus itself decreases in size.
In metaphase and anaphase, argyrophilia demonstrates the fibrillar centres
on some chromosomes, in cavities on the edges of the latter, and the nu-
cleolus per se is no longer visible. Then, in telophase the fibrillar compo-
nent again becomes apparent, related to the fibrillar centres. This is follo-
wed by the reappearance of the granular component, leading to re-emer-
gence of a recognisable nucleolus. These observations were expanded by
FIELD etal. (1984), who examined nucleolar conformation in
phytohaemagglutinin (PHA)-stimulated human lymphocytes. Sequential
silver staining, Feulgen reaction, DNA microdensitometry and tritiated-
thymidine autoradiography were applied and it was found that the cell
phase was related to the size and position of the NORs, as was the number
of divisional generations. Resting (Gg) lymphocytes had a single ar-
gyrophilic nucleolar area; this enlarged in G, phase, sometimes with smal-
ler associated granules. In the first generation in culture this pattern per-
sisted in S and G, phases. However, in the second and third generation
divisions, multiple smaller granules appeared. The fusion of NORs in the
first generation but their subsequent failure to-do so is not understood,
but it could be that the attenuated G, phase in such cell cultures does not
allow time for fusion from the second generation onwards. It has also been
proposed that multiple micronucleoli could be helpful, teleologically, in
rapidly dividing cells, for efficient transcription. Certainly, the amount of
RNA synthesis depends on the number of nucleoli in a cell (KURATA et al.
1978). Figures 9 and 10 show the light microscopic appearance of NORs
in phases of the cell cycle.

Interestingly, it has been shown that the AgNOR stain intensity reflects
rRNA gene activity, as measured by [’H]uridine incorporation into 18 S
and 28S moieties, by actively growing cultured human fibroblasts (MOR-
TON et al. 1983). It was concluded that the “NOR score” could reflect the
actual rRNA synthesis level and from one individual to another there was
up to a threefold difference in uridine uptake.

5.2 Modulation of rRNA Activity and NORs

It is, of course, essential that there should be regulatory mechanisms for
rRNA transcription. In the most dramatic, positive sense this is evident as
gene amplification. However, the more subtle details and controlling fac-
tors are increasingly well understood.
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Fig. 9. Segregation and ag-
gregation of NORs through
the cell cycle

Fig. 10. Human J 111 histiocytic cells labelled by the AgNOR technique. Nuclei with NOR
segregation and aggregation are seen. (Photograph from a preparation, courtesy of Mr.
Stephen Edwards)
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Predictably in this context, the effects of certain hormones have been
investigated (DE CAPOA et al. 1985 a). These authors selected growth hor-
mone (GH) and dexamethasone as suitable hormones, since both are
known to affect rRNA synthesis; thus, GH is known to increase synthesis
of new rRNA and dexamethasone has been shown to stimulate genes
transcribing to metallothioneins and certain “acute phase” proteins. After
incubations with these two agents, AgNORs were studied in metaphase
spreads from the cells used (human fibroblasts) and were significantly in-
creased. It can therefore be concluded that both agents activate r-gene
clusters. In a similar study, DE CaAPOA et al. (1985b) showed that rRNA
synthesis was increased by increased total serum concentration. Fluores-
cence was used to identify the rRNA gene clusters and it was observed
that different r-gene clusters were activated at differing frequencies and to
varying extents of transcription. Also, the degree of r-gene activation was
related to the amount of NOR argyrophilia.

In relation to these findings, it is interesting that cellular differentiation
has been related to NOR activity. With that much used model of cellular
differentiation, the HL 60 human promyelocytic leukaemic cell line,
REEVES et al. (1984) counted AgNORs per cell after treatment with di-
methylsulphoxide (DMSO). This agent is known to induce (myeloid) dif-
ferentiation in HL 60 cells (review by CROCKER and BURNETT 1986). Sup-
pression of rDNA transcription was seen during terminal differentiation,
as shown by diminution in AgNOR numbers and, especially, size. Unin-
duced cells had approximately five or six AgNORs, dropping to 0—1 per
nucleus (as seen in normal marrow cells), after 5 days in vitro. DMSO
alone was shown not to be responsible for this effect, as it was not ob-
served in control lymphoblastoid cell lines, and thus NOR size and
number can be related directly to malignant cell differentation. An obvious
corollary might be that the degree of differentation in solid tumours could
be reflected by AgNOR numbers (see Sect. 6). Compatible findings have
been reported by SMETANA and LIKOVSKY (1984), who showed loss of
AgNOR sites in advanced maturation stages of erythroid and granulocytic
cells compared to earlier phases of development. Interestingly, numerical
differences in AgNORs between early stage cells of erythroid and myeloid
maturation disappear in late cell maturation. Thus, pro-erythroid cells con-
tain more AgNORs than myeloblasts, suggesting that the former (which
have more cytoplasmic basophilia and ribosomes) are more “primitive”
than the latter. Furthermore, AgNOR numbers may be related to age. DAS
et al. (1986) showed that the numbers of AgNORs in PHA-stimulated
human peripheral blood lymphocytes diminished from newborn and neo-
nates to elderly individuals. This suggests declining rDNA transcriptional
activity with increasing age, at least in lymphoid cells. Thus, again, there
is extensive evidence that NORs are essentially related to cellular activity.
This may readily be observed in proliferating plant cells, grown in cultures,
where more NORs are observed than in the normal cell counterparts
(Fig. 11).
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Fig. 11. NOR sites stained by the AgNOR method in cells of Allium sativum (garlic) growing
on a callus maintenance medium. Some cells possess large numbers of AgNORs. These cells
are proliferating and presumably there is lack of selection for normal chromosome number.
Inset: cells of Allium sativum growing on normal medium. The usual number of AgNORs (i.e.
up to four) are present. (Photographs by courtesy of Mrs. Susan Armstrong)

5.3 NOR Acitivity in Tuamour Cells

Several studies of AgNOR activity have been undertaken in patients suffer-
ing from certain malignancies. The results of some of these studies have
been disappointing, perhaps because in some the peripheral blood lympho-
cytes have been examined, rather than the malignant cells themselves. The
reason for this experimental decision is obscure. SCHULZE et al. (1984)
showed no difference between the numbers of AgNORs in peripheral
blood lymphocytes in lymphoid malignancies. When bone marrow cell
NOR activity was studied by ARDEN et al. (1985), lower metaphase
AgNOR counts were observed in normal cells than in acute lymphoblastic
leukaemic cells. In a sense, this corresponds to the studies of differentia-
tion described above. MAMAEV et al. (1985) studied AgNORs in meta-
phase and interphase preparations in patients with chronic myeloid
leukaemia (CML), using both PHA-stimulated peripheral blood lympho-
cytes and bone marrow cells. The AgNOR numbers in peripheral lympho-
cytes were not significantly different from those in normal individuals and
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the marrow cells were heterogeneous, with up to 67% not containing de-
monstrable AgNORs. The numbers of the latter were similar in marrow
cells of untreated patients to those in blast crisis. As in previous studies, it
appeared that AgNOR expression was suppressed with increasing cellular
maturity. MAMAEV et al. (1987) also studied AgNORs in acute lymphoblas-
tic leukaemia (ALL) and acute non-lymphoblastic leukaemias (ANLL). It
was found that in 90% of ALL patients, fewer AgNOR sites were present
in marrow cell metaphases than in PHA-stimulated peripheral lympho-
cytes from the same patients. A variable number (0% —90%) of mitoses
lacked AgNORs, with great heterogeneity, perhaps suggesting varying pro-
liferation pool sizes. It was also proposed that lack of AgNORs could re-
sult from protease activation. AgNOR activity was also studied in marrow
cells from Ph’-positive CML by SATO et al. (1986), whose results were in
accord with the above data.

It appears, then, that the numbers of AgNOR sites in nuclei represent
the differentation state of individual cells and/or tumours. This reflects the
chromosomal changes described in the previous section of this chapter. Fi-
nally, it should be noted that interphase NORs may be qualitatively quite
different in malignant and normal cells. In 1979, BUSCH et al. applied the
AgNOR method to imprints of Novikoff heptatoma, KB and HeLa cells.
In these malignant cells, AgNOR arrays in two to three rows each with
three to five granules were observed, although such complexes were not
seen in normal and regenerating liver cells. It would be of considerable
interest to examine this phenomenon at the ultrastructural level.

6 Histopathological Aspects of NORs

It should be apparent, from the experimental results described previously
regarding NORs and tumour differentation and cell development in vitro,
that interesting information could be available from quantitive studies of
neoplastic cells. It was highly significant, therefore, when PLOTON et al.
(1986) applied the AgNOR method successfully to paraffin sections of
human tissue, as well as cell smears, chromosomes and plastic semithin
sections. These authors showed that improved staining was obtained by
performing the argyrophil reaction at 20°C (rather than the conventional
60°C) and examined the AgNORs stained by means of various optical
methods. Paraffin sections of an unspecified number of human prostates
revealed large (5 wm) nucleoli containing “numerous” black dots, whereas
hyperplastic gland cells contained only two dots and intervening lympho-
cytes contained one dot. It was concluded that the AgNOR method might
find a use in tumour pathology and grading.

The initial promise of this preliminary study has been extensively ful-
filled, with studies of numerous types of human neoplasm revealing in-
teresting and potentially useful quantitative data. These are discussed indi-
vidually below and summarised in Table 3.
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Table 3. Histopathological value of AgNOR enu-
meration in the distinction between benign and
malignant neoplasms, or their grading

Type of neoplasms

NOR value in grading

Non-Hodgkin’s lymphoma +++
Hodgkin’s disease N/A
Skin melanocytic tumours +++
Skin adnexal tumours ++
Oat cells vs lymphocytes +++
Mesothelial (pleural) cells +++
Breast ++
Thyroid -
Prostate -
Paediatric tumours ++to +++
Salivary glands +++
Inverted nasal papillomas +++
Stomach +
Cervix +
Gliomas +++
Liver +++

121

— = of no diagnostic value

+ = may be useful, but much “overlap” of values

++ = may be useful, but much “overlap” of values

+++ = highly recommended as a reliable diagnostic
method

6.1 Non-Hodgkin’s Lymphomas

The assessment and grading of non-Hodgkin’s lymphomas (NHLs) is a
complex yet clincally most important procedure; prognosis and therapy are
in part dependent upon this and for some years there have been attempts
to facilitate and improve the grading. Methods such as electron micros-
copy, enzyme histochemistry, immunohistochemistry, morphometry and
DNA flow cytometry have all played a role in this rapidly developing field
and it now appears that NORs may be of considerable value in the grading
of NHLs.

The importance of nuclear and/or nucleolar measurement in the mor-
phometric assessment of NHLs has been repeatedly stressed (for example,
CROCKER et al. 1983; van DER VALK et al. 1983; CROCKER 1984) and, in-
deed, subjective review of nuclear and nucleolar pattern is an essential
part of the Kiel classification (LENNERT 1978). These observations led
CROCKER and NAR (1987) to investigate the distribution of argyrophilic
NOR sites in NHLs. Routinely formol-saline fixed, paraffin-embedded



122 J. CROCKER

sections were stained with the standard silver formate preparation at 20°C
and the mean numbers of AgNOR sites per lymphoma cell nucleus were
enumerated. Seventy-five specimens of NHL were included, including re-
presentatives of both high- and low-grade Kiel types. In addition, five
palatine tonsils and five “reactive” lymph nodes were studied. The AgNOR
sites were clearly visualised as black dots in the nuclei and were counted
by means of an interactive image analyzer. Striking results were obtained;
in interfollicular and mantle zone areas and all other parts of the tonsils
and reactive nodes, apart from germinal follicle centre cells and tonsillar
epithelium, there was a mean count of approximately one AgNOR per
nucleus. In contrast, follicular centroblasts possessed 4.6—4.8 AgNORs
and, interestingly, the basal cells of the tonsillar epithelium possessed
twice as many (mean 2.2) AgNORs as the upper epithelial cells (mean
1.0). Both centroblasts and basal epithelial cells have, of course, a high
proliferation level compared to the other cells of tonsils and lymph nodes.
Thus, the AgNOR content seemed to relate to division rate, either caus-
ally or indirectly. When the specimens of NHL were studied, a total separa-
tion was observed between high- and low-grade lesions; the former had
mean AgNOR counts ranging from 4.4 to 6.8 (Fig. 12) and the latter from
1.0 to 1.5 (Fig. 13). There was no overlap between the two groups and the

Fig. 12. A section of high-grade NHL stained for AgNORs. Each nucleus contains numerous
black dots
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Fig. 13. A section of low-grade NHL stained for AgNORs. Each nucleus contains one to two
NOR dots

method was considered to be potentially diagnostically useful. In this con-
text, the author has found the AgNOR reaction particularly useful in the
distinction between B-lymphoblastic NHLs and low-grade lymphomas; this
may otherwise be a histological problem since the nuclear size and shape
of lymphoblastic lymphoma nuclei are often similar to those of low-grade
lesions. It is important to note that AgNOR staining sites do not always
correspond to nucleoli themselves and the reaction should not be regarded
as being simply a “nucleolar stain”. The observations of CROCKER and
NAR (1987) were broadly supported by those of POGORELOV et al. (1987),
who examined AgNORs in peripheral blood lymphoid cells in NHL,
chronic lymphocytic leukaemia and hairy cell leukaemia. It was shown that
the amount of AgNOR area related to grade of malignancy.

A recurrent question which arises in histopathological studies of Ag-
NORs, whatever their potential diagnostic usefulness, is that of the funda-
mental significance of the findings. It might be expected that the numbers
of AgNORs per nucleus would reflect the degree of ploidy, since a normal
diploid cell should contain only ten NORs (two sets of five; i.e. chromo-
somes 13, 14, 15, 21 and 22). However, it must be recalled that AgNOR
counts on 3-um sections will not give absolute counts. Furthermore, acro-
centric associations may lower interphase NOR numbers. To test for a rela-
tionship between ploidy and AgNOR numbers, CROCKER et al. (1988c)
performed DNA flow cytometry on a series of ten low-grade and ten high-
grade NHLs, using paraffin wax-embedded material, and compared the
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Fig. 14. Linear correlation plot between the mean number of AgNORs per nucleus and the
% S phase cells for a series of 20 specimens of NHL. There is a high correlation (r = 0.86).
(Photograph reproduced from the Journal of Pathology, by kind permission)

DNA index and the %S phase cells (dividing cell percentage) with the
mean AgNOR count for each specimen. Perhaps suprisingly, there was no
correlation between the AgNOR numbers ‘and DNA aneuploidy
(r = 0.14). In contrast, there was a high correlation between the AgNOR
count and %S phase cells (r = 0.86) (Fig. 14). The immediate conclusion
to be drawn from these observations is that AgNOR numbers in some way
reflect or even direct the cells’ proliferation. Certainly, from the foregoing
chapter section there is evidence to suggest this. However, their numbers
are still likely to reflect chromosomal abnormalities, even if the numbers
of hyperdiploid or aneuploid cells do not suffice to give an abnormal DNA
index. Indeed, the modal value of DNA index for DNA aneuploid NHL is
only approximately 1.1 and it is unlikely that cytometry would easily distin-
guish such a value from, say, the 1.0 of diploid cells. Clearly, there is a
need for a study comparing AgNOR counts in tissue sections with those
performed on tumour metaphase spreads.

To investigate further the relationship between cell proliferation counts
and AgNOR numbers in NHL, HALL et al. (1988) and CROCKER et al.
(1988b) performed a comparative study of Ki67 labelling and AgNOR
staining in a series of 80 cases of lymphoma. The monoclonal antibody
Ki67 recognises an antigen in the nuclei of cells in all phases of the cell
cycle except Gy (GERDES et al. 1984). HALL et al. (1988) labelled the 80
specimens of NHL in frozen sections with Ki67 and in paraffin sections
for AgNORs. The percentage of cells reacting with Ki67 and the mean
numbers of AgNORs per nucleus for each case were compared and corre-
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Fig. 15. Linear regression plot between the mean numbers of AgNORs per nuclear profile
and the numbers of Ki67" cells (“Ki67 score™) for a series of 80 cases of NHL. There is high
correlation (r = 0.86). (Photograph reproduced from Histopathology, by kind permission)

lated remarkably well (r = 0.86; P < 0.001) (Fig. 15). It thus appears that
NOR labelling can be substituted for Ki 67 binding, as a result of causal or
non-causal relationships between the two. The advantage of the AgNOR
method here is considerable, since, unlike Ki67, it does not require frozen
sections. Similarly, the method is cheaper, quicker and less cumbersome
than DNA flow cytometry (CROCKER et al. 1988b). CROCKER et al.
(1989 b) have now shown, in normal and neoplastic lymphoid tissues, that
Ki67-positive cells (for example, centroblasts) also have high AgNOR
counts; conversely, those which are Ki67-negative (such as lymphocytes)
have only one to two nucleoli. Thus, the findings of HALL et al. (1988)
have been confirmed at a cellular level. (This study was facilitated by the
use of sequential immunostaining and AgNOR reaction on the same sec-
tion.) It will now be of interest to attempt a direct correlation between
clinical survival and AgNOR counts in NHL.

Another technique which discriminates clearly between high- and low-
grade NHLs is that of the measurement of AgNOR sizes. EGAN and
CROCKER (1988), using image analysis and light microscopy, showed clear
separation of both groups of NHL; high-grade lymphomas have much
smaller AgNORs than those of low-grade histology. This method, both at
light and electron microscope levels (as in DERENZINI et al. 1986), may
well provide diagnostic discrimination in tissues where enumeration alone
will not do so.
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6.2 Hodgkin’s Disease

Early studies of parameters of cellular proliferation in Hodgkin’s disease
indicated that although there were cell populations with different kinetics,
in general little cell turnover was occuring (PECKHAM and COOPER 1969).
Preliminary studies of the number of NORs in Hodgkins disease have
been performed (HALL and CROCKER 1988) and three populations of cells
can be identified. First, Sternberg-Reed cells and similar multinucleate
cells which contain large numbers of AgNORs; these are characteristically
distributed around the periphery of the nuclei and also in the nucleoli. A
second population of cells also contain large numbers of AgNORs (5—15).
These cells do not have the morphology of Sternberg-Reed cells, but re-
semble large and medium-size blast cells (presumably Hodgkin’s cells). A
third population of cells with the morphology of small lymphocytes have
only one, or occasionally two, AgNORs per cell. The proportion of cells in
each of these three groups varies in each histological subgroup. These re-
sults are consistent with the recent study using Ki67 immunostaining as a
marker of cellular proliferation and CD 30 immunoreactivity as a marker
of Sternberg-Reed and Hodgkin’s cells. This suggested that the majority of
CD 30 immunoreactive cells possess nuclear Ki 67 staining (GERDES et al.
1987). It is possible to immunostain AgNOR preparations (HALL 1987, un-
published observations) by taking AgNOR-stained sections, washing in
buffer and performing conventional immunostaining procedures. In
Hodgkin’s disease (and possibly other forms of lymphoma) where there is
complex cellular heterogeneity the expression of results of NOR staining
as mean AgNOR counts may be very misleading. It may be more appro-
priate to represent data as histograms of number of AgNORs (abscissa)
against number of cells (ordinate). It is conceivable that the shape of the
resulting histogram may be characteristic of the type of lymphoma and pro-
vide more information than a single mean of a non-parametric distribution.
Further studies of Hodgkin’s disease will require this approach and careful
analysis of the various cell populations, perhaps aided by double staining.

6.3 Skin Neoplasms

Another problem with obvious clinical importance lies in making the dis-
tinction between benign naevocellular naevi and melanocarcinomas. Ac-
cordingly, CROCKER and SKILBECK (1987) studied a series of proven exam-
ples of these lesions. A very well-defined difference in AgNOR numbers
was found between the two groups; thus, the naevus group (including in-
tradermal, juvenile, compound, junctional and cellular blue naevi) pos-
sessed approximately one AgNOR per nucleus. Conversely, lentigo
maligna, superficial spreading melanoma and melanocarcinomas had
pooled AgNOR counts ranging from 7.4 to 8.23, there being no overlap
between the two groups of lesions (Fig. 16). In a novel ultrastructural ap-
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Fig. 16. Values of mean AgNOR count per nucleus for melanocarcinomas and naevocellular
naevi of skin. There is clearly a highly significant difference between the values for both
groups. (Reproduced from J. Clin. Pathol., by kind permission)

proach, DERENZINI et al. (1986) examined the nucleoli of benign naevocel-
lular naevi and melanocarcinomas. The former contained one or two large
fibrillar centres (mean area of 0.482 um? in profile) whereas the latter pos-
sessed multiple, smaller (0.221 um? mean area) fibrillar centres. It was
suggested that this method could be of diagnostic value.

A larger range of cutaneous and adnexal tumours was subsequently
studied by EGAN and CROCKER (1988). Sixty-eight specimens were studied
including eccrine and apocrine tumours, hair follicle tumours, mixed
tumours, clear cell acanthomas and squamous and basal cell carcinomas.
Dermatofibromas were also included. The numbers of AgNORs per nu-
cleus appeared to be related to the degree of differentation in squamous
cell carcinoma and the cellularity in dermatofibromas. However, basal cell
carcinoma possessed may more AgNORs than did all of the other speci-
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Fig. 17. Values of mean
AgNOR counts per nuclear
profile for a range of breast
lesions. In this series. the
numbers of NOR “clumps”
(i.e. nucleoli) were counted
and are clearly poor dis-
criminators

mens and it was considered that this could be of diagnostic value. This is
of interest since it may reflect the fact that basal cells of the normal epider-
mis possess more AgNORs than the more superficial cells (CROCKER and

SKILBECK 1987).

6.4 Breast Tumours

SmiTH and CROCKER (1988) studied AgNOR counts in a series of breast
lesions, both benign and malignant, and in normal breast tissue. The
AgNOR sites were enumerated in three different ways: (a) the total num-
bers of AgNORs were counted for each nucleus; (b) “clumps” of AgNORs
were examined (these probably corresponded to clusters of NORs in nu-
cleoli); (c) the numbers of AgNORs per “clump” were counted. In addi-
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tion, the numbers of mitoses per high power (X 1000) field were enumer-
ated. Only method (a) gave any useful separation between the benign and
malignant groups, although there was some overlap in individual cases.
The other two methods resulted in no separation between benign and
malignant tumours. Interestingly, normal breast possessed similar mean
AgNOR counts to hyperplastic mammary tissue; this is perhaps explicable
since premenopausal specimens were used, which were presumably under
hormonal stimulus (Figs. 17—19). Similar “overlaps” between groups are
seen in other endocrine tissues (see below).

A surprising but most interesting observation was made by EGAN and
SMITH (1987), who showed that myoepithelial cells in malignant breast le-
sions have mean cellular AgNOR count of 2.6 as opposed to 1.0 in benign
lesions. This may suggest an increased turnover or proliferation of
myoepithelial cells in breast malignancy.
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6.5 Thoracic Neoplasms

The enumeration of AgNOR sites has afforded diagnostically helpful data
in two contexts in chest tumours. First, CROCKER et al. (1987) were able
to distinguish between lymphocytic infiltrates and oat cell carcinoma infil-
trates in bronchial material. To avoid tautology, the nature of the speci-
mens was confirmed by positive staining for leukocyte common antigen
(lymphocytes) and neurone-specific enolase (oat cells). The lymphoid
specimens contained 0.9—1.7 AgNORs per nuclear profile, as opposed to
4.2—7.3 for the oat cell carcinomas. Thus, a frequent problem with biopsy
interpretation can be avoided by rapid, subjective assessment of AgNOR
numbers, since the ranges are so widely separated. A caveat exists, how-
ever, since, of course, low-grade (small cell) NHLs could not be distin-
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Fig. 20. The mean numbers of AgNORs per nuclear profile for a series of benign and malig-
nant pleural mesothelial specimens. There is good separation (confidence intervals shown by
bars). (Photograph reproduced from Thorax, by kind permission)

guished from benign lymphoid infiltrates. Nonetheless, the usefulness of
the method in detecting oat cell carcinoma is self-apparent.

The second major diagnostic application in the field of thoracic
tumours lies in the differentiation between benign and malignant pleural
mesothelial cells. It was shown that whereas normal mesothelial cells con-
tained a mean of 1.04 AgNORs per nucleus, malignant mesotheliomas of
various histological subtypes contained a mean of 4.94—7.52 AgNORs
(AYRES et al. 1988; CROCKER et al. 1988 a) (Fig. 20). Again, formal count-
ing would not be necessary to make this important distinction, the groups
being so widely numerically separate. Interestingly a statistically highly sig-
nificant difference was detected between AgNOR numbers in normal and
“reactive” pleural mesothelium. In the author’s experience, diagnostically
difficult cases can be prospectively separated by this method.

Finally, in a preliminary study of the relation between AgNOR num-
bers and prognosis in squamous cell carcinoma of the bronchus, BOoLDY
et al. (1988) showed a general trend to increasing AgNOR counts with de-
creasing differentiation of the neoplasms. There was, however, consider-
able group “overlap”. It will be interesting to study these cases in relation
to survival/prognosis.
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Fig. 21. AgNOR preparation of childhood neuroblastoma. Each nucleus contains numerous
“dots”. (Photograph reproduced from the Journal of Pathology, by kind permission)

6.6 Paediatric Neoplasms

Numerous paediatric tumours have been studied, including some investiga-
tions of prognosis. EGAN et al. (1987) studied AgNOR numbers in a series
of small cell tumours of childhood, and observed that the ranges of counts
were different for neuroblastoma, rhabdomyosarcoma and Ewing’s
tumour, the differences being statistically highly significant. Thus, the
mean number of AgNORSs per nuclear profile in Ewing’s tumour was 9.7
(range 7.0—10.7), in neuroblastoma 12.96 (range 12.0—18.5) and in rhab-
domyosarcoma 4.7 (range 3.0—7.1) (Figs. 21-23).

Fibrous proliferations of childhood and infantile fibrosarcomas were
also studied by EGAN et al. (1988c). The former, benign conditions in-
cluded infantile digital fibromatosis, desmoid fibromatosis and myofib-
romatosis and possessed a pooled mean AgNOR count of 3.7 per nuclear
profile. In contrast, the fibrosarcomas had a mean count of 11.5.

In terms of prognosis, EGAN et al. (1988 ¢) found no relation between
AgNOR numbers and survival in Ewing’s sarcoma. However, the same au-
thors (EGAN et al. 1988a,f) showed a definite relationship between
AgNOR counts and prognosis in childhood neuroblastomas. The NOR
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Fig. 22. AgNOR stain performed on a childhood rhabdomyosarcoma. Several “dots™ are seen
in each nucleus, but fewer than in neuroblastoma (Fig. 21). (Photograph reproduced from the
Journal of Pathology, by kind permission)

numbers also correlated with the degree of differentiation and the mitosis-
karyorrhexis index in the stroma-poor variety of these neoplasms. How-
ever, the method was again shown to be of no prognostic significance in
embryonal rhabdomyosarcoma (EGAN et al. 1988 d). The reasons for these
relationships, or lack of them, are obscure but may relate to cell cycling in
individual tumours, or to local effects such as gene amplification.

6.7 Tumours of Ear, Nose and Throat

Salivary gland neoplasms were studied by MORGAN et al. (1988), who
enumerated AgNORs in normal glands as well as pleomorphic adenoma,
adenoid cystic carcinoma, mucoepidermoid tumour, acinic cell tumour, ad-
enocarcinoma and adenolymphoma. The malignant group of tumours had
AgNOR counts much greater than the benign neoplasms, with a mean
range of 3.92 (adenoid cystic carcinoma) to 9.23 (adenocarcinoma) as op-
posed to 1.41 (pleomorphic adenoma) to 1.75 (acinic cell tumour). There
was no overlap between the benign and malignant tumour counts. The dif-
ferentiation between pleomorphic adenoma and adenoid cystic carcinoma,
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Fig. 23. A childhood Ewing’s sarcoma stained by the AgNOR method. When counted, the Ag-
NORs are intermediate in number between those in neuroblastoma and rhabdomyosarcoma.
(Photograph reproduced from the Journal of Pathology, by kind permission)

which is sometimes most difficult (especially in small biopsies), is thus
facilitated. The series also included nine “problem cases” where AgNOR
counts led to benign or malignant diagnoses which were confirmed on
major excision, thus showing the prospective value of NOR counts in these
tumours.

“Inverted transitional cell papillomas” of nose have been investigated
by EGAN et al. (1988 g), who showed a much higher pooled mean AgNOR
count (6.22 per nuclear profile) in frankly malignant invasive cases than in
benign lesions (2.2 per nucleus). Most significantly, those cases shown to
be undergoing malignant transformation on the basis of standard cytologi-
cal criteria possessed an intermediate number of AgNORs (3.25 per nu-
clear profile). The diagnostic value of this finding is self-evident.

Lesions of the larynx have also been studied by means of the AgNOR
method. ASHWORTH and HELLIWELL (1988) examined normal, dysplastic
and malignant laryngeal epithelium, both in the basal and suprabasal
areas. However, they were unable to distinguish dysplastic from normal or
malignant epithelium on the basis of NOR counts. (This reflects the “con-
tinuum” of numbers seen, for example, in squamous lesions of the bron-
chus, as described in Sect. 6.5.)
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Recently, COPPER and MICHAELS (1989) have shown that AgNOR
enumeration is a dramatically useful and reliable means of detecting
cholesteatoma in aural biopsies.

6.8 Gastrointestinal Tumours

SUAREZ et al. (1988) demonstrated a generally increasing trend in the
numbers of AgNORs in gastric lesions with increasing malignancy. How-
ever, there was considerable “overlap” between the different groups, al-
though malignant lesions were statistically significantly different from the
rest.

DERENZINI et al. (1988) examined colonic hyperplastic and adenoma-
tous polyps together with adenocarcinomas, using electron and light mic-
roscopy. The malignant tumours possessed numerous small scattered fibril-
lar centres, whereas in the polyps the centres were larger and clustered.
Interestingly, in two polyps, cells were observed with an intermediate dis-
tribution.

6.9 Miscellaneous Tumours
6.9.1 Thyroid Tumours

As in other endocrine tumours, the diagnostic value of AgNOR enumera-
tion in thyroid tumours is limited. NAIRN et al. (1988) showed a trend to
increased AgNOR numbers with thyroid malignancy but there was great
overlap between the counts in thyroid hyperplasia and follicular car-
cinoma. Only anaplastic carcinoma had clearly greater AgNOR counts.

6.9.2 Prostatic Tumours

CoLLoBY and CROCKER (1988) showed a considerable overlap in mean
AgNOR numbers between well-differentiated prostatic adenocarcinoma
and hyperplastic prostate, although poorly differentiated carcinomas had
many more AgNORSs per nuclear profile.

6.9.3 Tumours of the Uterine Cervix

ROWLANDS (1988) examined a series of cervical biopsies, including herpe-
tic changes and various grades of intraepithelial hyperplasia. Again, al-
though there was overlap between the ranges, there were some statistically
significant differences between the groups. The method was considered to
be of limited diagnostic value. These results were largely confirmed by
EGAN et al. (1988b), although they were able to distinguish CIN 3 from



136 J. CROCKER

HPV infected basal cells. It is of interest to note that no relationship was
shown between AgNOR counts and DNA flow cytometry (ROLLASON
1988, personal communication).

6.9.4 Gliomas of the CNS

CAREY and CROCKER (1988) showed striking differences between “reac-
tive” glial cell AgNOR counts and AgNOR numbers in grade I-1V as-
trocytomas. There were differences in the counts between the different
grades of astrocytoma and the technique appears to be of diagnostic value.

6.9.5 Pituitary Adenomas

MCcNicoL et al. (1988) showed a significantly higher number of AgNORs
per nuclear profile in macroadenomas than microadenomas. It was also
claimed that some tumour types, for example prolactinomas and cortico-
troph adenomas, could be distinguished by the technique, although the
numbers quoted appear close.

6.9.6 NORs and the Liver

CROCKER and MCGOVERN (1988) have shown a well-defined difference
between numbers of AgNORs per nucleus in livers exhibiting chronic ac-
tive hepatitis, cirrhosis and hepatocellular carcinoma. A “test series” of
equivocal biopsies supported these data and the method appears to be
diagnostically useful.

6.10 NOR Techniques in Histopathological Practice

Of the various methods for the demonstration of NORAPs, in the author’s
experience by far the least cumbersome and most satisfactory is the one-
stage argyrophil method, performed at 20°C (or room temperature). This
should be performed as follows, using routinely processed tissue, embed-
ding in paraffin wax:

1. Cut sections at 3 um thickness, dewax and take to distilled, deionised
water.

2. Prepare Ag* mixture thus: dissolve gelatine at 2 g/dl in 1 g/dl aqueous
formic acid. Mix (1:2 volumes) with 50 g/dl aqueous silver nitrate solu-
tion.

3. Pour this mixture over sections and leave, under safe-light (Kodak No.

1 A) conditions, for 30—60 min, at room temperature.

Wash thoroughly in distilled, deionised water.

Counterstain, if required, in Mayer’s haemalum.

Dehydrate, clean and mount in synthetic medium.

Ao
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Several specific points must be stressed:

1

The section thickness suggested is a compromise between thinner slices
(which would give finer detail of AgNORs) and those of greater thick-
ness (where more of the total nuclear AgNOR component would be
seen but overlap of AgNORs would be a problem).

Deionised water may be insufficiently pure for the procedure (includ-
ing reagent dilution etc.) since here may be residual Cl~ ions which
will precipitate out Ag™ by the common ion effect. The use of distilled,
deionised water is a useful precaution.

It may be necessary to vary the time of incubation depending upon var-
ious factors, including the method of tissue fixation and the tissue type,
and a “titration” is worthwhile before any large-scale procedure.

The use of a counterstain is a matter of choice. In the author’s hands it
is generally unnecessary, since in the absence of counterstaining the
cells and their nuclei take on a golden yellow hue, enabling morpholog-
ical evaluation. Once mounted, the preparations appear, in effect, to
be permanent.

For the ultrastructural demonstration of NORs by means of their ar-
gyrophilia, the following method, (after PLOTON et al. 1982) is recom-
mended (Fig. 24):

Fig. 24. A fibrillar centre at EM level, showing numerous silver grains
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. Finely mince fresh tissue.
.Fix in 1.2%—1.8% glutaraldehyde in 0.1 M- phosphate buffer (10 min

at 4°C).

. Rinse in buffer.

. Fix in Carnoy’s solution (5 min at 4°C)

. Rinse in 70% alcohol.

. Wash in pure water twice.

. Stain with usual AgNOR solution for 10 min at 70°C in dark.
. Rinse several times in pure distilled H,O.

. Dehydrate through graded alcohols to pure alcohol.

10.
11.
12.
13.
14.
15.
16.

Two changes of pure ethanol (30 min).

Two changes of “Inhibisol” (30 min).

50:50 “Inhibisol”: TAAB EM resin (overnight).
25:75 “Inhibisol”: TAAB EM resin (6 h).

Pure TAAB EM resin overnight.

Embed tissue in resin and polymerise at 70°C.
Cut sections onto 300 mesh copper/rhodium grids.
Stain for 10 min in uranyl/acetate/acetone solution.
Wash in acetone.

Stain for 10 min in Reynold’s lead citrate stain.
Wash.

Dry and view.

The author has also found the binding of Bi** ions to NORs, by virtue of
the M, 100 K NORAP, to be a useful light microscope method. The follow-
ing method, after that of LOCKE and HUIE (1977) is satisfactory:

1.

oL

7.

Fix tissue in formalin, process to wax and cut at 3 um. Heat sections
onto glass slides.

Dewax sections in xylene and hydrate to pure distilled water.

Wash sections in 0.2 M Tris buffer, pH 7.6.

Stain in bismuth staining solution for 2 1/2 h.

Wash in 0.1 M Tris buffer. Three changes, 10 min each.

Wash in buffer with several drops of saturated amonium sulphide
added — 10 min.

Dehydrate, clear and mount.

Bismuth staining solution
Sol. A 400 mg sodium tartrate added to 10 ml of 1 N NaOH — solution

added to 200 mg bismuth oxynitrate.

Sol. B Tris buffer pH 7.6. Add sol. B to sol. Aiin a 3.5:1 ratio. Adjust to

pH 7 (from 14) by adding 10% HCI, dropwise. At pH 7 a cloudy
precipitate forms. Place sections in humidity chamber.

Thus, the Bi’* band is localised by means of formation of bismuth sul-
phide (Fig. 25).
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Fig. 25. An NHL stained for NORs by means of the bismuth technique. In this high-grade
specimen, numerous NORs are seen, as in an argyrophil specimen

6.10.1 Tissue Fixation and the AgNOR Reaction

In view of the increasing use of the AgNOR technique in histopathology,
SMITH et al. (1988) considered it timely to investigate a series of fixatives
in relation to their suitability for the subsequent reaction. Striking and con-
sistent findings were obtained. In summary, alcohol-based fixatives gave
optimal results; fixatives containing mercury or dichromate were very un-
satisfactory. “Routine” 10% formol saline was satisfactory but 10% neutral
buffered formalin gave results approaching those of alcohol-based fixa-
tives. Formaldehyde solution forms methylene bridges between -SH and
> C =0 groups and could thus inhibit the AgNOR reaction; however, the
wash in 70% ethanol in processing would break down these bridges and
thus enable the silver binding to occur. Dichromate ions oxidise sulphydryl
groups to cysteic acid and prevent silver uptake, thus rendering dichro-
mate-containing fixatives useless for the AgNOR sequence. Glutaral-
dehyde is a poor fixative in this context, since the cross-links it forms are
not broken by ethanol (in contrast to formaldehyde). The reasons for these
findings are in general readily followed. Thus, mercury will compete with
the silver ions in the AgNOR reaction substrate and block attachment of
the latter to NORAP -SH, -S-S- and > C =0 groups (Figs. 26, 27).

6.10.2 Enumeration of AgNOR Sites in Histological Sections

It must, of course, be remembered that the counts of NORs achieved in,
say, 3-um sections, can only be representative of the true AgNOR content
of whole nuclei. Nonetheless, as a standardised comparative method this
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Fig. 26. The proposed binding of silver ions to carboxyl and sulphydhryl groups of a NORAP.
(Photograph reproduced from the Journal of Pathology, by kind permission)

Ag
Ag*
Ag*
Ag*
+ Fig. 27. Blockage to the process seen in
Ag Fig. 26 by mercury ions, preventing the binding

of silver ions to -SH groups

is quite acceptable and the variations in numbers between different groups
of cells could not readily be accounted for by nuclear volumetric differ-
ences. Nonetheless, it would be of considerable interest to attempt abso-
lute counts, using whole cell preparations. In tissue sectioning it is neces-
sary to achieve a compromise between optimal AgNOR “dot” resolution
(at, say 1-um thickness), where counts would be unacceptably low com-
pared to the true number of NORs, and between grossly thick (for exam-
ple, 10-um) sections where NOR overlap would render enumeration im-
possible. In the author’s experience, 3-um sections are a tenable com-
promise. Unfortunately, the size of AgNOR dots cannot be reliably mea-
sured with the light microscope since their dimensions are at the limit of
optical resolution; clearly, the measurement of NOR (fibrillar centre) size
can only be performed at the ultrastructural level.
Ideally, of course, for the AgNOR method to be applied in routine his-
tophathology, formal counting should be unnecessary. This is the case, for
example, in the field of naevoceullular naevi and melanocarcinomas or
benign and malignant pleural mesothelial cells, where there is no overlap
between groups. Thus, a simple visual estimate of AgNOR numbers (for
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example, one as opposed fo four to six) would suffice to make the diag-
nosis. However, in some areas (for example, small cell paediatric tumours)
formal counting is necessary. When this is the case, enumeration can be
performed in two ways. Either automatic or interactive image analysis may
be employed or simple visual counting can be performed, ideally with an
eyepiece graticule to prevent recounting of AgNORs. In the author’s ex-
perience, either method is satisfactory.

The next decision confronting the investigator is that of which nuclear
dots to count. This should be straightforward, but SMiTH and CROCKER
(1988), in a study of NORs in breast lesions, approached the problem in
three ways. AgNOR sites were counted in three ways: (a) total AgNOR
dots; (b) “clumps” of AgNORs and (c) “dots” within clumps were sum-
mated. It was found that only (a) gave discriminating results. “Clumps” of
AgNORs presumably represented nucleoli reaggregating after division. In
the case of epithelial tumours, especially in situ carcinomas, a new ap-
proach is perhaps needed, with AgNOR counts being performed at known
suprabasal levels in the epithelium. This might “amplify” the counts seen
in abnormally high levels of proliferation in cells above the basal level.
The method could be applied readily by means of image analysis, or man-
ually using “masked” photographs of the epithelium under study.

CROCKER et al. (1989a) have recently outlined proposals for a stan-
dardised method of AgNOR enumeration in tissue sections. Counting is
especially easy when performed with cell imprints, as demonstrated by
BoLDy et al. (1989).

6.10.3 Conclusions-and Prospects for the Future

Clearly, the first priority is that there should be more quantitative studies
of NORs in histological sections in relation to “problem cases” and to clin-
ical prognosis. The former has been shown to be of well-defined value in
the case of salivary gland tumours by MORGAN et al. (1988) and the latter
indirectly in NHLs by HALL et al. (1988). Furthermore, NOR size is a fea-
ture to be studied in detail in relation to tumour type or grade. In addi-
tion, NOR activity must be increasingly related to other tumour markers,
including those of proliferation, in a large range of lesions. Indeed, the
whole field of chronobiology is to be examined in detail in relation to
NORs (FAKAN and HERNANDEZ-VERDUN 1986). Certainly, in rat sym-
pathetic ganglion cells there is a 24 h circadian rhythm where nucleolar
volume alters. It is not impossible that, for example, fibrillar centre
number, size and activity may follow circadian (daily) or perhaps
menstrual cycles. This could lead to other “variables” in tumour pathology,
although such rhythms observed in mitotic rates in normal tissues may be
absent in malignant tissues.

Time will tell which is or are the best methods for NOR visualisation.
The AgNOR method is accurate, quick and time-tested but empirical
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Fig. 28. Argyrophil preparation of interphase cells of an F; hybrid of Allium cepa (common
onion) x Allium fistulosum (Japanese bunching onion). The latter possesses more rDNA gene
copies than the former, and forms the larger of the NORs displayed. (Photograph by courtesy
of Mrs. Susan Armstrong)

studies of other probes, such as mercurifluorescein and bismuth will be of
interest. In addition, the fields of exfoliative and aspiration cytology are
ideal for application of NOR methodology.

However, by far the most important questions still lie unanswered.
First, are nuclear AgNOR counts related to ploidy? A recent study by
CROCKER et al. (1989c¢) has shown clearly that, in NHLs, when chromo-
some methaphases are analysed and stained for AgNORs, there is no rela-
tionship between their numbers and the AgNOR content of interphase
cells from the same specimens. This is true of both high- and low-grade
tumours and appears to have shown with certainty that ploidy is rot di-
rectly related to interphase NOR numbers. Perhaps plant cells, with
known stable polyploidies may provide at least part of an answer here.
Certainly, plant “chimaeras” or F, hybrids retain the original NOR sizes of
their progenitors (Fig. 28). Another main problem to be tackled is that of
nuclear AgNOR numbers in relation to the cell cycle. It is known that
these two features are related and variations in the latter in any given
tumour must affect the former. It would be interesting to relate the two
phenomena in individual cells of a given tumour, perhaps with flow
cytometric techniques using cell suspensions. Finally, the use of antibody
or other probes in relation to known NORAPs, such as nucleolin, may tell
us much about transcriptional activities of individual tumour cells. It is to
be hoped that some answers to these questions and further diagnostic ap-
plications may emerge in the next half-decade.
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1 Introduction

Known to be the location of the control data which dictate benign or
malignant behaviour of the cell (LASKEY 1987), the nucleus has been at
the centre of the quest for the pathognomic features of malignancy for
over a century (HALL and Fu 1985). In practical histopathology, interpre-
tation of the features of nuclear size, shape, density and chromatin distri-
bution is usually made with routinely stained sections examined by light
microscopy. Diagnostic histo- or cytopathologists have to base their im-
pressions on total accumulated experience. This expertise is based in turn
on peer review, expert sources and clinicopathological correlation.

This complex pattern recognition occurs principally at the subconscious
level and thus does not lend itself readily to verbal description. Terms com-
monly used to describe features typical of the nuclei in malignant rather
than benign neoplasms include: possession of a high mitotic “rate”, aber-
rant mitoses, pleomorphism, hyperchromaticism, nucleolar abnormalities
and an atypical chromatin pattern (UNDERWOOD 1987). All of these fea-
tures are subjective observations (BECK and ANDERSON 1987).

Despite this limitation, in many practical instances diagnoses based on
such criteria are sufficiently accurate to dictate clinical decisions. The same
learning skills which enabled the histopathologist to embark on diagnostic
practice constantly allow adaptation to new information. For example, the



Quantitation of the Nucleus 153

rapid advances in lymphoma classification (STANSFELD 1985) made possi-
ble by techniques including monoclonal antibody immunohistochemistry
(GOUDIE 1987) are absorbed into the pathologist’s experience. Suddenly,
individual lymphocytes become recognisable as “probably a T cell”, where
previously the morphological features of such a cell were unknown
(BARANSKA et al. 1983). The pathologist has automatically learned the cor-
relation between nuclear morphology and immunophenotype and has used
this correlation for subsequent reference (CROCKER 1984).

For this reason it is unlikely that quantitative microscopy of nuclei, in-
cluding even sophisticated computer-assisted methods, will render human
interpretation of nuclear features redundant. Just as data from previously
described techniques have refined the pathologist’s diagnostic criteria, so
the information from new molecular biological techniques is likely to be
used to similar advantage.

Human diagnostic assessment of histological and cytological prepara-
tions has well-documented limitations arising out of subjectivity. These can
be improved upon by quantitative microscopy. Serious intra- and interob-
server differences have been documented in reporting premalignant cells
from urine (OOMS et al. 1983 a,b; SHERMAN et al. 1984), cervical smears
(SEYBOLT and JOHNSON 1971; DERMAN 1981; BACUS et al. 1984), tissue
samples (SIEGLER 1956; COCKER et al. 1968), and sputum samples (EVANS
and SHELLEY 1982).

To understand why such variability should exist within and between
“expert” diagnosticians, the strengths and weaknesses of the human visual
system must be considered (HALL and Fu 1985). Edges and boundaries
are easily detected due to the arrangement of ganglion cells at the retinal
level and the presence of occipital cortical neurons sensitive to frequency
distribution. Higher analysis of these frequency distributions enables com-
plex pattern recognition which is both rapid, due to parallel data proces-
sing, and accurate (GONZALES and THOMASON 1978). Limited by serial
data processing, machines cannot presently match this speed and accuracy.
Despite this, there are conspicuous deficiencies in human visual percep-
tion. Absolute spatial distribution is poorly judged; the visual system con-
centrates on relative features (MARR 1982). Optical density cannot be
assessed accurately due to adaptation mechanisms to light intensity in the
iris and retina. Higher-order statistical relationships in an image, such as
those within the texture of nuclear chromatin, are not well recognised.

1.1 The Potential Advantages of Quantitative Techniques

The potential advantages of the various methods of quantitative micros-
copy of the nucleus will now be discussed against the background of the
strengths and weaknesses of the human visual system. While the eye easily
detects all-or-none phenomena, quantitative techniques are better for as-
sessment of continuous parameters such as size and density. The potential
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advantages of objective nuclear measurement have long been recognised.
HALL and Fu (1985) record that, in 1851, Lebert measured cells and nu-
clei while describing the changes occurring in malignancy, and that Vir-
chow measured cancer cells and described pleomorphism in their nuclei.
Nuclear quantitation offers objectivity in measurement of these nuclear
variables and the numerical data produced are readily communicated and
are suitable for statistical analysis. For this reason it is an area of intense
interest (BAAK et al. 1982; BAAK and OORT 1983; BaAk 1987 a,b), with
long-established stereological principles (UNDERWOOD 1970; AHERNE and
DUNNILL 1982) being incorporated into novel technology for nuclear quan-
titation.

2 Instrumentation

The equipment needed in quantitative studies of the nucleus ranges from
a simple ruler to sophisticated computerised image analysis systems; the
appropriate choice depends on the question to be answered. A ruler held
against a scaled photomicrograph can give valid measurements of dia-
meter, but more sophisticated systems may offer advantages of automation
and data handling speed, allowing large sample sizes to be measured.

2.1 Basic Planimetric Techniques

The best-established and most basic form of quantitative measurement in
diagnostic pathology is point counting. One form of point counting is the
manual counting of “all-or-none” discrete events in a section, for example,
the counting of mitotic figures in a section of a uterine smooth muscle
tumour to assess malignancy (CHRISTOPHERSON et al. 1972). Even with
such an apparently simple technique, consideration has to be given to ob-
server disagreement in what constitutes a mitotic figure, the effects of tem-
perature and fixation on the completion of mitoses, section thickness
(BROWN et al. 1986) and tissue shrinkage (ABERCROMBIE 1946).

The most familiar type of point counting is overlaying a grid pattern
on a photomicrograph. This basic technique remains a standard against
which modern digital image processing systems are tested. Although point
counting techniques have most commonly been applied to relatively large
structures within tissue sections, for example gland lumina and epithelial
volume fractions in endometrial tissue (BAAK et al. 1981b, 1987, 1988a),
they remain applicable to suitably magnified images of nuclei.

Well-recognised mathematical relationships have been developed from
the work of the geologist Delesse in 1847 describing correlation between
appearances in transection planes and underlying three-dimensional
geometry. These deductions from a two-dimensional section to a three-
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dimensional tissue are termed stereology. The mathematical considerations
underlying stereology have been well reviewed (WEIBEL 1963, 1979, 1980;
AHERNE and DUNNILL 1982). Generally, the stereological assessment of
volume fraction of constituents within a cell is easier than the estimation
of surface areas and shapes.

In the agreed standard notation for stereological measurements
(WEIBEL 1979), the parameter being studied is denoted by an upper case
letter (V = volume) while the reference parameter is shown by an upper
case suffix. For example, the volume of a cell occupied by a particular
component such as the nucleus would be shown as V.

2.1.1 Volume Proportions

The volume proportion of a tissue component, such as the nucleolus
within the nucleus determined from an electron micrograph, can be deter-
mined from its volume in a section, applying the fundamental relationship
noted by Delesse:

AA = Vv.

There are three main ways in which this can be carried out: (a) an
eyepiece graticule can be used during direct microscopy; (b) a grid can be
superimposed on a photographic print, a projected section, or a projected
transparency; or (c) a digital image analysis system can superimpose a set
of points over a video image which may then be counted manually or auto-
matically.

The work involved is made more easy if only one point falls on any
one feature (UNDERWOOD 1970). It is therefore important to combine an
appropriate tissue magnification with the point density of the graticule.
The suitabilities of different formats of graticules in practical histomor-
phometry have been discussed (WEIBEL 1963). Although high density lat-
tices, perhaps with 100 points, thrown over a relatively low magnification
image offer the superficial attraction of more rapid area coverage, many
observers prefer to work with fewer points, perhaps only 25, over a higher
magnification image (BECK and ANDERSON 1987). Where several features
are present with widely disparate Vy, values, double lattice graticules may
be used for simultaneous counting of the features.

As with all stereological and morphometric techniques, extreme cau-
tion must be taken to avoid the introduction of bias through the selction
of “favourite” fields for point counting.

2.1.1.1 Avoiding Bias

Random section field selection, perhaps using random number tables or
dice to choose the microscopic stage micrometer coordinates of individual
fields, is a simple method for avoiding observer bias. Even with this
method, there is the theoretical risk of multiple counting of individual fea-
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tures through the inclusion of overlapping fields. A good compromise be-
tween convenience and precision is termed “stratified random” sampling
(WEIBEL 1979, 1980; WEIBEL and GOMEZ 1962). In this, a starting point is
chosen using random numbers, then successive fields are selected using a
regular lattice pattern.

2.1.1.2 Anisotropic Structures

Only spherical or randomly orientated non-spherical structures are free
from the problems of anisotropism. The nucleus may be elongated and
sometimes has a clearly polar orientation, for example in various simple
epithelia (RIGAUT et al. 1985). Problems of anisotropism may therefore
occur. Point-counting techniques have the advantage over other planimet-
ric methods that their validity is not impaired by anisotropism (WEIBEL
1979, 1980).

2.1.2 Surface Area Measurements

Surface area measurement by graticule superimposition is more laborious
than volume fraction measurement (computer-assisted image analysis may
offer a less time-consuming alternative). The graticule used contains a
series of lines, the lengths of which are calibrated using a stage micrometer
or a scale bar in an electron micrograph. The observer counts the number
of times these lines are intersected by the surface being investigated. The
surface density (surface area per unit volume) is given by:

SV L
where I is the number of intercepts and L is the represented length of the
test lines multiplied by the number of fields measured. Provided that a
curvilinear graticule line such as that described by AHERNE and DUNNILL
(1982) is used, surface areas can still be assessed validly in anisotropic
structures. The total surface area of the structure being studied can be ob-
tained by multiplying Sy by the total volume of the tissue.

Estimates of surface area obtained from studies carried out at different
magnifications are not directly comparable due to the Mandelbrot effect
(WEIBEL 1979). Progressively higher magnifications of the same structure
reveal increasing numbers of surface indentations and details leading to
apparently increased surface area. Studies of surface area may only there-
fore be compared directly when performed under identical conditions
(BROWN et al. 1986). A potential field where the Mandelbrot effect may
operate in nuclear analysis is in the examination of complex shaped nuclei
such as those in T-cell lymphomas (BARANSKA et al. 1983; SIMON 1987),
the apparent degree of nuclear convolution being dependent on magnifica-
tion.
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2.1.3 Number of Objects in an Organ

Counting the number of objects in an organ, for example the number of
nuclei in a tissue or the number of nucleoli in a nucleus, is more complex
than estimation of Vy or Sy,. Most biological particles are variable in size
or shape. The extent of either of these variations may not be apparent at
the start of the experiment. The description of shape is itself a complex
and specialised area of morphometry (TSUBAKI and JiMBO 1979;
GSCHWIND et al. 1986; STEVENS et al. 1987). The formal mathematical
elimination of distributional error requires preliminary analysis of the
structures under investigation (ADAMS 1968). Simplifying assumptions,
such as those described by DE HOFF and RHINES (1961), can be used to
allow estimates to be made from relatively simple measurements, but all
have limitations. For example the method of DE HOFF and RHINES (1961)
is only strictly valid where objects are relatively large, spherical and vary
only in diameter. Different procedures apply for particles much larger than
the section thickness, for those similar in size to the section thickness and
for those substantially smaller than the section thickness.

Where objects are not necessarily spherical but are thought to have a
regular shape the method of WEIBEL and GOMEZ (1962) may be used:

KNAS/Z
T bV

In this formula K is a size distribution coefficient, b is a “shape factor”
and N,*? is the cube of the square root of the number of particles per unit
area in the section. The values of b for particles of commonly encountered
biological shapes have been described by WEIBEL (1979). Detailed applica-
tion of this and other formulae has been described by BROWN et al.
(1986). :

As can be seen, the formal methods for estimating the true number of
objects per unit area are complicated. In practice, given repetitive tissue
processing by identical techniques leading to identical shrinkage, counts of
particles per unit area of sections carefully prepared at similar thickness
may be adequate for reference purposes. In this way, for example, inflam-
matory cell nuclei per unit area have been counted to compare the im-
mune response to different antigen preparations (BECK et al. 1986).

v

2.1.4 Mitotic Indices

Proliferation indices are estimates of the fraction of the cell population
occupying any part of the cell cycle. The two most commonly measured
are the mitotic index (Iy) and the flash labelling index (Ig), which is usu-
ally measured by high resolution autoradiography after tritiated thymidine
(WRIGHT and ALISON 1984) or bromodeoxyuridine exposure. The advent
of flow cytometry is rendering the measurement of such indices from tissue
sections, with their inherent problems, less common.
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I, the proportion of the cell population in mitosis at any time, can be
estimated by simple observation. The methods for converting simple mito-
tic counts into the Iy have been reviewed (WRIGHT and ALISON 1984).
Several problems need to be considered in designing this type of study.

The target cell population must be carefully defined. Mitoses are not
distributed evenly throughout tissues; in the intestine they are concen-
trated in the lower parts of the crypts (TUTTON 1973) and in tumours there
may be profound variations in relationship to tumour periphery (HERMENS
and BARENDSEN 1969; AHERNE et al. 1977) and to tumour blood vessels
(TANNOCK 1968, 1970).

A second problem is that of the relationship between the mitotic count
and the interphase nuclear population; there may be non-normal distribu-
tion. Methods for testing for normal distribution have been reviewed
(WRIGHT and ALISON 1984).

Geometrical artefacts must be considered. For example, nuclei in the
different phases of mitosis are unlikely to be the same size as those in in-
terphase. ABERCROMBIE (1946) understated the problem when he won-
dered “whether the size of mitotic figures is not sometimes relevant in the
very numerous investigations of mitotic rate”. Clearly the effect of inclu-
sion of nuclear fragments in tissue sections depends on the relationship
between nuclear diameter and section thickness. Several methods have
been published for correction for this effect (see Sect. 3.2), of which that
devised by SIMNETT (1967) is readily applicable.

Although I, is generally a reliable indicator of proliferative rate, like
other state parameters it is dependent not only on the rate of transit of
cells into mitosis, but also upon how long they remain in that phase. There
is evidence that circadian variations occur in the time cells spend in mitosis
(EVENSEN 1965; MOLLER and KEIDING 1982). In some circumstances,
stathmokinetic techniques such as the metaphase arrest method can be
used to compensate for this effect (TANNOCK 1967).

Because I is so time dependent, it can be influenced by what mitotic
phases are included in the count. Prophase and telophase may be difficult
to recognise in tissue sections. In tissues with high proliferative rates some
investigators have included only metaphase and anaphase counts.

There is evidence that a delay in fixation may lead to a decreased pro-
portion of mitoses, presumably by allowing existing mitoses to go to com-
pletion (BULLOUGH 1950; RAJEWSKY 1965; DENEKAMP and KALLMAN
1973; GRAEM 1979). A possible method for avoiding this artefact is to
“explode” mitoses in ice-cold hypotonic saline, which has the useful effect,
besides inhibiting mitoses, of facilitating recognition of mitotic figures.

Provided that time taken for fixation and methods of fixation remain
the same, there is no reason why crude mitotic counts should not be used
comparatively. They should be quoted for a given area of section at a con-
stant thickness. In practice, mitotic counts taken in this way have proved
clinically useful in predicting tumour behaviour, notably in smooth muscle
tumours of the uterus (TAYLOR and NORRIS 1966).
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2.2 Morphometry and Its Relationship to Stereology

Most simply defined, morphometry is the quantitative description of shape
(BAAK 1987a,b). WEIBEL (1979, 1980) used a wider definition of mor-
phometry as “the quantitative description of a structure”. This definition
could theoretically also include both static and flow DNA cytometry, but
in practice the word morphometry indicates a specific area of quantitative
pathology requiring relatively simple equipment for interactive analysis.
Morphometry is restricted to the estimation of distance, area and volume.
These are continuous rather than categorical measures. Planimetry is a
subset of morphometry and refers to the analysis of images in two dimen-
sions. Stereology refers to the determination of three-dimensional data
from two-dimensional images.

2.3 Specialist Shape Descriptors

Nuclear pleomorphism is one of the hallmarks of neoplasia and, further, it
is incorporated into current grading systems for tumours, for example, car-
cinoma of the breast (BLOOM and RICHARDSON 1957; SEARS et al. 1982;
STENKVIST et al. 1982; FUSTER et al. 1983). In morphometric terms pleo-
morphism shows as irregularity and variability of nuclear shape. Given
that nuclear pleomorphism correlates with the biological behaviour of
some tumours (BLACK and SPEER 1957; NEALSON et al. 1981; PARL and
DuUPONT 1982), quantitation of nuclear shape might be expected to show a
similar or even better correlation with tumour behaviour. It has been
shown that a quantitative index of nuclear roundness separated a group of
prostatic cancer patients with otherwise histologically indistinguishable
tumours into long-term survivors and those who died (DIAMOND et al.
1982 a,b).

The most commonly used quantitative indicator of nuclear shape is the
form factor (F) defined as:

C?.

47 A
where C is the nuclear circumference and A is the nuclear profile area.
Derivatives of this form factor are in use, such as the nuclear contour

index (NCI), first described by SCHREK (1972) and reviewed by CROCKER
(1984). The NCI is defined as:

__ perimeter

V area

A glance at the two formulae shows that for a perfect circle the form factor
(F) is 1 while for the same shape the NCI 3.54 is (= 2/Vxt). The two shape
descriptors are proportionate to one another and increase as the perimeter
of the nucleus becomes less circular. Studies using different shape descrip-
tors based on similar formulae can therefore be regarded as comparable.

NCI
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Although in common use, form factors are relatively insensitive indi-
cators of minor deviations from circularity (YOUNG et al. 1974; BOWIE and
YOUNG 1977; TEICH et al. 1979). This insensitivity led GSCHWIND et al.
(1986) to investigate other shape descriptors concerned with ellipticality,
concavity and irregularity of contour (PANOZz0O and HUERLIMAN 1983).

One approach towards measuring irregularity is assessment of elliptical-
ity of nuclear contour. Thios can be achieved either by measuring the ratio
of the short and long axes of the corresponding (“best fit”) ellipse or by
measuring the difference in area or roundness between actual contour and
its corresponding (“best fit”) ellipse.

Another type of shape descriptor which is insensitive to “smooth” con-
tours, but very sensitive to sharp angles is the “bending energy” (YOUNG
et al. 1974; BOwIE and YOUNG 1977). This can be simply described as, sup-
posing the nuclear perimeter were made of stiff wire, the amount of
energy which would be required to bend it back into a circle.

A further class of shape descriptors, reviewed by GSCHWIND et al.
(1986), measure the concavity of contours and are hence a way to quanti-
tate irregularity or “crinkliness”.

A mathematical approach to the crinkliness of outline is through
Fourier spectrum analysis of the frequencies derived from angular changes
in direction of the nuclear outline. Comparing this and other shape de-
scriptors using scatter diagrams from the same set of outlines analysed by
different methods, GSCHWIND et al. (1986) found poor correlation be-
tween different types of shape descriptor. This poor correlation suggests
that some of the novel shape descriptors may perform differently from
others and thus merit future investigation in nuclear quantitation.

Addressing the quantitation of cleaved nuclei in non-Hodgkin’s lym-
phoma, STEVENS et al. (1987) introduced two new shape descriptors previ-
ously employed in a non-medical science (TSUBAKI and JIMBO 1979). The
first descriptor, “convexity-concavity” (C-C), is based on the ratio between
mean feret diameter (fd) and the perimeter-equivalent diameter:

C-C = fd/Pd,

where Pd = perimeter/n. The mean feret diameter is the mean of a series
of readings of diameter taken in, say 16 different directions across the nuc-
leus as though using a pair of calipers (in practice achieved by digital
image analysis). The maximum value for a nucleus without any concavity
(invagination) of its outline would be 1.

The second descriptor, “slimness” (SL), describes nuclear profiles
which are elongated or ellipsoidal. It is defined as the coefficient of varia-
tion (CV) of the feret diameter; in other words, it is the standard deviation
of the feret diameter divided by the mean feret diameter.

SL = CVfd = SDfd/id

Since the SDfd is zero for a circular nuclear profile, the index has a value
of zero for this shape.
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Fig. 1. The nuclear chain code is obtained by following the nuclear contour, each segment
being listed according to the direction on the star diagram (left) with which it corresponds. The
smoothness of nuclear contour is obtained by addition of the absolute differences in directional
change along the contour. (WIED et al. 1981)

These two shape descriptors, novel to pathology, were shown to be use-
ful in classifying ellipsoidal and cleaved nuclei in non-Hodgkin’s lymphoma
(STEVENS et al. 1987) and deserve investigation in other fields.

An entirely different approach to the measurement of smoothness of
nuclear contours is the chain code method (Fig. 1). This method measures
the absolute differences in directional change along the contour.

2.3.1 Morphometry of Subnuclear Structures

While most morphometric studies of the nucleus have concentrated on
nuclear overall size, shape and DNA ploidy, some have analysed subnuc-
lear structures. These have included the nucleolus (COUVE 1985; VASQUEZ-
NIN et al. 1986; MCLEAN and GAMEL 1988; SOKOL 1989), the chromatin
pattern (RENAU-PIQUERAS and CERVERA 1983), including symmetry of its
distribution (PANNO 1988), and electron microscopic studies of different
nuclear components (BARANSKA et al. 1983; MARALDI et al. 1986a,b).

2.4 Static Cytophotometry

As discussed earlier, due to its advanced mechanisms for adaptation to
light levels, the human eye is a very poor judge of absolute light intensity.
Cancer cells are characterised by hyperchromatic nuclei, meaning that the
chromatin within the nucleus, as stained by routine stains such as
haematoxylin, appears excessively dark. In stating this, the pathologist is
implying that the nucleus contains more DNA than an ordinary diploid
nucleus, in other words that there is DNA aneuploidy. In referring to nu-
clear ploidy as determined from static and from flow cytometry, the term
“DNA ploidy” should be used in preference to the term “ploidy” (HID-
DEMANN et al. 1984). This is because true ploidy can be determined only
from standard cytogenetic preparations; cytophotometrically determined
“DNA ploidy” is only accurate to the order of about *+ 3 whole chromo-
somes (LOVETT et al. 1984; QUIRKE and DYSON 1986).

Photometric (densitometric) equipment capable of measuring light
intensity was developed from morphometric equipment. The first device,
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the cytophotometer, was developed by CASPERSSON (1936). The original
device worked only with ultraviolet light, but was subsequently developed
to work within the visible light spectrum (SWIFT and RASCH 1956). Most
descriptions of cytophotometry deal with attempts to estimate the total
nuclear DNA content, although there is no theoretical reason why any
other compound capable of binding a dye should not be quantitated in
this way.

For analysis of DNA content, routine stains such as haematoxylin are
suboptimal since they bind non-stoichiometrically to DNA intensity of
staining depends on the concentration of the dye used in the staining pro-
cedure. Dyes with a stoichiometric relationship to DNA should be used,
where it is possible to be confident that the amount of dye bound is pro-
portional to the amount of DNA in the nucleus. Many initial studies
employed the fluorescent dye, acridine orange, but ease of operation, in-
cluding the avoidance of the need to generate ultraviolet light, has led to
more extensive use of the Feulgen technique. After controlled hydrolysis
in hydrochloric acid, this results in a purple coloured absorptive dye
stoichiometrically bound via the periodic acid-Schiff reaction to sugar
moieties on DNA (NAORA 1955).

Since the absorption peak of the dye is at 546 nm, ideally the nuclei
should be illuminated in monochromatic light at this wavelength so that
they will have maximum optical density, giving the highest possible signal-
to-noise ratio (ERHARDT et al. 1985). Some studies have used stringent
production of monochromatic light by interference filters such as the
Schott line filter (ADAMS 1968), while in others specific filtration has not
been described (FLINT et al. 1988). In the absence of an interference filter
a polychromatic green filter may yield adequate nuclear contrast.

Early static cytophotometric techniques used a fixed aperture to deter-
mine the area of sampling. Because the aperture could not precisely fit
the nuclear contour, the nuclear areas are intentionally under- or oversam-
pled.

Undersampling the nuclear area was called the “plug” method, since a
plug of density information was sampled from the centre of the nucleus.
This information was then multiplied by a calculated nuclear area derived
from a series of nuclear diameters on the basis that total DNA is propor-
tional to nuclear area multiplied by optical density. Irregularities in nuclear
outline would degrade the accuracy of this technique.

The alternative approach of deliberately oversampling the nuclear area
carried the risk of inclusion of debris outside the perimeter of the nucleus
in the optical density measurement — a significant problem in solid
tumours.

Irregularities in the distribution of stain within the nucleus introduce a
second type of error. For example, some nuclei such as those of plasma
cells and the “Orphan Annie” nuclei of papillary carcinoma of the thyroid
(OYAMA 1989) have peripherally dispersed chromatin. Since optical density
is a function of the logarithmic ratio of transmitted to incident photon flux,
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irregularities in distribution produce a positive bias into estimation of total
density. This distributional problem can be overcome in two ways. Instru-
ments such as the Deeley scanning microphotometer used a slotted
mechanical disk to mask the image, within which several point readings
were taken so that logarithmic transformation could be applied before
summation (ATKIN 1970). Current methods employ electronic masking of
the nuclear contour together with individual analysis of the grey-scale val-
ues within the enclosed area (MARCHEVSKY et al. 1987 a).

Since even with current computer-assisted image analysis systems
the individual nuclei to be assessed have to be selected by a trained ob-
server, the procedure is relatively slow; most studies are restricted to
about 100 nuclei per sample (HALL and Fu 1985). This leads to a re-
latively high coefficient of variation in the results with consequent in-
sensitivity to small changes in DNA ploidy (BAAK 1987a,b). For this
reason, coupled with the increasing use of flow cytometry with its high
sampling rate of 10000—100000, cells per minute (LOVETT et al. 1984)
and applicability even to paraffin-embedded tissues (HEDLEY et al. 1983,
1985), the use of static cytophotometry is less widespread than that of
flow cytometry.

Nevertheless, the DNA ploidy results from static cytophotometry have
been validated by demonstration of high correlation with flow cytometric
data (AUER and TRIBUKAIT 1980; CORNELISSE et al. 1984; KREICBERGS
et al. 1981; FossA et al. 1983). Further, static cytophotometry has a key
advantage over one insuperable feature of flow cytometry. The flow
cytometer analyses cell suspensions from tissue homogenates. Therefore if
a minority cell population is the subject for study the results from that cell
population are likely to be swamped by data from more prominent cell
populations. This is well exemplified by scirrhous breast carcinoma, where
only about 20% of the tissue volume is tumour cells and the rest is stroma
(UNDERWOOD 1972). Further, many tumours are surrounded by large num-
bers of . inflammatory cells (UNDERwWOOD 1974). With static
cytophotometry, the cells for study are actively selected by the observer
and unwanted cells are ignored.

Just as in flow cytometry, where cells can be classified by multiple pa-
rameters (for example, nuclear DNA ploidy coupled with a particular
cytological staining reaction), this may also be possible with static
cytophotometry. The development of real-colour computerised image ana-
lysis systems will allow simultaneous assessment of several cell variables.

2.5 Hardware for Video-Based Image Analysis

The increasing sophistication and reasonable pricing of microcomputers,
together with advances in video technology, have meant that most re-
searchers involved in quantitation of the nucleus have turned to video-
based image analysis (WIED et al. 1981; BAAK et al. 1982; MARCHEVSKY
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et al. 1987 a). The considerable advances in digital image processing, fos-
tered by commercial incentives to meet the pattern recognition require-
ments of military surveillance, quality control and robotics, are available
in analysis of video images.

Increasing use of video systems is a logical progression since they avoid
some of the shortcomings of human vision. The most rudimentary video-
based image analysis system includes: a computer with specialised
hardware, a video camera and monitor, interactive peripherals and data
storage systems.

2.5.1 Computers with Specialised Hardware

A wide range of commercially available desk-top personal computers can
form the centre of a successful video-based image analysis system. A popu-
lar choice for adaptation to image analysis is the IBM PC AT (MizE 1985),
but cheaper computers such as the BBC microcomputer can be employed
in limited applications (LOWE and HARVEY 1986). Commercially available
image analysis systems contain dedicated microprocessors for digital image
analysis and for interface to digitiser tablets (for example the Kontron
MOP Videoplan) or to mouse input (Seescan Solitaire Plus, Seescan Ltd).
Computers suitable for digital image analysis must have at least options of
hardware for analogue/digital converters (ADC), digital/analogue conver-
ters (DAC), frame buffers and ancillary peripheral interfaces.

2.5.1.1 Analogue/Digital and Digital/Analogue Converters

Most video cameras produce an analogue output (typically a voltage)
which is a format which cannot be accepted by a computer. It must be
digitised (made numerical) before the computer can recognise the data
(CASTLEMAN 1979), using an ADC. The converse of this is true when an
image returns from the computer to the video system; the DAC converts
the digital signal into analogue voltages to drive a video monitor.

Video signals carry information as a series of horizontal parallel lines
scanning the cathode ray tube, each with a succession of different light
intensities (grey levels). The ADC divides each line into a series of light
points called pixels; it assigns a numerical value to the grey scale level for
each pixel. In this way the video image is converted into a matrix of num-
bers suitable for presentation to the computer. Most ADCs will accept
either 256 lines of 256 pixels each or twice this number. This is far inferior
to human visual acuity which can resolve the equivalent of about 10000
lines of information (SADUN 1985). In the event of a video camera offering
higher resolution than this, the extra information becomes redundant.

Analogue/digital converters resolve different numbers of grey scale in-
tensities. Those based on a six-bit converter resolve 64 (= 2°) levels while
the increasingly common eight-bit converters resolve 256 (= 2%) levels.
Thus the full intensity scale in the latter instance ranges from black (0) to
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white (255). This number of grey levels far exceeds the capabilities of the
human eye, which can resolve only about 64 grey levels in an image. The
conversion time for most ADCs and DAC:s is 1/30th of a second or faster.

2.5.1.2 Frame Buffer

The amount of information in a monochrome video image of average re-
solution is large even by the standards of modern data storage systems.
For example, an eight-bit grey level matrix of 512 X 512 pixels is digitised
into 262 144 bytes. Theoretically, this information could be stored in a stan-
dard mass storage system such as a hard disk drive, but storage and re-
trieval times render this impracticable. The frame buffer (temporary video
image store) is an additional dedicated memory connected to the output
of the ADC which can hold at least one digitised image at a time. Typically,
the frame buffer overwrites the previous video image each time the image
is scanned (usually every 25th or 50th of a second in the UK). At any time,
the user can capture the stored image for processing, preventing its being
overwritten.

2.5.1.3 Ancillary Hardware Components

Specialised hardware capable of performing standard image-processing
functions has been developed, installation of which lifts the burden of op-
eration from what would otherwise be complex programs with long opera-
tion times (PRATT 1978). [

Look-up tables (LUTs) are one of the most widely used aids to image
analysis. They are electronic boards operating within the ADC which corre-
late one set of values with another arbitrarily selected set of values. For
example, an LUT can map the range of pixel grey intensities from 0 to 255
with another set ranging from 255 to 0, resulting in a negative image. A
range of other useful functions is possible. Contrast enhancement can be
achieved by redefining which grey shades are mapped to black and to
white when the image is displayed. Pseudocolour can be inserted by assign-
ing colours to different ranges of grey shades to highlight features. The
pseudocolour image is then stored in a colour LUT, LUTs can perform
image averaging where several different images of the same object are av-
eraged to reduce the effect of electronic noise on the signal. Image subtrac-
tion can be used to cancel out problems of uneven object illumination.
For example, by subtracting the image of a slide with no specimen present
from that of the section to be observed, uneven illumination is digitally
compensated. )

Image division is possible through LUTs and is essential in the mea-
surement of optical density needed in microdensitometry. Since optical
density is the logarithmic ratio of original light intensity over that seen
when an object (such as a cell nucleus) is placed in the light path, it is
necessary to divide images of samples by an image of the background light
intensity without the sample present.
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Fig. 2. Three-dimensional histogram of optical density (vertical axis) of three Feulgen-stained
lymphocyte nuclei. The abrupt change in optical density at the edge of each nucleus, shown
here as the steep sides of each “plateau”, allow recognition of their boundaries by selecting an
arbitrary optical density level above which objects are considered to be nuclei

These image manipulations within LUTS are carried out by an arithme-
tic logic unit (ALU) interfaced to the LUT, ALUs can also support useful
functions such as deblurring, filtering and edge detection based on rates
of change within the grey scale values or by thresholding (Fig. 2). A useful
arithmetic function carried out in some systems is correction for convex or
concave distortion — a defect of most optical systems — by shifting the
image to positions which have been predetermined by testing the system
with the image of a grid of squares.

Histogram extractors are mechanisms for calculating the frequency dis-
tribution of grey scale levels in an image stored in the frame buffer. This
information is used not only to display histograms but also for edge detec-
tion and contrast enhancement.

2.5.1.4 Video Cameras and Monitors

Many nuclear quantitative studies have been performed with photographic
prints (BOON et al. 1980, 1984; DIAMOND et al. 1982 a,b; TANNENBAUM
et al. 1982; BONDESON et al. 1983; EPSTEIN et al. 1984; LESTY et al. 1986).
This indirect approach is time-consuming, uses photographic materials and
introduces two stages of magnification change and distortions into the
measuring system. Real-time (live) video-based systems which allow direct
visualisation of specimens are becoming increasingly popular (MAR-
CHEVSKY et al. 1985, 1986, 1987 a; MARCHEVSKY and GIL 1986). This trend
is likely to continue as video technology advances.

Appropriate choice of video camera is essential for valid video-based
image analysis. A checklist of some key features which must be considered
in selecting a monochrome video camera is shown in Table 1. The two basic
types of camera are electron tube cameras and charge-coupled-device



Quantitation of the Nucleus 167

Table 1. Checklist of key features for selection of a mono-
chrome video camera

Resolution adequate for experimental requirements
Satisfactory performance at experimental illumination intensity
Appropriate wavelenght sensitivity

Satisfactory signal to noise ratio

Ability to withstand high light intensity

Satisfactory operation at prevailing temperatures

Gamma value of unity for optical density measurement

No automatic light circuits for optical density measurement
Robust enough for application

Absence of aberrations such as blooming and lag

(CCD) cameras. The electron tube type is the older established technology
with presently better performance per unit price than CCD cameras in
most applications. They have a higher spatial resolution and a better signal
to noise ratio than CCD cameras. CCD cameras are physically smaller
than electron tube types and have a more accurate geometrical resolution.

Videcon cameras are the commonest electron tube type. They have
poor sensitivity to low light, their response to light is non-linear and they
are normally fitted with automatic light control circuits which adjust the
black level and gain of the camera. They cannot therefore make valid mea-
surements of absolute grey scale values as are required in optical density
measurement. The performance characteristic of most video monitors com-
plements some of the short comings of Videcon cameras. This, coupled
with their peak spectral response in green light, means that they give video
images which appear most like human vision. They are therefore satis-
factory for applications where absolute grey scale measurement is not
required. Their sensitivity to damage by excessively bright light must be
considered.

The Newvicon camera is a more expensive electron tube type than the
Videcon. It offers advantages including: twenty times higher light sensitiv-
ity than the Videcon, relative resistance to light damage and a linear re-
sponse to light intensity (unity gamma), having no automatic light gain
control circuitry. It is particularly suited to fluorescent microscopy and to
densitometric measurements. For densitometric analyses, a black stripe
may be applied to one edge of the camera face plate so that a black signal
is included in each line of the video image. This allows the writing of sys-
tem software to calibrate the video signal for true grey scale values. New-
vicons produce higher spatial resolution and a better signal to noise ratio
than do Videcons. However, the video image from them appears dissimilar
to the human visual image due to apparent lack of contrast and a peak
spectral response in the red.
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Charge-coupled-device cameras consist of an array of photosensitive
cells which collect charge which is then dispersed as they are read by the
video signal. They are an emergent technology which at present is limited
by the relatively low numbers and varying light response of the individual
cells. Because of the rectilinear configuration of the cell array, they have
high geometrical accuracy. They have even less potential for light overload
damage than the Newvicon.

Colour cameras are of two main types. Single tube cameras produce a
video signal with two main elements: full resolution monochrome data and
low resolution data concerning colour hue. For real-colour image analysis,
this composite signal has to be decoded into individual red, green and blue
signals. These signals retain the disadvantage of low spatial resolution for
the colour information. Three-tube cameras, which have separate red,
green and blue tubes, produce colour data of high spatial resolution which
is more suitable for some image analysis applications.

Choice of video monitor is less critical than that of the camera since
the monitor serves merely to allow the operator to see the image being
processed. In selecting a monitor compatible with the camera and system
it should be remembered that the image processing hardware frequently is
limited to processing 512 or fewer lines. Any extra resolution inherent in
the monitor will not be reflected in system performance. In testing the re-
solution of video monitors it is worth considering that resolution in the
horizontal direction is customarily only about 80% of that in the vertical
direction.

2.5.1.5 Interactive Peripherals

Fully automatic image analysis systems are not at present widely applicable
to pathology since the images being analysed and the data sought from
them are too complex for current technology to interpret reliably. Some
form of skilled intervention is usual. A range of peripheral equipment has
been devised to allow operator control in computerised interactive mor-
phometry (CIM) (MARCHEVSKY and GIL 1986). A typical compromise
within CIM is that the skilled operator recognises suspicious cells of in-
terest, free from overlap with other cells and which are likely to be ame-
nable to quantitation by the image analyser. Such cells are pointed out
to the CIM system using one of the interactive peripherals to be described,
following which the image analysis system takes over the automated
functions.

Light pens generate the coordinates of the spot to which they point on
the screen. They are common in other areas of computer technology, par-
ticularly for selection from menus on the screen. Due to their low resolu-
tion and the need for complex software to support the devices, they are
infrequently used in CIM.

Digitising tablets (Fig. 3) are devices containing various types of elec-
tromechanical tracking hardware over which the operator moves a stylus.
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Fig. 3. The digitising tablet, to the right of the microscope, is a commonly used electromagne-
tic device for transferring stylus coordinates to the computer. It is seen here connected to the
MOP-Videoplan, a manual video-based image analysis system (Kontron Electronics, St. Al-
bans, England)

The video system generates a confirmatory image of the stylus position on
the screen. The stylus may be used to trace either actual photographs
placed on the digitising tablet or may be moved over an empty tablet to
trace an image on the video monitor. Spatial correspondence has to be
assumed and relied upon between coordinates on the tablet and those in
the video image.

The mouse is the familiar and convenient roller-ball pointer used in
microcomputers as a means of coordinate input (Fig. 4). Tracking is suffi-
ciently accurate for tracing images with the cursor displayed on the screen,
in addition to the familiar role in menu selection. One problem with the
mouse is that the operator traces in one plane an image which appears in
another. This feat is difficult for some operators.

Touch-sensitive screens are transparent overlays with built-in tracking
systems similar to those found in digitising tablets; they are placed over
the screens of video monitors (SILAGE and GIL 1984; GIL et al. 1986).
Most react to any pressure source, but some require a specialised stylus.
They offer the advantage of tracing very close to the actual video image
and a white line may be made to appear on the screen to show the areas
which have been touched. Disadvantages include a resolution usually
lower than the pixel resolution of the video image, lack of sensitivity, the
need for calibration and wear with heavy use.

2.5.1.6 Storage Systems

As discussed in Sect. 2.5.1.2, whole digitised images take up considerable
amounts of computer memory. Many projects can be executed without
storage of actual images, only the data which result from their analysis
being stored. When it is considered necessary to store whole images (for
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Fig. 4. The mouse (foreground) is an increasingly popular interactive peripheral for driving
the cursor in interactive image analysis. It is seen here as part of the Seescan Solitaire Plus
semiautomatic image analysis system (Seescan Ltd, Cambridge, England)

example when the same image is to be processed later by different
techniques), the options of floppy disk, hard disk and tape storage are
available. In the future, laser disk recorders, with their ability to store
large numbers of high resolution images and rapid retrieval, are likely to
become widespread.

2.5.1.7 Servo-Driven Microscope Stages

Microscope stages can be manufactured with stepping servomotors driven
by a chain of impulses from a computer. The computer can thus move the
slide in the X and Y directions for either systematic scanning of the whole
slide or for relocating a feature of interest. The coordinates intended and
those actually reached by the servo system may not always correspond ac-
curately and most current systems can scan only relatively small areas. The
chief use of servo-driven microscope stages so far has been in the systemat-
ic zig-zag scanning of cytological preparations (GREENBERG et al. 1986;
GARCIA et al. 1987).

2.6 Specimen Illumination: Problems and Solutions

With its poor perception of absolute light intensity (SADUN 1985; YATES
1978), the human visual system is often oblivious to unevenness of illumi-
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nation over either the microscope field or a photograph lying on a copy
stand. Video-based systems, with their sensitivity to absolute light inten-
sity, immediately show up uneven illumination. Such unevenness not only
invalidates data based on absolute grey scale values, but also hampers
image segmentation based on grey scale levels. Before image analysis can
commence, the illumination of the system should be made even, perhaps
using the video image of the background with the contrast enhanced via
one of the LUT functions to make more obvious any unevenness of illumi-
nation. With most microscopes, even illumination can be achieved by ad-
justing the substage condenser and by moving the lamp filament in X, Y
and Z directions.

If even illumination still cannot be achieved, the problem can often be
reduced by storing an image of the background (an area of the slide with-
out any specimen present) and subtracting this digitally from the specimen
image. This also has the advantage of reducing the effect of any dust partic-
les in the light path. An alternative is to subject the image to high-pass
filtration, which enhances edge detection while reducing the effect of
gradual changes in intensity.

With analysis of absolute grey scale values, including optical density
measurements, there is usually a need to divide the background control
image by the specimen image. Naturally both images have to be captured
under identical conditions of illumination, but this can be problematic
where illumination is provided by a filament light source. Since the power
dissipated by a resistive filament is proportional to the square of the volt-
age applied and the light intensity varies exponentially with the voltage
over some parts of the voltage range, a constant voltage source is needed.
In measuring optical densities, one way round the problem is to measure
the background light intensity from the image containing the sample. For
example ALLISON et al. (1988) measured background light intensity of a
three pixel wide annulus around each nucleus to be quantitated.

In the longer-established method for quantitation of nuclear DNA,
nuclei are scanned by a small spot of monochromatic light. The intensity
of each spot is measured at each point as it scans across the microscope
field. For valid results, the spot size must be chosen carefully (MAYALL
and MENDELSOHN 1970; GOLDSTEIN 1970, 1971 a,b; DUUNDAM 1980 a, b).
The incident light must be at the wavelength of peak absorption of the
stain and spectrally pure (ALLISON et al. 1981, 1984a; ALLISON 1985;
RAscH 1985). Glare level within the equipment, which reduces the appar-
ent density of the nuclei, must be minimised (GOLDSTEIN 1970). Provided
that these factors are considered, the technique can measure DNA content
with a precision adequate for most biological purposes (BEDI and GOLD-
STEIN 1976; SKLAREW 1982; ALLISON et al. 1984 a) and which betters that
available with video-based image analysis (ALLISON et al. 1984 b, 1988).
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2.7 Common Software Routines in Image Analysis

A number of software routines are in widespread use both in commercial
packages and in custom-built systems.

Point-counting routines are an extension of traditional point counting,
which used a grid superimposed over a microscope image. Instead of this,
a video grid display is superimposed onto a live video image allowing esti-
mates of volume, surface area and numerical particle densities to be made.
The user still has to communicate to the computer information on which
points overlie which structure. This is time-consuming but may be facili-
tated by interactive peripherals such as a touch-sensitive screen (SILAGE
and GIL 1984).

Tracing perimeters and boundaries is one of the commonest applica-
tions of video-based nuclear quantitation (MARCHEVSKY et al. 1986,
1987b, c). Software to support the input of these boundaries from digitis-
ing tablets, mice and touch-sensitive screens is available (CASTLEMAN
1979). Attention must be paid to the accuracy and level of control over the
tracing line to obtain satisfactory results (GIL et al. 1986). Most software
supports computation of boundary lengths, enclosed areas, maximum and
minimum diameters, feret diameters and various form factors from the
tracings. The tracing techniques must be repeated exactly between differ-
ent samples and should be tested by the user in various quality control
procedures (SLOOTEN et al. 1985; GIL et al. 1986). In particular, observer
variability must be monitored closely (BARRY and SHARKEY 1985; DAR-
DICK and CALDWELL 1985; CHAN et al. 1987).

On-screen graphics may be superimposed over live video images to
allow estimation of nuclear size. For example, by touching the centre of a
nucleus on a digitiser pad, a series of graded circles may be caused to
appear (MARCHEVSKY et al. 1985, 1986). The operator selects the best
fitting circle, the size of which is known to the computer. Various other
simple shapes can be generated in this way (MARCHEVSKY et al. 1987 a).
The generation of series of enlarging circles is a common routine in auto-
mated image analysis systems for recognition of cells and their nuclei
(Fig. 5).

Linear distances may be measured by the graphic generation of a line
between two chosen points, a common use of which is the calculation of
selected nuclear diameters (MARCHEVSKY et al. 1987 a).

Most CIM systems allow area measurement from segmentation of the
image by grey scale levels from an LUT (MizE 1985). The user observes
the video image (Figs. 6, 7) and selects the various threshold grey scale
values at which pseudocolours are added to the image (Fig. 8). Following
this the image is edited to remove unwanted structures such as debris and
overlapping nuclei. The computer then draws in the boundaries of the seg-
mented objects (Fig. 9) for measurement. In some software packages,
routines to assist separation of touching objects are included, such as erod-
ing all objects by one pixel and then dilating them by one pixel without
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CELLULAR FEATURES ASSESSED
USING ANNULAR SCAN
Nuclear Size and Density
Integrated Nuclear Density
Average Cytoplasmic Density
Clarity of the Nuclear Border
Clarity of the Cytoplasmic Border
Average Background Density

Fig. 5. The annular scan method used to detect a cell and its nucleus in the CYBEST, CER-
VISCAN and TICAS-CDM systems. (WIED et al. 1981)

Fig. 6. Video image, at 256 X 256 pixels resolution, of a Feulgen-stained fine needle aspirate
of a breast tumour
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Fig. 7. The same video image with its grey scale histogram superimposed. The cell nuclei lie
within a comparatively narrow band of grey scale values, making them suitable objects for
recognition by grey scale level thresholding

joining. Routines for separating circles have been written, based on the
separation of two convex surfaces; these inevitably alter shape and discard
areas of overlap.

In histological sections, most current software is unreliable in the auto-
matic detection of the edges of structures of interest; considerable editing
of the image, or even manual tracing of all the structures of interest, is
needed (MARCHEVSKY et al. 1987 a).

3 Specimen Sampling and Preparation

Validity in any quantitative study is dependent on correct specimen sam-
pling and preparation. The attributes of cytological preparations compared
with tissue sections need to be considered and the effects of fixation taken
into account. Appropriate stains must be selected for the feature being
analysed.
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Fig. 8. The same video image with a cursor (horizontal straight white line) superimposed. This
can be moved up and down the image while the grey scale plot of the pixels traversed by it
(curved white line) is superimposed. This allows selection of threshold values for grey scale
segmentation of the image, which is then marked in pseudocolour

3.1 Cytological Preparations

Tumour cells may be sampled from mucosal surfaces (ANONYMOUS 1989)
or from body fluids such as pleural and peritoneal effusions (MAR-
CHEVSKY et al. 1987b), or the cerebrospinal fluid where they remain viable
after exfoliation. In other fluids such as the urine, exfoliated cells rapidly
degenerate. Since this occurs out of the experimenter’s control, it is likely
to have unpredictable effects on quantitative studies.

Fine needle aspiration (FNA) biopsy is an increasingly popular source
of material for diagnostic cytology. Smears made from FNA specimens dis-
play both single cells and small solid tissue fragments. A method for ob-
taining and. transporting FNA specimens has been described (HARRIS
et al. 1987), involving flushing out the FNA syringe into cytological trans-
port medium which is then made into cytospin preparations. In addition
to providing excellent nuclear preservation, this method gives good cell
dispersion and freedom from background debris, yielding ideal conditions
for nuclear quantitative studies.

Mirroring their popularity in diagnostic cytology, FNA specimens have
been used chiefly for nuclear quantitation in the breast (SPRENGER et al.
1979; ZAIDELA et al. 1979; AUER et al. 1980; BOON et al. 1982b:
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Fig. 9. The same image, after segmentation based on grey scale values. The selected areas are
dilated by one pixel, following which the optical density enclosed within the frames so created
is integrated with the area

STENKVIST et al. 1982), thyroid (SPRENGER et al. 1977; BOON et al. 1980,
1982 a; LuUCK et al. 1982; BONDESON et al. 1983) and prostate (SPANDER
et al. 1982; TRIBUKAIT et al. 1983; BOCKING et al. 1984 a,b).

Cytological preparations have the advantage, compared with tissue
sections, of including the whole nucleus. For this reason they are particu-
larly suitable in quantitative DNA studies (PEET and SAHOTA 1984). Their
disadvantages include: (a) loss of all architectural features, leaving the
cells with no histological context, rendering analysis of nuclear polarity
impossible; (b) potential difficulty in identification of the cell type; (c)
problems of overlapping nuclei in clumps, which are liable to harbour the
most atypical cells; and (d) a different nuclear shape compared with that
seen in tissue sections.

The technique for preparing single cell suspensions from paraffin-em-
bedded tissue suitable for flow cytometry (HEDLEY et al. 1983) may also
provide preparations suitable for cytophotometry, given that age of paraf-
fin-embedded tissues does not affect subsequent Feulgen staining (KREIC-
BERGS and ZETTERBERG 1980).
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Fig. 10. Section thickness affects the
content of nuclei and their fragments in
the section. Although the number of in-
tact nuclei and their hidden fragments
(shaded) increases with section thick-
ness, the number of visible fragments re-
mains approximately the same. The dif-
ference in count gives the number of
whole particles per section thickness

Fig. 11. Area proportions are in-
creased if sections are relatively
thick. ‘Greater section thickness
increases both the number of
nuclear profiles and their mean
area. (BECK and ANDERSON
1987)

3.2 Tissue Sections

In contrast to the intact nuclei typical of cytological preparations, nuclei in
tissue sections are frequently sectioned by the microtome (Fu and HALL
1985). The proportion of incomplete nuclei in a section increase as the
nuclear size approaches or exceeds the section thickness (Figs. 10, 11). In
quantitation of nuclear size or cytophotometric DNA analysis, an artefac-
tual skew on the low side is to be expected, resulting from the inclusion of
nuclear fragments. In practice, this has been shown to become a greater
problem the thinner the tissue section (WRIGHT and ALISON 1984). '
Despite skew introduced by the inclusion of nuclear fragments, clini-
cally relevant quantitative studies may still be performed on tissue sec-
tions. Grossly aneuploid tumours are still detected because a proportion
of the cells are included with intact nuclei. Thus when chondrosarcomas
were sectioned at 4, 8 and 12 um (KREICBERGS and ZETTERBERG 1980),
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Table 2. Size distribution in a sample of 400 nuclei measured
in 5S-um sections

1 2 3 4
Nuclear Number of Cumulative Calculated
diameter (um) nuclei count distribution
10 15 14 133

9 37 52 143

8 89 141 154

7 65 206 167

6 68 274 182

5 65 339 200

4 23 362 222

3 27 389 250

2 11 400 286

Column 2: the observed size distribution.
Column 3: the number of nuclei of or above the correspond-
ing size shown in column 1.
Column 4: values for p calculated from Abercrombie’s for-
mula, where A = 40, M = 5 pm and L is the cor-
" responding value shown in column 1.

the proportion of tumour cells with estimated DNA content over the 90th
centile of that present in the fibroblast controls was independent of section
thickness, although estimated mean nuclear DNA content fell with de-
creasing section thickness.

More subtle population differences, however, may be obscured by the
inclusion of nuclear fragments. The polyploid DNA histograms of some
benign cell populations may obscure aneuploid cell populations. Where
more than one cell population is present or when there is polyploidy, the
stem cell modal DNA content can be measured accurately only by deter-
mining the intact nuclear DNA content. An area of study where polyploidy
may mask aneuploidy is the interaction between human papillomavirus
(HPV) (which induces polyploidy) and dysplasia (typified by aneuploidy)
in the cervix (Fu et al. 1981, 1983).

Measuring true nuclear diameter is also made difficult by inclusion of
nuclear fragments in tissue sections. SIMNETT (1967), discussing the mea-
surement of mitotic incidence, described a method of calculating true nuc-
lear diameter, which has been recommended (WRIGHT and ALISON 1984)
over other more cumbersome methods. This method is set out briefly
below.

Tissue sections contain nuclear fragments; therefore the true nuclear
diameter cannot be obtained from the mean of the diameters of the nuclei
(and their fragments) seen in sections. If the mean diameter of nuclei
(even if fragmented) which have their midpoints in the section could be
taken, the true diameter would be found. ABERCROMBIE (1946) gave the
proportion of nuclei with their midpoint in the section as:
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Cumulative count (Column 3)

300
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Calculated
distribution (Column 4)

Number of nuclei and nuclear fragments
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Diameter of nuclei and nuclear fragments (um)

Fig. 12. Graphic solution to the data from Table 2. The curves fot columns 3 and 4 intersect at
7.75 um on the x-axis. This value is taken as the true nuclear diameter. (SIMNETT 1968)
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where p is the number of nuclei with their midpoints in the section, A is
the number of both complete and fragmented nuclei in the section, M is
the section thickness and L is the nuclear diameter.

If the nuclear diameter were known together with the section thick-
ness, it would then be possible to predict the proportion of nuclei with
their midpoints in the section. In practice it is the nuclear diameter which
is being sought and if ABERCROMBIE’s relationship (1946) is used in a com-
parison of the expected proportion and observed numbers of nuclear frag-
ments of different sizes, the diameter can be calculated.

Table 2 shows the size distribution, measured by SIMNETT (1967), of
400 fragmented alveolar cell nuclei in 5-um sections from a previous exper-
iment (SIMNETT and HEPPLESTON 1966). The cumulative count (column 3)
is the number of fragments of, or above, each given size. We need to know
the level in this column at which nuclei are sectioned in such a way as to
project their full diameter (the level at which nuclei have their midpoints
in the section). To generate the expected values for p (column 4) the
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number of nuclei (whole or fragmented) is taken as 400 and the section
thickness as 5 um; these values are substituted along with the apparent
nuclear diameter into Abercrombie’s formula. The value of nuclear diame-
ter from column 1 at which columns 3 and 4 approximate most closely is
nearest to the true nuclear diameter (in other words 8 um). The simplest
way to obtain the nuclear diameter at which columns 3 and 4 would be
equal is a graphical solution (Fig. 12). From this, it can be seen that the
curves intersect at 7.75 um — this is taken as the true diameter of the inter-
phase nucleus. This method is strictly applicable only to spherical nuclei,
but nuclei which are not spherical can also be treated in this way provided
that their orientation is random in relation to the plane of section.

3.3 Tissue Fixation and Processing

Fixation and processing both produce tissue shrinkage, the amount of
which depends on the techniques used. Accurate work requires these vol-
ume changes to be known. Further, there may be differential shrinkage of
tissue elements: for example, collagen fibres often show greater shortening
than other cellular elements. If the volume of an organ is recorded before
and after fixation (possibly by displacement of water in a tank), the fixa-
tion shrinkage factor (f*) may be calculated. This is the ratio of the volume
after fixation to that before. Processing shrinkage can be expressed as the
processing shrinkage factor (p?), which is the area of the traced outline of
a block after processing to that before. The fixation and processing factors
are multiplicative, so an overall linear shrinkage factor (F) can be used to
correct linear measurements. Similarly, F? is used to correct area and F° to
correct volume measurements.

Many nuclear quantitative studies are relative, comparing a study
group of nuclei with a control group; in these circumstances tissue shrin-
kage need not be taken into account provided that the methods of fixation
and processing remain constant during the study. Absolute values will not
be directly comparable between studies using different techniques.

3.4 Staining

Standardisation of staining techniques is crucial to the reproducibility of
quantitative studies (WITTEKIND 1985). Most planimetric CIM work has
used traditional staining methods such as haematoxylin and eosin for sec-
tions, Papanicolaou stain for cervical smears and air-dried Giemsa or al-
cohol-fixed Papanicolaou techniques for FNA specimens. Cytophotometric
studies have generally used stoichiometric stains such as the Feulgen
technique. Since density of haematoxylin staining shows correlation with
Feulgen staining (WIED et al. 1981), with suitable controls and calibration
it could possibly be used in some cytophotometric studies.



Quantitation of the Nucleus 181

60

50

40

30

NUMBER OF NUCLE!

20

Fig. 13. Frequency distribution of 420
lymphocyte nuclei from around the tu-
mour. The mean Feulgen micro-
densitometrically determined DNA
ploidy is taken as the diploid control
value. (DIXON and STEAD 1977)
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4 Analysis of Morphometric and Cytophotometric Data

The software provided in many commercial image analysis systems pro-
vides for statistical comparisons of normally distributed sets of data allow-
ing comparisons of cell populations without retrieval of the raw data from
the equipment. Failing this, the mean, range and standard deviation are
often provided and these should be selected for output since they are the
basis for many statistical comparisons. Before selecting an image analysis
system which cannot perform statistics internally it is worth investigating
the interface capability with other computers to determine whether data
can be transferred directly into the files of another statistical package,
avoiding the need for tedious re-entering of data.

4.1 Analysis of the DNA Histogram

Much of the reported nuclear quantitation literature is concerned with ana-
lysis of the DNA histogram. DNA histograms do not have any unique fea-
tures or problems in analysis which are not present in other histograms.
The problems discussed are applicable to other quantitative data on the
nucleus.

In static cytophotometry, control cells such as fibroblasts and lympho-
cytes are commonly used to determine a mean diploid DNA content for
calibration (Fig. 13). However, variations in instrument sensitivity can
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affect whether diploid and aneuploid cells are distinguished and thus
change the classification of a tumour ploidy pattern. DNA measurements
by static cytophotometry usually produce coefficients of variation (the
standard deviation of the data divided by its mean) ranging from 2% to
3% . They cannot detect aneuploid cell populations with abnormal chromo-
some numbers within 46 £ 2. A further problem is that some calibrant cell
populations such as fibroblasts may be replicating and have some apparent
tetraploid cells in the G, phase of the celi cycle.

The definition of aneuploidy can be difficult. True aneuploidy is de-
tected from formal chromosomal karyotyping and is defined as the pres-
ence of abnormal chromosome numbers. It is customarily taken as a
marker of malignant potential. Benign processes may mimic DNA aneu-
ploidy as determined by cytophotometry. Facultative polyploidy is an
example of a phenomenon likely to cause confusion; it has been observed
in normal hyperplastic states of tissues such as the liver (BOHM and SAN-
DRITTER 1975), thyroid (GILBERT and PFITZER 1977), pancreas (POHL
et al. 1981) and endometrium (WAGNER et al. 1968) and is normal in
megakaryocytes (PENNINGTON and OLSEN 1970; TROWBRIDGE et al. 1983,
1984). It may also be produced by viruses, including HPV, superimposing
polyploid cell populations on the aneuploid populations associated with
cervical intraepithelial neoplasia (Fu et al. 1981, 1983).

Tetraploidy is encountered when cell proliferation occurs, for example
following injury or in the stroma around tumours. This leads to a tetraploid
peak representing cells in the G, phase of the cell cycle. Additionally there
may be some cells with DNA ploidy between the diploid and tetraploid
peaks (DORMER 1987) which are replicating their DNA (in the S phase of
the cycle). Where there are many cells in S phase, the detection of minor
aneuploid populations may be rendered impossible.

Many authors have classified DNA histograms by simple visual inspec-
tion (Fig. 14). Clinically useful classification of tumour samples has been
achieved without more complex techniques (AUER et al. 1980; HALL and
Fu 1985).

The commonest parameter used to describe a DNA histogram is the
stem cell modal value for Gy/G; cells. ATKIN et al. (1959) defined this as
the “average value ... of cells that fall within about 15% of the mode”.
Useful clinical data can be produced from this simple value (ATKIN 1972).
Where there is increased stem cell turnover, formulae for modal correla-
tion based on assumptions regarding the distribution of S phase cells be-
tween the diploid and tetraploid peaks are available (OKAGAKI and 1zuo
1978).

A comparative review of the various computerised modelling methods
available for analysing DNA histogram data has been published (BAISCH
1982). The models which performed best were those using a large main-
frame computer. These usually contained a large number of variables for
which solutions had to be found. These included the mean of the position
of the G, and G, + M peaks, their standard deviation, the age distribution
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Fig. 14. DNA frequency distributions from four cervical tumour biopsies (A—D). The insets
in A, B and D show the distributions for the control population of lymphocyte nuclei. (DIXON
and STEAD 1977)

of the cell population (STEEL 1968), the rate of DNA synthesis and the
relative durations of the G, S and G, + M phase times together with their
standard deviations. WATSON et al. (1987) have suggested an alternative
method for modelling which can be performed on a microcomputer with
only 28 K of addressable memory, which was reported to be satisfactory in
nearly all cases.

An additional problem encountered with some DNA histograms is
poor approximation to a normal distribution. In this case analysis is more
difficult due to unsuitability of parametric statistics.
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4.2 Classification of Nuclei by Multiple Parameters
and Multivariate Analysis

Modern CIM can measure a large number of parameters for each cell;
these are sometimes termed the feature vector for the cell (HALL and Fu
1985). For example in analysis of cervical smears more than 100 (WIED
et al. 1981) and in bronchial epithelial cytology more than 200 (SWANK
et al. 1983) parameters have been included in the feature vector for each
cell. Extracting the clinically relevant parameters or their combinations is
a complex task.

A variety of multivariate analysis techniques are available for identify-
ing the important parameters or their combinations (BAAK and DIEGEN-
BACH 1977; DIEGENBACH and BAAK 1977, 1978 a, b). Provided that a rigor-
ous set of tests is satisfied as to the diagnostic or prognostic value of the
parameters or their combinations (BAAK 1987 b), the identified parameters
can be used in clinical decision making. Most multivariate analysis
techniques compute composite predictors based on combinations of weight
ed features. Feature weightings are selected to minimise classification
errors. This type of approach has been used in calculating “atypia indices”
for cervical (WIED et al. 1981), bronchial (SWANK et al. 1983) and endo-
metrial cells (DIEGENBACH and BAAK 1978 a, b).

Selection of features becomes more difficult as the desired number of
classification groups increases. This is true when cytological preparations
contain several different cell lineages, for example: serous effusions and
cervical or bronchial cytological specimens. Different sets of parameters
become relevant for separating different groups within the classification.
The procedure for classification within the computer then becomes sequen-
tial rather than simultaneous. Use of sequential sets of decisions is illus-
trated in the work of Koss et al. (1975, 1977 a,b, 1978a,b) for classifying
cells in urine. Their classification provides for degenerate cells, benign,
atypical and malignant transitional epithelial cells, HPV-infected cells and
other ¢ell populations such as renal tubular cells. In classifying cells in cer-
vical exfoliative cytology, TAYLOR et al. (1978) used a series of eight binary
decisions.

4.3 Specimen Classification

When any binary decision process classifies biological samples, two types
of error occur. Classification of a benign sample as malignant is called a
false positive and classification of a malignant sample as benign is called a
false negative. Sensitivity of the test is given as:

true positives

Sensitivity = — : )
true positives + false negatives
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while specificity is:
true negatives

Sensitivity = - — .
true negatives + false positives

The thresholds for specimen classification can be arbitrarily altered to
favour the type of error made. Thus if nuclear quantitation were used as a
screening method with cytological preparations it might be decided to err
on the side of false positives. This was the case when CASTLEMAN and
WHITE (1980), studying cervical smears, used a two-stage classification
where cell classification was followed by specimen classification.

4.4 Criteria for Cell and Sample Classification

When human observers are trained to classify nuclei on the basis of the
traditional subjective criteria of size, hyperchromaticism and pleomor-
phism, they are trained to minic the behaviour of an “expert™ pathologist
or group of already trained pathologists. Since the “expert” pathologist
(being human) is partially unreliable, perfect agreement between the
trainee and the expert cannot be expected.

When decision-making alogarithms are built up, or “trained”, the train-
ing process may differ in that no expert is present at the outset. The data
are screened, using multivariate analysis, for similar patterns and correla-
tions between features. Koss et al. (1977 a,b) found similarities between
the results of each type of training process.

5 Some Problems of Statistical Analysis

Apart from the general considerations in the statistical analysis of data
from biological samples, special problems in analysis of nuclear quantita-
tive data arise from non-normal distribution of data.

With the current trend in some journals towards the presentation of
confidence intervals around the mean of a population (GARDNER and
ALTMAN 1986; MORRIS and GARDNER 1988), specific problems arise when
confidence intervals have to be calculated from non-parametric data
(BROWN and BECK 1988c¢). Distribution-free methods have to be used for
this and the intervals may more appropriately be expressed about a me-
dian than the mean (CAMPBELL and GARDNER 1988).

A series of review articles has been published which includes advice on
current statistics packages for microcomputers and their compatibility
(BROWN and BECK 1988a), confidence intervals and significance tests
(BROWN and BECK 1988b), distribution-free methods (BROWN and BECK
1988 c) and other problem areas (BROWN and BECK 1989 a—c). All of these
contain criticisms of the various graphic options available for presenting
data for publication.
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5.1 Sample Size

One of the commonest practical problems encountered in quantitation of
the nucleus is selection of the appropriate sample size. Since many of the
procedures in CIM are time-consuming, no observer wishes to study an
excessive sample size where perhaps a smaller sample could have been
used in statistically valid comparisons. On the other hand, choice of an
inadequately sized sample may lead to a large standard deviation or to
wide confidence intervals. This would prevent detection of any differences
between the means or medians of the populations.

A simple and popular test valuable in planning an experiment is the
method of cumulative means. In this graphical analysis, one nuclear pa-
rameter is measured and its cumulative mean plotted against sample size
(say, 10, 20, 30 ... 100 cells). Initially the line representing the cumulative
mean fluctuates widely, but it eventually becomes nearly straight at the
true mean value. If this value is marked on the graph and lines £ 5% of
the measured value from this are drawn in, the sample size at which the
cumulative mean ceases to fluctuate by more than this can be visualised.
This simple exercise performed for all the parameters being investigated
gives a rough idea of the minimum appropriate sample size.

5.2 Observer Variability

Observer variability in histopathological diagnosis and grading of tumours
and of dysplastic states (partly dependent on nuclear features) is well
known (ISMAIL et al. 1989; ROBERTSON et al. 1989). If we look to nuclear
quantitation to inject science and objectivity into observation of nuclei, it
is essential to ask how reproducible are the results of nuclear quantitation.
A basic rule in morphometry is that the feature being studied must be un-
ambiguously recognisable (HAUG 1980). This may be the case with recogni-
tion of nuclei, but different observers may interpret and trace the nuclear
boundaries differently.

To test this, BARRY and SHARKEY (1985) evaluated intra- and interob-
server variability in planimetry of area, perimeter and form factors in non-
Hodgkin’s lymphomas using linear regression analysis and t-tests. They
found good correlation for area measurement, but poor correlation for
measurement of perimeters and form factors due to difficulty in following
complex nuclear contours. This study has been criticised on the grounds of
the intrinsically complicated shape of the nuclei being quantitated, the low
nuclear magnification at the surface of the digitising tablet, and the use of
a stylus rather than a cross-hair cursor (DARDICK and CALDWELL 1985).
The latter group of authors found better levels of intra- and interobserver
agreement, but again the nuclear contour indices were the area of poorest
correlation. Their better agreement is possibly explicable by their use of
more highly magnified images on the digitiser tablet. Where complex
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Fig. 15. Where nuclear size is small or when subnuclear components are to be quantitated,
micrographs are imaged using a video camera with a zoom lens on a copy stand

boundaries of small nuclei must be traced, increased accuracy may be
achieved through the higher magnification possible when photomicrog-
raphs are imaged by a video camera on a copy stand (Fig. 15) compared
with that available from a video camera directly fitted to the microscope.

Again in a study of lymphoma, CHAN et al. (1987) measured intra- and
interobserver variability for various planimetric parameters. In this study
there was good intra- but poor interobserver correlation for form factors.
It is therefore possible that these variations result from different observers’
interpretations of the level of care with which the nuclear perimeter needs
to be traced.

Whatever the cause of these discrepancies, it is clear that descriptions
of nuclear quantitative studies should include a statement about observer
variation and the degree to which the different observers were trained.

6 Expert Systems

Expert systems involve the application of artificial intelligence (AI) to
quantitative pathology (BAAK 1988). Definition of Al is difficult, just as it
is difficult to define human intelligence. A satisfactory definition of Al for
practical purposes is: “computer programs that can perform a task which
normally requires an intelligent person”. This was the definition used by
the The Second International Conference on Artificial Intelligence System
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(Expert Systems) as Diagnostic Consultants for the Cytologic and His-
tologic Diagnosis of Cancer (BAAK 1988).

It is clear that Al is likely to become applicable to pathology via quan-
titation since this is the numerate equivalent of the diagnostic art. The use
of Al in cancer diagnosis remains limited despite generous funding of the
research in some centres because of the considerable time required to
build an expert system. Currently operating systems reviewed (BAAk 1988)
included: MYCIN, PATHFINDER and INTELLIPATH (developed at
Stanford), INTERNIST (Pittsburgh), OUTCOME ADVISOR(R) and
CONSULT-I(R) (Cincinnati), DEW (Amsterdam and Rotterdam), PECS
(Amsterdam), PARTICLE (Berlin) and TICAS-STRATEX (Chicago).

One feature limiting more widespread development of expert systems
is difficulty with mass storage of large numbers of high resolution images.
The fastest storage and retrieval systems at present are analogue laser
video disks, but in the near future fast access with digitally recorded video
disks is likely to be possible.

6.1 Special Languages for Expert Systems

The special software and languages required to build expert systems are
called “high end tools”. Most are complex and difficult to understand.
Some, such as Gold Words, can run on personal computers. Most, such as
KEE and ART, require large computers. These languages are not restrict-
ed to representing knowledge in the IF ... THEN format, but support
more flexible logic such as “multiple inheritance frame system” and “inte-
grated forward and backward chaining” (BAAK 1988).

7 Nuclear Quantitation in Specific Tissues

Nuclear quantitation has been used widely throughout the organ systems
in analysis of dysplastic and neoplastic states, both to assist diagnosis and
for assigning prognosis. Non-neoplastic states have been studied to a much
lesser extent. The following review of nuclear quantitation in specific tis-
sues does not attempt to be comprehensive, but merely to highlight the
main findings and their correlation with other diagnostic or prognostic aids
and to show the gaps in our present knowledge.

7.1 Mammary Gland

While most nuclear quantitative studies have been concerned with malig-
nant neoplasms, a few studies have concentrated on physiological condi-
tions and benign neoplasms. For example, predominantly diploid DNA his-
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tograms with variable tetraploidy have been reported in lactation (Izuo
et al. 1971 a), apocrine metaplasia (Izuo et al. 1971b), sclerosing adenosis
(STENGER et al. 1980) and fibroadenomas (ZAJICEK et al. 1970; SPRENGER
et al. 1979). BHATTACHARIJEE et al. (1985) advocated nuclear quantitation
as at least a partly sensitive means of distinguishing epitheliosis from in-
traduct carcinoma.

Studying DNA ploidy using Feulgen cytophotometry and its potential
for diagnosis, AUER and TRIBUKAIT (1980) had difficulty distinguishing in-
vasive carcinomas from some benign conditions due to normal DNA
ploidy in the malignancies. BoQuol et al. (1975) had previously detected
aneuploidy in 65% of carcinomas. TAVARES (1968) found a modal tetra-
ploid peak in most carcinomas, but with medullary types tending to have
lower ploidy values.

Planimetric studies of nuclear size in breast carcinomas have found con-
siderable variation in nuclear size within carcinomas and overlap with
some benign conditions, limiting their potential diagnostic use (WALLGREN
and ZAJICEK 1976; ZAIDELA et al. 1979; CORNELISSE et al. 1981; BOON
et al. 1982b; WITTEKIND and SCHULTZE 1987). This problem may arise
because some carcinomas have small nuclei. Some mammary carcinomas,
for example lobular carcinoma, have uniform small nuclei similar to those
in benign states. It is therefore interesting to consider whether bringing in
optical density information through Feulgen cytophotometry can detect
differences between in situ and invasive lobular carcinoma. SACHS (1970)
found higher stem cell modal DNA values in the diploid-tetraploid range
in carcinomas and in “type B” (HAAGENSEN 1971) in situ neoplasms than
in the “type A” small cell in situ neoplasm. It is not known whether the
aneuploid type B in situ neoplasms have a higher malignant potential.

Cytophotometric studies have documented better survival in patients
with diploid than with aneuploid tumours after correction for stage (ATKIN
1972; AUER et al. 1980).

Computerised interactive morphometry has yielded prognostic informa-
tion in invasive carcinomas. Nuclear density and area variances have been
correlated with mitotic activity and recurrence rates (STENKVISTet al. 1981,
1982). BAAK (1985) reported an additional contribution from nucleolar
morphometry over the standard assessment of prognosis in invasive car-
cinoma (PARL and DUPONT 1982). Discriminant analysis of several mor-
phometric features besides nuclear quantitation has been reported to be a
better predictor of 6-year survival (BAAK 1985) than TNM staging (NEAL-
SON et al. 1981; FUSTER et al. 1983).

There is current interest in oestrogen receptor (ER) status of car-
cinomas as a predictor of recurrence (KNIGHT 1977, WESTERBERG et al.
1980; UNDERWOOD et al. 1983) and sensitivity to endocrine therapy
(HEUSON et al. 1977). Correlations between nuclear morphometry and ER
status have been reported. ER has been found to be present more com-
monly in diploid than in DNA aneuploid tumours (BICHEL et al. 1982;
CORNELISSE et al. 1984) as determined by cytophotometry. Purely
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planimetric studies, too, have shown correlation. ER positive tumours
have been shown to have a smaller mean nuclear diameter (ANTONIADES
and SPECTOR 1979) and area (MOSSLER et al. 1982) than ER negative
tumours.

7.2 Female Genital Tract

With its range of dysplastic states, in situ carcinomas and tumours of
borderline malignancy, all posing problems of recognition, grading and
classification, the female genital tract has proved an interesting area for
the application of quantitative studies.

72.1 Uterine Cervix

Exfoliative cytological and histological specimens are easily obtained from
the uterine cervix. Consequently, this site has been subject to numerous
quantitative studies. Early karyotyping and DN A measurements confirmed
the unifying concept of cervical intraepithelial neoplasia embracing both
dysplasias and carcinoma in situ. They showed aneuploid patterns in these
lesions indistinguishable from invasive carcinoma (WILBANKS et al. 1967;
SPRIGGS et al. 1971; ATKIN 1976 a). The changes of cervical intraepithelial
neoplasia (CIN) may regress, persist or progress to invasive carcinoma. FU
et al. (1981) have shown that lesions which regress are largely diploid or
polyploid, while all the lesions progressing to invasive carcinoma are DNA
aneuploid. )

Progression from CIN to invasive carcinoma may be associated with
evolution of new stem cell lines. An increase in aneuploid stem cells with
DNA aneuploidies generally lower than triploid has been observed in sur-
face epithelium adjacent to microinvasive carcinoma (FU et al. 1980) while
the actual tongue of invasive carcinoma contains both high and low ploidy
DNA aneuploid stem cells (ATKIN 1976 a, b).

ATKIN (1976 a) noted that tumours with a high DNA aneuploid pattern
were more radiosensitive than those with only slight aneuploidy. The prog-
nostic importance of ploidy was found to exceed that of histological grade
in those tumours treated with radiotherapy.

Recently HPV infection has been linked to the formation of flat cervi-
cal condylomata in the case of HPV types 6 and 11 and to CIN with HPV
types 16, 18 and 31 (CRUM et al. 1984; BURNS et al. 1987; COLLINS et al.
1988). The characteristic DNA ploidy abnormality associated with HPV
infection is polyploidy (Fu et al. 1983). In transition from warty atypia to
CIN, DNA aneuploid cells become demonstrable (Fu et al. 1983).

The majority of invasive carcinomas of the cervix are of the squamous
cell type, but relative reduction in their incidence possibly following cervi-
cal cytological screening now means that 10% —20% of cervical carcinomas
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are adenocarcinomas (REAGAN and NG 1973; WELLS and BROWN 1986).
In cervical adenocarcinomas, degree of differentiation correlates with
Feulgen cytophotometrically determined DNA ploidy (FU et al. 1982).
Poorly differentiated carcinomas tend to have the higher DNA aneuploid
levels. High-degree DNA aneuploidy is a predictor of aggressive behaviour
in cervical adenocarcinoma (ATKIN 1976b; Fu et al. 1982).

In the rare clear cell metaplasias of the cervix (and vagina) in the prog-
eny of diethylstilbestrol-exposed mothers, measurement of DNA ploidy
has shown that most cases have a diploid pattern and that abnormal mito-
tic figures remain one of the most important indicators of malignant poten-
tial (Fu et al. 1978, 1979).

Automated techniques for screening cervical exfoliative cytological
specimens are currently subject to intensive investigation, partly due to po-
tential commercial advantages from automation of this substantial, labour-
intensive workload. The problems of cellular aggregates (not suitable for
video-based image analysis, yet possibly containing the most significantly
abnormal cells), nuclear overlap and debris currently hamper attempts at
automated screening. An early planimetric study showed progressive re-
duction in nuclear area from dysplasia with increasing grade of CIN and
progression to invasive carcinoma (REAGAN et al. 1957).

More recently, experimental automated systems analysing parameters
such as nuclear size, nuclear-cytoplasmic ratio, nuclear optical density,
shape and chromatin texture show promise for prescreening of cervical
smears. Examples of such systems include: CYBEST (TANAKA et al. 1979,
1982), CERVISCAN (TuckerR and HUSSAIN 1981) and bioPEPR
(ZAHNISER et al. 1979, 1980). The most promising approaches to automa-
tion may lie in contextual analysis where information about a whole smear
preparation is collected by pattern recognition software (GARCIA et al.
1987).

A completely different approach to analysis of cervical smears relies
on linear discriminant analysis of multispectral texture features (sometimes
called intermediate squamous cell markers) which are undetected by the
human eye (WIED et al. 1981, 1984). The histochemical basis of inter-
mediate markers is unknown, although it has been suggested that they re-
sult from alterations in the isoelectric point of nuclear histone proteins
(WIED et al. 1984).

7.2.2 Endometrium

Early detection of endometrial adenocarcinoma is made difficult by small
numbers of malignant endometrial cells in routine cervical smears and by
difficulty in their recognition. Even if these are correctly recognised, the
ensuing endometrial curettings may show various atypical hyperplasias
which may be difficult to distinguish from adenocarcinoma (Fox and
BUCKLEY 1982). Studies by DIEGENBACH and Baak (1977, 1978a,b),
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BAaAK and OORT (1983) and BAAK et al. (1981 a,b) have shown that mor-
phometric analysis of glands in the atypical hyperplasias is useful in their
classification. In contrast to this, classification by nuclear morphological
features is less predictable when combined with architectural features
(BAAK et al. 1988).

In predicting which cases of atypical hyperplasia will progress to car-
cinoma, nuclear morphometric features have been shown to be predictive
(CoLGAN et al. 1983; BAAK 1986), especially when combined with ar-
chitectural features (BAAK et al. 1988).

Fewer studies have attempted to distinguish hyperplasias from car-
cinomas on cytological preparations. SKAARLAND (1985) found the nuclei
of epithelial fragments from both the Isaacs cell sampler and from the En-
doscann instrument to be suitable for morphometric analysis. In cytologi-
cal preparations, REAGAN and NG (1973) found only a slight increase in
nuclear size in simple hyperplasias compared with normal endometrium.
In the same study, the nuclei of adenocarcinomas could be distinguished
by size and nucleolar content from normal cells, although distinction be-
tween atypical hyperplasias and well-differentiated adenocarcinomas could
not be achieved.

In Feulgen cytophotometric studies, the DNA ploidy of normal cyclical
endometrium lies within the diploid-tetraploid range and a clear-cut dip-
loid distribution is found during the late secretory phase of the cycle
(WAGNER et al. 1968). Distinction of hyperplasias from proliferative phase
endometrium is therefore difficult (WAGNER et al. 1967). In endometrial
adenocarcinomas, DNA ploidy correlates with histological grade and prog-
nosis (ATKIN 1976 a,b; MOBERGER et al. 1984). In the latter study, DNA
ploidy proved a better predictor of survival than either clinical stage or
histological grade.

7.2.3 Ovary

ATKIN (1971), in the first substantial series of ovarian carcinomas assessed
for DNA ploidy by Feulgen cytophotometry, showed that tumours could
be classified broadly into those with near-diploid DNA ploidy and those
with higher degrees of aneuploidy. The latter group tended to be in a more
advanced clinical stage at presentation and to have a worse prognosis. The
results of this study have been confirmed in malignant common epithelial
tumours of the ovary. DNA ploidy has been correlated with histological
grade (ERHARDT et al. 1985), with general prognosis (ERHARDT et al.1984;
BAAK et al. 1987) and with response to cisplatin treatment (BAAK et al.
1988 b).

Borderline common epithelial tumours have been studied intensively
by nuclear and general morphometric techniques to determine whether
prognosis can be predicted and in an attempt to define borderline tumours
as a distinct histological entity. They have a heterogeneous DNA content
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(WEISs et al. 1969; FRIEDLANDER et al. 1983), with about one-third
exhibiting DNA aneuploidy (WEISS et al. 1969). This study also found that
DNA aneuploidy correlated with a more advanced clinical stage at presen-
tation. Combining nuclear quantitation with other morphometric features
in discriminant analysis, BAAK et al. (1981 a) and BAAK and OORT (1983)
have been able to distinguish borderline from malignant tumours and this
approach has been illustrated in clinical decision making (BAAK and VAN
DER LEY 1984).

Most nuclear quantitative studies have been concerned with common
epithelial tumours, but one study has correlated nuclear quantitative fea-
tures with prognosis in granulosa tumours (SASSEN and BAAK 1986). This
showed useful prognostic correlations in this tumour with otherwise unpre-
dictable behaviour.

7.3 Urogenital System

Being susceptible to dysplastic field changes, multifocal tumours and multi-
ple tumour recurrences, the urogenital system has been a fruitful area for
nuclear quantitation. This has been facilitated by the ready availability of
cytological preparations.

73.1 Bladder

Grading transitional cell carcinomas is important in prognosis and in plan-
ning treatment. Grade II and III tumours are managed more aggressively
than grade I tumours. Any quantitative procedure capable of refining grad-
ing or yielding extra prognostic data has potential clinical value. In
cytophotometric studies of DNA ploidy, grade I tumours have been shown
to be almost uniformly diploid, while grade III tumours are aneuploid
(TAVARES et al. 1966; FOSSA 1977; BJELKENKRANTZ et al. 1982). Grade II
tumours vary between diploid and DNA aneuploid (HERDER et al. 1982).

Transitional cell carcinomas can be detected and followed up for recur-
rence by urinary cytology. Studying exfoliated transitional cells in grade I
and II tumours, BOON et al. (1984) observed good correlation between the
nuclear-cytoplasmic ratio of the voided cells and tumour grade.

Koss et al. (1975, 1977a,b, 1978a,b) used CIM to measure nuclear
optical density, shape and chromatin texture. Overlap was found in the fea-
tures of benign and atypical cells. Within the atypical cell group two dis-
tinct subgroups, those with slight and those with marked atypia, could be
distinguished. This impression has since been confirmed by others
(TrRIBUKAIT and GUSTAFSON 1980; HERDER et al. 1982).
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7.3.2 Kidney

While there have been several flow cytometric analyses of renal tumours,
Feulgen cytophotometry of these lesions has been less popular. BENNING-
TON and MAYALL (1983) found correlation between nuclear morphometric
features, including DNA cytophotometry, and tumour grade of renal cell
carcinoma. Although both techniques distinguished the nuclei of car-
cinoma from those of normal tubules, neither reliably separated renal cell
carcinoma from renal cortical “adenoma”. TosI et al. (1986 a) reported cor-
relation between nuclear morphometric features and prognosis in stage I
renal cell carcinomas.

7.3.3 Prostate

Establishing quantitative criteria to detect and grade carcinoma in cytolog-
ical preparations from the prostate is likely to be increasingly important in
view of the trend towards use of FNA for initial diagnosis of this increas-
ingly common tumour. Recognition of those malignancies which are low
grade is important since these may be managed conservatively.

Tumour grade has been correlated with DNA ploidy in Feulgen
cytophotometric analyses (ZETTERBERG and EPpisOTi 1980), but this
technique alone is not useful in diagnosis since even moderately differen-
tiated tumours may have near-diploid DNA ploidy (RONSTROM et al.
1981).

Morphometric nuclear analysis has yielded additional diagnostic in-
formation. Nuclei and the nucleoli within them tend to be enlarged in
carcinoma (BOCKING et al. 1984 b). Nuclear form factors (roundness fac-
tors) have been consistently shown to correlate with prognosis (CANTRELL
et al. 1981; DIAMOND et al. 1982 a, b). DIAMOND et al. (1982 a) found this
index useful in distinguishing benign from malignant prostatic cells. Nu-
cleolar enlargement quantitated at scanning electron micrography has been
shown useful in prediction of metastasis (TANNENBAUM et al. 1982).

73.4 Testes

The incidence of malignant germ cell tumours is increased in the maldes-
cended testis (ANDERSON 1988), for unknown reasons. Testicular biopsies
from maldescended testes have revealed increased nuclear size and DNA
content of germ cells (MULLER and SKAKKEBAEK 1984). ;

Both spermatocytic and classical seminomas display aneuploidy (ATKIN
1973; MULLER et al. 1981; TALERMAN et al. 1984). The spermatocytic vari-
ant did not contain any haploid cells (TALERMAN et al. 1984), with the im-
plication that this tumour is not composed of neoplastic spermatocytes
capable of meiotic division. Ploidy in relation to meiosis in germ cell neo-
plasms has been discussed by Fox (1987).
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7.4 Gastrointestinal Tract

The gastrointestinal tract offers challenges to nuclear quantitation, includ-
ing investigation into diagnosis, grading and prognosis of dysplastic lesions
and analysis of the “adenoma-carcinoma” sequence.

74.1 Salivary Gland

A wide range of histological types of tumour occur within the salivary
glands, each with characteristic biological behaviour. Within a given
tumour type, such as mucoepidermoid carcinoma, behaviour and histolog-
ical degree of differentiation have been correlated with Feulgen
cytophotometrically determined DNA values (KINO et al. 1973). In
pleomorphic adenomas and their malignant counterpart DNA ploidy has
been shown to be of some prognostic value (THORUD et al. 1980).

74.2 Oesophagus

Examining severe oesophageal squamous epithelial dysplasias and car-
cinomas, MAKUDA et al. (1978) found that these were commonly distin-
guished from normal samples by DNA tetraploidy. In a study correlating
prognosis with Feulgen cytophotometrically determined DNA ploidy, post-
surgical recurrence was strongly associated with gross DNA aneuploidy
(SUGIMACHI et al. 1984).

7.4.3 Stomach

With increasing interest in dysplastic states and early carcinomas of the
stomach, nuclear quantitation has been used in dysplasia classification and
in prediction of cancer prognosis. CIM has been applied successfully to
gastric brushing cytology (BOON et al. 1981) in an attempt to reduce sub-
jective errors. In a study of a gastric dysplasias, nuclear size proved the
most useful single morphometric feature for their classification (JARVIS
and WHITEHEAD 1985). With their known malignant potential, a variety of
gastric polyps has been studied by Feulgen cytophotometry (WIENDL et al.
1974; SPRENGER and WITTE 1978), although overlap between the DNA his-
tograms of carcinomas and benign conditions was found. In a study of
early gastric cancer, those with the superficially spreading growth pattern
were generally diploid, while those with penetrating growth tended to be
aneuploid (INOKUCHI et al. 1983). ”

74.4 Colon

Although the adenoma-carcinoma sequence in the large intestine has been
studied by general morphometry (KAYSER et al. 1985; JARVIS et al. 1987),
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there has been a relative paucity of quantitative microscopic studies of the
nucleus. GRAHAM et al. (1988) studied nuclear placement within the
epithelium together with nuclear area and its variance within normal
colon, adenomas and adenocarcinomas. Both proved useful in distinguish-
ing the three states. In view of the current difficulty in classifying dysplas-
tic states of the colon (DUNDAS et al. 1987), particularly in relation to ul-
cerative colitis, there is potential for nuclear quantitation in this area.

7.5 Respiratory Tract

Nuclear quantitative microscopy has been used extensively in the classifica-
tion of cytological preparations and of solid tumours from the respiratory
tract in addition to the study of dysplastic states.

75.1 Nasal Cavity and Larynx

Dysplastic states in the upper respiratory tract, some with specific occupa-
tional risk factors, have been studied by morphometric analysis of the
epithelial basal layer nuclei (BOYSEN and REITH 1983; BOYSEN et al. 1983;
RiGAUTet al. 1985). In thin plastic sections, nuclear and nucleolar size dis-
tinguished normal epithelium from squamous metaplasia and dysplasia.

The management and follow-up of dysplasias in laryngeal squamous
metaplastic epithelium is difficult. A useful finding is the association of
high-degree DNA aneuploidy with recurrence and progression to invasion
(BJELKENKRANTZ et al. 1983). In established squamous cell carcinomas of
the head and neck, nuclear morphometry and DNA ploidy measurement
correlate with prognosis (HOLM 1982; DAVIS et al. 1987).

75.2 Lung

Early detection of lung cancer, possibly through improvements in objectiv-
ity of pulmonary cytology, is one way in which the currently poor prog-
nosis may eventually be improved. In one cytophotometric study of
sputum cytology, DNA measurement was found to correlate with nuclear
atypia (NASIELL et al. 1978). PaK et al. (1981), examining bronchial
smears by morphometric and cytophotometric methods, were able to dis-
tinguish different degrees of epithelial atypia. Automated image analysis
used as a screening procedure for sputum samples distinguished meta-
plasias, dysplasias and carcinomas (GREENBERG et al. 1982, 1986; SWANK
et al. 1983).

Within the often difficult classification of lung cancer type, nuclear
quantitation has so far had limited application. BROERS et al. (1988) de-
scribed the successful distinction of small cell and small cell variant types,
which has clinical importance.
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7.6 Haematological Specimens

While there have been some nuclear quantitative studies on non-neoplastic
haematological cells (MAYALL and MENDELSOHN 1970; PENNINGTON and
OLSEN 1970; TROWBRIDGE et al. 1983, 1984; DARDICK 1984; DARDICK and
DARDICK 1984; RICcCO et al. 1985; PAYNE et al. 1985, 1987; GIROUD et al.
1988), most studies have concentrated on differences between normal cells
and those of lymphomas and leukaemias (TOSI et al. 1984; DARDICK et al.
1987; MARCHEVSKY et al. 1987c; STEVENS et al. 1988). The use of mor-
phometric techniques to classify nuclei in lymphomas has been well re-
viewed (CROCKER 1984).

With their complicated nuclear shapes, T-cell lymphomas and
leukaemias have been a fertile subject for nuclear morphometry
(BARANSKA et al. 1983; TosI et al. 1988). These studies have included
examination of nuclear shape and chromatin texture at the ultrastructural
level (SHUM et al. 1986; SiMON 1987). In mycosis fungoides, indices of
nuclear shape have been found useful in diagnosis (MENUER et al. 1980),
while nuclear DNA ploidy correlates with response to therapy (VAN VLO-
TEN et al. 1979).

Few studies have specifically addressed classification or diagnosis of
Hodgkin’s lymphoma, perhaps due to its heterogeneous histological types.
There have been comparative nuclear morphometric studies with non-
Hodgkin’s lymphomas (DARDICK et al. 1987), including a study of circulat-
ing monocytes in these conditions (SOKOL 1989).

In B-cell non-Hodgkin’s lymphomas, quantitation of nuclear size
(CROCKER and CURRAN 1979), shape (TosI et al. 1983; VAN DER VALK
et al. 1983; DARDICK et al. 1984; RAPHAEL et al. 1985; PELSTRING and
SWERDLOW 1987), nucleolar features (VAN DER VALK et al. 1982, 1983) and
ultrastructural features (DARDICK et al. 1985a, b) has been studied exten-
sively in diagnosis and classification. Due to the relatively easy disaggrega-
tion of lymphoid tissues to form good cell suspensions, cytometric analyses
of lymphomas have been more widespread than cytophotometry. DNA
ploidy and S-phase fraction are very important prognostic features
(QUIRKE and DYSON 1986).

7.7 Skin

The measurement of invasion depth is a well-known important method for
assessing prognosis in malignant melanoma. Morphometric studies have
also been performed on the nucleus both to distinguish benign naevi from
malignant melanoma (BRUNGGER and CrRuUz ORIVE 1987) and as a prog-
nostic indicator (TAN and BAAK 1984; BAAK and TAN 1986).

The extensive studies on nuclear shape in the diagnosis and prognosis
of mycosis fungoides have been reviewed in Sect. 7.6.
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7.8 Endocrine Glands

The behaviour of many endocrine tumours is difficult to predict (for exam-
ple, APUDomas and adrenal tumours). This may partly be due to the
often pleomorphic appearance of nuclei in endocrine tissues. The pancrea-
tic islet cell nuclei, for example, vary in size and may be facultatively tet-
raploid (POHL et al. 1981). This is also the case in the thyroid (GILBERT
and PFITZER 1977). Morphometric techniques may therefore be of value
in the endocrine system.

The thyroid gland, being accessible to FNA cytology, has been most
extensively studied. Examining air-dried FNA smears from follicular
tumours, BOON et al. (1980, 1982 a) reported correlation between nuclear
area and nuclear-cytoplasmic ratio with the conventional histological
criteria in differential diagnosis between adenoma and carcinoma. These
findings have not been confirmed by another group (LUCK et al. 1982),
who were unable to distinguish benign from malignant neoplasms by nu-
clear morphometry although neoplasms generally showed larger nuclei
compared with simple goitre.

In Hiirthle cell tumours of the thyroid, a partial association between
nuclear size and biological behaviour has been reported (BONDESON et al.
1983). Using cytophotometric analysis of DNA ploidy in tissue sections,
FLINT et al. (1988) showed a significant association between DNA ploidy
and tumour invasion.

SLOOTEN et al. (1985) reported morphometric differences between the
nuclei of benign and malignant adrenal cortical neoplasms, a classic prob-
lem area in conventional histological prediction of malignancy.

7.9 Nervous System Including Eye

There have been several flow cytometric analyses of primary brain
tumours correlating DNA ploidy with prognosis, but there are few mor-
phometric studies of the nucleus in the nervous system. GIANGASPERO
et al. (1984) reported a morphometric comparison of the nuclei in glioblas-
toma multiforme with those of metastatic carcinoma to the central nervous
system (CNS).

Uveal tract melanomas are the CNS neoplasms most widely studied by
nuclear morphometry. GAMEL et al. (1982) and MCLEAN and GAMEL
(1988) compared cytophotometrically determined DNA ploidy and nuclear
morphometric features with survival of similar stage ophthalmic
melanomas. Morphometric features of the nucleolus proved a better pre-
dictor of survival than simple measurement of nuclear size (GAMEL and
MCLEAN 1983).
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7.10 Bones and Connective Tissues

Nuclear morphometric features have been studied both on normal bone
(POLIG et al. 1984) and in bone tumours (BOCKING et al. 1980). Osteosar-
comas tend to exhibit relatively high DNA aneuploidy (KREICBERGS 1980,
1981; BOCKING et al. 1984 a). The bone cells around aneurysmal bone cysts
have been distinguished from those of telangiectatic osteosarcoma by
quantitation of nuclear size (RUITER et al. 1977).

Histological differentiation of benign cartilaginous proliferations from
chondrosarcoma is difficult. Feulgen cytophotometry has not assisted in
this distinction since a high proportion of low-grade chondrosarcomas have
been reported to be diploid (KREICBERGS et al. 1980). However, the same
study showed that those low-grade chondrosarcomas displaying hyperdip-
loidy were associated with an aggressive clinical course.

In smooth muscle tumours, especially those of the uterus, the value of
mitotic counts in behaviour prediction is well known (TAYLOR and NORRIS
1966). Diploid stem cell lines have been reported in uterine leiomyomas
(BoHM and SANDRITTER 1975). but so far leiomyosarcomas have been
studied by flow cytometry only.

7.11 Inflammatory Disorders

Most microscopic nuclear quantitation has been directed towards tumour
investigation. Only one nuclear quantitative study of an inflammatory
disorder is known to the author. This examined differences between the
nuclear profiles in the granulomas of tuberculosis and of sarcoidosis (TOSI
et al. 1986b).

8 Conclusions

There is currently an explosive increase in interest in morphometric
techniques as an aid to diagnosis and stating prognosis in pathology. With
this interest concentrating on tumours, most studies have concerned nu-
clear features. Observer variability studies (DUNDAS et al. 1987; ISMAIL
et al. 1989; ROBERTSON 1989) and the onset external quality assurance in
histopathology (LEE and BURNETT 1987) — still the only non-numerate
speciality in pathology (BECK and ANDERSON 1987) — have shown up the
fallibility of subjective diagnosis. Statements like “the nuclei show hyper-
chromaticism, pleomorphism and enlargement” and “the mitotic rate did
not appear unduly high” are becoming questionable without objective
studies.

With proper quality control, quantitative microscopy is reproducible.
Advances in video and computer technology, including image storage, are
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increasing the degree of automation possible. This facilitation of quantita-
tive microscopy and the advent of expert systems must never lead to pre-
mature commissioning of automated procedures in clinical diagnosis.
BaAk (1987Db) has reviewed five levels of validation which must be satis-
fied before any morphometric rule is applied to clinical use. Adherence to
these criteria should prevent the unjustified delegation of the decision-
making process from the histo- or cytopathologist to machines. The head
of a laboratory remains medicolegally responsible for diagnoses issuing
from automatic machines under his control. Before basing clinical reports
on their results, he must be fully confident in their reliability.
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1 Introduction

The use of the technique of flow cytometry has rapidly expanded in the
last 5 years and in certain areas such as immunology and the pharmaceuti-
cal industry flow cytometers are routine instruments. Concomitant with
this expansion there has been an explosion in the volume of the literature,
especially within the cancer journals. In this chapter the principles of flow
cytometry will be explained, its present and future applications reviewed
and examples of new techniques which may be of diagnostic and prognos-
tic importance introduced. There are several reviews on this subject (BAR-
LOGIE et al. 1983; FRIEDLANDER et al. 1984 a; QUIRKE and DYSON 1986;
RYAN et al. 1988) along with a few books (MELAMED et al. 1979; SHAPIRO
1985) from which further information can be obtained.

Flow cytometry is concerned with the analysis and sorting of popula-
tions of cells or particles. The parameters assessed may be physical or opti-
cal, such as cell size, light scatter, polarisation measurements or the quanti-
tation of fluorescence over a variety of excitation or emission wavelengths;
these variables depend on the type of light source (mercury arc lamp or
laser) and the filters used for the selection of emitted wavelengths. The
largest use of these instruments is within the field of immunology, where
flow cytometry is replacing manual counting techniques for the quantita-
tion of subpopulations of white cells by cell surface bound fluorescence
conjugated monoclonal antibodies. This review, however, will be restricted
to applications relevant to the nucleus and the -measurement of cell pro-
liferation.

2 Technique

A single cell suspension is a prerequisite of the method. Blood or semen
provides natural single cell suspensions; lymphoid tissue requires only min-
imal disruption by mincing and syringing whereas most epithelial tissues
and other solid organs require careful disaggregation, usually by enzymatic
methods. The tissue can be disaggregated fresh or recovered from liquid
nitrogen or paraffin-embedded material (HEDLEY et al. 1983, 1985; STONE
et al. 1985; SCHUTTE et al. 1985). Postmortem material can also be suc-
cessfully measured (RABER et al. 1984; QUIRKE, unpublished observa-
tions; see Fig. 8).

As shown in Fig. 1, the stained cell suspension (/) is injected into the
flow cell under gas pressure where it is hydrodynamically focussed (2) into
a single-file cell stream for passage through the interrogation point, excita-
tion taking place either in an enclosed quartz chamber or in air (3). The
cell physically interacts with the exciting beam, scattering it in all direc-
tions. Light scattered in the forward direction is related to the size of the
cell and that scattered at 90° is related to the level of refraction of its inter-
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Fig. 1. Schematic representation of flow cytometry. For explanation of the diagram see the
technique section of the text. The crossed circles represent fluorescence positive cells and the
open circles, fluorescence negative cells. EA.L.S., forward angle light scatter detector; FI and
F2 fluorescénce photomultiplier tube detectors; 90°LS, 90° light scatter detector; D, dichroic
mirror; F, filter; p.d., potential difference; A.D.C., analogue to digital converter. (Reproduced
by kind permission of the Editor of the Journal of Pathology)

nal structure (4). Volume and polarisation measurements are also possible
if an appropriate sizing device or polarising filters are available. Excitation
of the fluorochrome(s) occurs at the interrogation point (3) with the emis-
sion of light of a longer wavelength. This is also collected at 90° with
selected wavelengths directed by dichroic mirrors to photomultiplier detec-
tors (5); unwanted fluorescence and scattered light are blocked by optical
filters. Analogue electrical signals are generated for each particle (6), con-
verted into digital signals (7) for processing by computer software in order
to generate one (8), two or three parameter-correlated histograms (Fig. 2).
The number of quantitated parameters is dependent on the excitation
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Fig. 2. One parameter histograms (a and b), a two parameter scattergram (d) and an isomet-
ric plot of DNA vs Coulter volume of HCT 18 colorectal cancer cells (¢). a: DNA histogram of
a DNA aneuploid population with a DNA index of 1.7. b: Coulter volume measurements of
the nuclear volume. ¢: Isometric plot of DNA vs volume. d: Scatter plot of DNA vs volume.
The DNA aneuploid Gy/G, population can be seen to have a higher volume than the diploid
G,/M population and is larger than the Gy/G, cells from which it arose

wavelengths available, photomultiplier detectors installed, analogue-to-
digital converters and the power of the computer hardware and software.
If cell sorting is required then the properties of the cells to be selected are
programmed into the computer (8). After leaving the interrogation point
the stream breaks up into droplets due to the vibrations of a piezo-electric
crystal. If a cell with the selected properties is sensed by the computer,
either a positive or a negative charge is applied to the stream at the time
of droplet beak-off, thus charging the droplet containing the cell (9). This
falls between the two high-voltage plates (I0) and is deflected according
to its charge (/1) into the collecting vessel (12), allowing further investiga-
tion of its properties.

3 Staining

A large variety of stains are available for flow cytometry (see review by
SHAPIRO 1985 and Table 1). The physical limitations on their usage are the
ability of the light source to excite the stain efficiently and the emission of
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Table 1. Useful stains in flow cytometry (reproduced by kind permission of the Editor of the
Journal of Pathology)

Stain Reaction Excitation References
agent wavelength
(nm)
Propidium iodide DNA 488 TAYLOR 1980; HAMILTON et al.
1980; TAYLOR and MILTHORPE
1980; WALLEN et al. 1982
Ethidium bromide DNA 488 TAYLOR 1980; TAYLOR and
MILTHORPE 1980; ROHMER and
ELLWART 1981
Acridine orange DNA/RNA 488 TRAGANOS et al. 1977; TAYLOR
and MILTHORPE 1980; WALLEN
et al. 1982; DYSON et al. 1984
NICOLINI et al. 1979
Mithramycin DNA 450 TAYLOR 1980; TAYLOR and
MILTHORPE 1980; CRISSMAN and
TOBEY 1974
DAPI DNA 361 TAYLOR 1980; HAMADA and
FuJsita 1983
Hoescht 33258 DNA 361 MULLER and GAUTIER 1975; LATT
and STETTEN 1976; ARNDT-JOVIN
and TOVIN 1977
Hoescht 33342 DNA 361 MILLER et al. 1984; LALANDE and
MILLER 1979; SHAPIRO 1981
Pyronin Y RNA/mitochondria 545 SHAPIRO 1981; POLLACK et al.
1982; OwDEN and CURTIS 1983
Fluorescein Protein/antibody 488 CRISSMAN et al. 1981; ROTI-ROTI
isothiocyanate labelling et al. 1982; POLLACK et al. 1984
Fluorescein Cleaved to fluorescein 488 MEISINGSET and STEEN 1981
diacetate in cell to form
cytoplasmic solution
Phycoerythrin Antibody labelling 488 VERNON et al. 1982
Rhodamine Protein/antibody 568 CRISSMAN and STEINKAMP 1982
isothiocyanate labelling
Rhodamine 123 Mitochondria 488 DARZYNKIEWICZ et al. 1982
Fluorescamine Plasma membrane 390 HAWKES and BARTHOLOMEW
1977; Poccia et al. 1979
Methylum- Enzyme activities 361 WATSON 1980
belliferones
Nitroheterocycles Hypoxic cells 388 OLIVE and DURAND 1983

a quantifiable amount of light. The biological limitations are that the stain
must specifically and stoichiometrically react with the substance or physi-
cal property to be quantitated. Quantitation of fluorescence is relative and
usually performed by comparison of the sample fluorescence to a control;
in the case of DNA measurements this can be chicken or trout erythrocytes
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or more frequently peripheral blood lymphocytes or disaggregated tonsil.
In the latter two, however, small differences in the access of stain may be
found between quiescent and stimulated lymphocytes (WOLLEY et al.
1982 a). Stains such as Hoechst 33258, Hoechst 33342 and acridine orange
will enter viable cells but other stains such as propidium iodide or
ethidium bromide are dependent on fixation of the cell, membrane per-
meablisation or stripping techniques for entry (KRISHAN 1975; TRAGANOS
et al. 1977; TAYLOR 1980).

4 Measurement of DNA Content and Cell Proliferation

The fundamental importance of DNA in cellular processes has been
proved in a number of seminal papers: for example, the reporting of a
method for stoichiometric DNA staining (FEULGEN and ROSSENBECK
1924), the doubling of DNA content during the cell cycle (CASPERSSON
and ScHULTZ 1938), that DNA contained the genetic code (AVERY et al.
1944), its double helical structure (WATSON and CRICK 1953) and the
number of chromosomes (TJO and LEVAN 1956). The recognition of the
central role of DNA in neoplasia stems from the description of the
Philadelphia chromosome in chronic myeloid leukaemia (NOWELL and
HUNGERFORD 1960) and subsequent chromosomal studies (see reviews by
SANDBERG 1980; SANDBERG and TURC-CAREL 1987) and more recently
from molecular biological investigations. Microdensitometry using Feulgen
staining of DNA became popular in the late 1950s and 1960s (see PEARSE
1968; WIED and BAHR 1970; CASPERSSON 1979) but lost favour in the
1970s due to the tedium of the technique and apparent lack of clinical rele-
vance. Recent workers, especially Auer’s group at the Karolinska Hospital,
have resurrected this technique and with the development of automated
methods of DNA analysis for use on disaggregated cell populations, such
as the MIAMED-CYTO instrument, cytophotometry may yet find a niche
in the routine diagnostic laboratory. Tissue cytophotometric studies have
the advantage of specificity as they permit selection of cell populations for
study but their major disadvantage is the small number of cells assessed.
Whilst the presence of DNA aneuploidy can be detected, the technique is
not as sensitive in the detection of small populations of abnormal cells,
and reliable estimates of cell proliferation are not obtainable. Cytological
cytophotometry as practised using the LEYTAS instrument yields results
more akin to flow cytometry since it measures large numbers of cells
(i.e. > 10000) and does not discriminate between neoplastic and non-
neoplastic tissue.

The major advantages of flow cytometry are the ease of performance
of measurements, the rapidity of collection of large numbers of events giv-
ing a high degree of statistical safety and most importantly the quantitation
and correlation of multiple parameters on single cells.
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Fig. 3. Diagramatic representation of cell cycle and a diploid DNA histogram. See text for
details. (Reproduced by kind permission of the Editors of the Oxford Textbook of Pathology)

As stated above, DNA measurements rely upon the use of a fluores-
cent stain that binds to DNA in a stoichiometric fashion; therefore as the
DNA content of the cell increases during S phase, the fluorescence in-
creases until it reaches double the normal level at G,. At mitosis the cell
divides, leaving two daughter cells with diploid amounts of DNA (see
Fig. 3). The flow cytometer produces a frequency distribution histogram
of fluorescence intensity (proportional to DNA content) versus cell
number upon which cell cycle computer analysis can be performed.
Methods of cell cycle analysis have been reviewed and broadly categorised
into four patterns (BAISCH et-al. 1982); the first three types use similar
parametric statistics in that they assume a Gaussian distribution for the
Gy/G; and G,/M phases and fit a variety of distributions to the S phase
(see Fig. 4). Type I models use several Gaussian distributions, type II a
single Gaussian distribution (Fig. 4b) and type III either a broadened
polynominal curve (Fig. 4c) or a single rectangle (Fig. 4 a) for fitting the
S phase area. Type IV models match sequences of computed histograms to
the experimental histogram. All models were reported to be relatively
accurate though differences were apparent between them. Estimates
tended to be least accurate when small populations were present in any
phase of the cell cycle and all models appear relatively independent of the
coefficient of variation (c.v.). In our experience the latter has not been the
case for PARA1 (Coulter Electronics, Hialeh, Florida), where marked
variation is apparent with changes in the c.v.; this program, however, is
less stringent in its requirement for a perfect histogram and yields reason-
ably accurate cell proliferation values up to 14% if the %S phase is added
to the %G,/M (QUIRKE 1987) but not if the %S phase alone is used. No
“gold standard” currently exists for the estimation of the S phase fraction
as all methods of determination of cell proliferation are open to criticism.
Such values should be treated as for normal ranges in biochemistry
laboratories in that an abnormal value is one outside the defined normal
range for that laboratory.
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Fig. 4. Schematic representation of a DNA histogram broken down into its constituert parts.
Gaussian distributions are computed for the Gy/G; and G»/M peaks and the S phase content is
derived by one of a variety of cell cycle analysis models. A, rectangular/multirectangular; B,
Gaussian; C, broadened polynomial. (Reproduced by kind permission of the Editors of the
Oxford Textbook of Pathology)

Abnormalities of chromosome number are well described. The great
majority of malignant tumours are chromosomally aneuploid, that is they
have an increase or less often a decrease in the number of chromosomes.
Flow cytometry can detect this abnormality when the aberration exceeds a
loss or gain of three chromosomes, i.e. < 43 or > 49. Clinical studies have
established that between 50% and 85% of malignant tumours demonstrate
this abnormality and are termed DNA aneuploid. DNA aneuploidy is de-
fined as the presence of an abnormal DNA stem line recognised by the
appearance of at least two separate G,/G, peaks on the DNA histogram.
The term DNA aneuploidy should not be used in the absence of a second
peak when dealing with human solid tumour material as an increased ac-
cess of stain to the DNA may sometimes occur, leading to a spurious eleva-
tion of the GyG, peak when compared to an external standard (WOLLEY
et al. 1982 a; SHACKNEY et al. 1984).

The prevalence of DNA aneuploidy varies with the sensitivity of the
measurements and the criteria applied for DNA aneuploidy. Low c.v.s, ac-
ceptance of less than 5% of cells in an abnormal peak, and a failure to
require a second DNA aneuploid G,/M peak can lead to a higher incidence
of DNA aneuploidy. While the significance of small DNA aneuploid peaks
remains to be established, it has been suggested that the higher the
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number of DNA aneuploid cells present within a tumour the poorer the
prognosis (JONES et al. 1988 a). Reproducibility is one of the major advan-
tages of DNA measurement over histological assessment; this has been
confirmed in a recent quality control multicentre study performed on the
same paraffin-embedded bladder tumour material (COON et al. 1988).

5 Flow Cytometric Measurements and Neoplastic Disease

Numerous papers have appeared recently on the incidence and relation-
ship to survival of DNA aneuploidy and cell proliferation in a variety of
neoplastic conditions, though few reports on normal tissue have appeared.
The predictive value of DNA aneuploidy in these studies of malignant
disease is variable, and depends both on instrinsic properties of the
tumour itself and on the effectiveness of treatment regimens. Thus in cer-
tain tumours, response to chemotherapeutic treatment can result in an
apparent reversal of the general rule that DNA aneuploidy or high cell
proliferation confers a poor prognosis (see below). The published work will
be discussed in four parts: first, the importance of DNA aneuploidy in
malignant disease; second, its development in premalignant disease; third,
its presence in benign endocrine tumours and lastly the effects of treat-
ment on DNA aneuploidy.

5.1 Malignant Tumours

More than 30 types of tumour have now been investigated. Most work to
date has been performed on gastrointestinal, genitourinary, breast and
haematological malignancies, which will be discussed in the greatest detail.

5.1.1 Gastrointestinal Tract

5.1.1.1 Colorectal Carcinoma — DNA Aneuploidy

The incidence of DNA aneuploidy ranges from 50% to 71% (PETERSEN
et al. 1980; ROGNUM et al. 1980, 1982; TRIBUKAIT et al. 1983 a; ARMITAGE
et al. 1985; BANNER et al. 1985; FINAN et al. 1986; KOKAL et al. 1986;
HAMMARBERG et al. 1986; QUIRKE et al. 1987; etc) when using definitions
close to those of a recent international agreement (HIDDEMANN et al.
1984). Heterogeneity exists as determined by mixed diploid/DNA aneu-
ploid tumours, or more than one DNA aneuploid stem line, the incidence
ranging from 30% to 61% (PETERSEN et al. 1980; TRIBUKAIT et al. 1983 a;
QIRKE et al. 1985) depending on the number of samples taken and the
technical methods utilised. The presence of different stem lines in a
tumour bears no relationship to the area the sample is taken from and



224 P. QUIRKE

does not parallel histopathological heterogeneity (QUIRKE et al. 1985;
QUIRKE 1987). Diploid and DNA aneuploid primary tumours give rise to
predominantly diploid or DNA aneuploid metastases respectively while
heterogeneous tumours yield a mixed pattern of metastases (QUIRKE 1987,
ARENDS et al. 1987).

The first report of a relationship between ploidy and prognosis came
from WOLLEY et al. (1982b). This often quoted study on 30 patients, how-
ever, used very different criteria to those defined by HIDDEMANN et al.
(1984). Tumours were divided into diploid and non-diploid; tumours with
a dominant DNA aneuploid peak were placed in the non-diploid group
and tumours containing a small DNA aneuploid peak were placed in the
diploid category. However, subsequent reports have confirmed the rela-
tionship with prognosis using more standard definitions of DNA aneu-
ploidy though the association now appears less striking than originally
claimed (ARMITAGE et al. 1985; KOKAL et al. 1986; STREFFER et al. 1986;
QUIRKE et al. 1987; SCHUTTE et al. 1987; SCOTT et al. 1987; EDMIN et al.
1987; WIRSCHING et al. 1987; GOH et al. 1987). In certain studies ploidy
appeared prognostic in Dukes’ stage B tumours (JONES et al. 1988b) or
stage C ‘tumours only (ROGNUM et al. 1987). The strong relationship of
ploidy to survival seen in the study of KokaL etal. (1986) may be
explained by the stringent entry requirements of their study which selected
curative resections only. Failure of ploidy to predict survival in patients
with metastatic liver disease (FINAN et al. 1986) supports the usefulness
of this measurement only in tumours from patients undergoing curative
operations.

In the majority of studies there is no relationship between either the
Dukes’ stage or the grade of the tumour and DNA aneuploidy though a
few dissenting reports exist (BANNER et al. 1985; KOKAL et al. 1986).

Fewer studies have appeared utilising measurements of cell prolifera-
tion in this condition (see Table 2). Using autoradiography MEYER and
PRIOLEAU (1981) reported a median S phase value of 17% in 90 tumours.
Flow cytometric studies vary depending on the computer model used and
the cell cycle phases quoted. In rectal carcinoma two groups have reported
a better prognosis in diploid tumours with a low cell proliferation as op-
posed to a high level of cell proliferation (see Fig. 5; STREFFER et al. 1986;
QUIRKE et al. 1987). In the latter study cell proliferation appeared to pro-
vide additional prognostic information over ploidy in the Cox’s regression
model. A further feature of this study was the demonstration of a relation-
ship between the proliferative index (%S + G,) and the invasive pattern
of the border. Tumours with a low cell proliferation invaded more fre-
quently with a pushing as opposed to an infiltrating border.

Flow cytometric assessments in most studies provide useful prognostic
information in colorectal carcinoma. Such quantitative measurements may
well replace more subjective histopathological assessments. Larger scale,
prospective and carefully staged studies are now required in this condition
to assess its true predictive value.
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Table 2. Cell kinetic measurements on colorectal carcinomas

Authors Measurement No. of Description Value
and method cases (%)
MEYER and S phase fraction 90 All tumours 17.8
PRIOLEAU (1981) autoradiography
TRIBUKAIT S phase 66 Diploid 13.8
et al. (1983 a) flow cytometry DNA aneuploid-DNA index 1.1-1.2 17.4
DNA aneuploid-DNA index 1.4-2.5 19.4
STREFFER S phase 129 All tumours 19.7
et al. (1986) flow cytometry Diploid 18.3
DNA aneuploid 25.9
HAMMARBERG S + G, phases 28 Diploid 25.7
et al. (1986) flow cytometry DNA aneuploid-DNA index 1.1-1.2  23.6

DNA aneuploid-DNA index 1.3—-2.5 32.4
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Fig. 5. Survival curves for patients with diploid rectal adenocarcinoma with a low cell prolifer-
ation (%S + G, < 25%) and a high cell proliferation (%S + G, > 25%), showing the poorer
prognosis in the latter group. (Reproduced by kind permission of the Editor of the Journal of
Pathology)
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5.1.1.2 Gastric Carcinoma

Fewer flow cytometric studies have been performed on gastric as opposed
to colorectal adenocarcinoma (MACARTNEY et al. 1986a; BALLANTYNE
et al. 1987; WyATT et al. 1989) though a number of DNA cytophotometric
papers on early gastric cancer have appeared from Japan showing
pathological differences between diploid and non-diploid tumours and
with a significant survival advantage to the former (INOKUCHI et al. 1983;
KORENAGA et al. 1985; HATTORI et al. 1986; KAMEGAWwWA et al. 1986;
OKAMURA et al. 1987). Using flow cytometry, BALLANTYNE (1987) in a
study of 44 curative resections in patients with gastric carcinoma found no
relationship between DNA aneuploidy and prognosis whereas WYATT et al.
(1989) in 76 patients undergoing curative resection for gastric cancer de-
monstrated a significantly improved survival in patients with diploid
tumours over those with DNA aneuploid tumours. However, on multiple
regression analysis the presence of lymph node metastases and resection
margin involvement were the only factors of independent prognostic sig-
nificance, overriding the importance of ploidy in this model. Interestingly,
on subdividing the tumours into intestinal and diffuse types (LAUREN
1965), ploidy was only significantly related to prognosis in the intestinal
group and not the diffuse tumours.

5.1.2 Genitourinary Malignancies

5.1.2.1 Bladder Carcinoma

Early investigators of bladder carcinomas demonstrated a strong associa-
tion between ploidy and the grade of differentiation (TRIBUKAIT et al.
1982; GUSTAFSON et al. 1982b, 1982 c; FARSUND et al. 1984; CHIN et al.
1985; BLOMJOUS et al. 1988), between ploidy and stage (TRIBUKAIT et al.
1982; CHIN et al. 1985; BLOMJOUS et al. 1988), and between cell prolifera-
tion and grade (FARSUND et al. 1984). Flow cytometric measurements have
also been found useful in the early prediction of recurrence (KLEIN et al.
1982) and progression of early stage tumours (GUSTAFSON et al. 1982b,
1982 ¢; BLomious et al. 1988). In a preliminary study of 61 untreated
transitional cell carcinomas the presence of DNA aneuploidy was an impor-
tant prognostic indicator, with 2 of 22 patients with diploid tumours dead
from this disease within 5 years as compared to 11 of 22 (50%) with DNA
aneuploid tumours (BLOMJOUS et al. 1988).

The bladder is particularly suitable for cytological assessment. A recent
study (BADALAMENT et al. 1987) has suggested that bladder-wash flow
cytometric assessments are more accurate (83%) in predicting the presence
of a tumour than bladder-wash cytology (61%) and that both were more
sensitive than voided urinary cytology (41%) though the latter improves
with three specimens (60%). A larger study of 249 bladder irrigation speci-
mens found that in the presence of a DNA aneuploid cell population 85%
of patients harboured a bladder tumour. The improved sensitivity over
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cytology was demonstrated in the six cystoscopically and cytologically
negative patients with DNA aneuploid stem lines, four of whom sub-
sequently developed tumour (TETU et al. 1987). These authors, however,
also reported a reduction in accuracy of flow cytometry with prior intra-
vesical chemotherapy. ORIHUELA et al. (1987) found that DNA aneuploid
tumours were more prone to recurrence following transurethral resection,
and that the response to treatment with intravesical BCG could be predic-
ted from a combination of flow cytometry and ABH blood group markers.

5.1.2.2 Prostatic Carcinoma

Three studies to date are unanimous in their findings of a significant survi-
val advantage in patients with diploid prostatic tumours (FORDHAM et al.
1986; STEPHENSON et al. 1987; LUDBERG et al. 1987) though none have
investigated measurements of cell proliferation. STEPHENSON et al. (1987)
in a study of 82 patients reported 5-year survivals of 87.9% for diploid
tumours and 49.5% for DNA aneuploid tumours with median suvivals of
8.8 and 5.0 years respectively.

5.1.2.3 Testicular Tumours

A preliminary study on testicular tumours revealed DNA aneuploidy in
63% of seminomas, 68% of teratomas and 50% of combined seminoma/
teratoma. Teratomas had a unimodal distribution with DNA indices around
1.4 whereas seminomas had a bimodal distribution around 1.5 and 2.0
(QUIRKE et al. 1986a). No relationship to survival 'was found but this is
not surprising owing to the small number of tumours analysed (63) when
compared to the good survival in this tumour type.

5.1.3 Breast Carcinoma

Breast cancer has been extensively studied and has given rise to a complex
literature. DNA cytophotometric studies have consistently suggested a
strong relationship between DNA content and survival (ATKIN 1972; AUER
et al. 1984). Early flow cytometric studies on paraffin-embedded material
found a significantly improved short-term survival and time to disease
recurrence in diploid tumours, but there was no influence on long-term
survival (HEDLEY et al. 1984; DOWLE et al. 1987; OWAINATI et al. 1987).
Work on larger numbers of patients has consistently shown a long-term
survival advantage in patients with diploid tumours compared to those
with DNA aneuploid tumours, and in low over high cell proliferation car-
cinomas. KALLIONEMI et al. (1987) found ploidy, nodal status, tumour size
and content of progesterone receptors to be independent predictors of sur-
vival. CORNELISSE et al. (1987), in a study involving 565 patients, found
overall survival and distant disease-free interval longer in diploid as op-
posed to DNA aneuploid carcinomas though ploidy was an independcent
predictor of prognosis only in postmenopausal patients. HEDLEY et al.
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(1987) also reported a long-term survival advantage associated with diploid
status, but this was not an independent predictor of survival. Less informa-
tion is available on the importance of cell proliferation in breast cancer as
determined by flow cytometry. HEDLEY et al. (1987) have reported a signi-
ficant association between S phase content, prognosis and tumour grade.
It is likely that such measurements will play an important role in car-
cinoma of the breast since prospectively conducted autoradiographic
studies of cell proliferation have demonstrated its predictive capacity in
this disease (HERY et al. 1987; SILVESTRINI et al.; TUBIANA and KOSCIENLY
1988).

Reports of the relationship of DNA index and cell proliferation to
oestrogen receptors have appeared; these include suggestions of a lower
oestrogen receptor positivity in patients with a high DNA index and high
cell proliferation (e.g. MORAN et al. 1984) but if the DNA index is in
the tetraploid region, oestrogen receptor positivity may be preserved
(BAILDAM et al. 1987).

5.1.4 Haematological Malignancies

5.1.4.1 Lymphomas

Nearly all reports to date have concentrated on non-Hodgkin’s lym-
phomas. These have a lower incidence of DNA aneuploidy, approximately
20% —30%, compared with the 50%—80% found in carcinomas. DNA
indices cluster around the peridiploid (1.1—1.2) and tetraploid (1.8—2.0)
regions in lymphoma as opposed to the triploid level (D.I. 1.5.) seen in
carcinomas. A strong association is seen between the grade of the tumour
and flow cytometric assessments with high-grade tumours demonstrating
an increased incidence of DNA aneuploidy (£240%) and a higher median
cell proliferation than low-grade tumours (BRAYLAN et al. 1980; DIAMOND
et al. 1982; SHACKNEY et al. 1984; RooOs et al. 1985; MACARTNEY et al.
1986 b; MORGAN et al. 1986; BAUER et al. 1986; YOUNG et al. 1987; GRIF-
FIN et al. 1988).

In several recent series, a high cell proliferation has been associated
with a poorer prognosis (BAUER et al. 1986; YOUNG et al. 1987; LEHTINEN
et al. 1987; GRIFFIN et al. 1988; O’BRIAN et al. 1988a). In this respect,
flow cytometric assessments predict outcome more successfully than his-
tological grade (GRIFFIN et al. 1988; O’BRIEN et al. 1988a) or immuno-
phenotype (O’BRIEN et al. 1988b). A novel DNA-malignancy grading
method has been reported by BOCKING et al. (1986a) which takes into
account the degree of cell proliferation, presence of a DNA aneuploid
stemline and the DNA index of the stem line. This grading system strongly
correlated with a variety of clinical parameters such as the stage of the
tumour and response to treatment and provided information above that
derived from the Kiel classification (BOCKING et al. 1986b). Unlike car-
cinomas, the presence of DNA aneuploidy has not been shown to be of
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prognostic significance in non-Hodgkin’s lymphomas, despite its associa-
tion with histologically high-grade lesions.

It is of great interest that a simple assessment of cell proliferation,
mitosis counting, has been recently reported to be of prognostic value in
non-Hodgkin’s Lymphomas (BAUER et al. 1986; AKERMAN et al. 1987;
GRIFFIN et al. 1988). However, when mitotic counts were compared with
flow cytometric assessment of cell proliferation, no relationship was de-
monstrable. Indeed mitotic activity, like cell proliferation, was found to be
an independent prognostic variable (GRIFFIN et al. 1988). At first sight this
might appear surprising but the number of mitoses seen in a section are
dependent on the level of cell proliferation together with the duration of
mitosis.

In a preliminary study of Hodgkin’s disease assessments of DNA aneu-
ploidy and cell proliferation failed to predict outcome (MORGAN et al.
1988).

5.1.4.2 Leukaemias

The incidence of DNA aneuploidy in acute myeloid leukaemia (AML) has
been shown to vary with type; M1 having the lowest rate (25%) and M2,
M4 and M5 a higher incidence (45%) (HIDDEMANN et al. 1986). No clear
relationship to survival has yet emerged in AML (HIDDEMANN et al. 1986;
BARLOGIE et al. 1987).

The most extensively studied group are the childhood acute lympho-
blastic leukaemias (ALL), in which the presence of DNA aneuploidy was
associated with a better outcome in two series of patients with treated
ALL (Look et al. 1985; SMETS et al. 1987). This was confirmed by the
report of the Third International Workshop on Chromosomes in
Leukaemia (1983), which found a better response to therapy in patients
with > 50 chromosomes (see Sect. 5.4).

The presence of an abnormal stemline in AML and myeloma has been
found useful in monitoring and the detection of relapse (WALLE and
NIEDERMAYER 1985; BUNN et al. 1982).

5.1.5 Gynaecological Malignancies

Ovarian adenocarcinomas have been extensively studied, with the pre-
sence of DNA aneuploidy predicting a poor prognosis (FRIEDLANDER
et al. 1983, 1984b; VoLM et al. 1985a; IVERSEN and LAERUM 1985;
BLUMENFELD et al. 1987; RODENBURG et al. 1987). In 84 patients with
stage II—IV disease, BLUMENFELD et al. (1987) reported median survivals
of 48 months for patients with diploid as opposed to 19 months for patients
with DNA aneuploid tumours; DNA tetraploid tumours behaved as di-
ploid tumours. Cell proliferation also appears prognostically important in
this disease, with low cell proliferation tumours behaving less aggressively
(VoLM et al. 1985 a).
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Similar findings are reported in endometrial carcinoma (IVERSEN and
LAERUM 1985). Cytophotometric studies of DNA content also support the
flow cytometric studies (ERDHART et al. 1984; MOBERGER et al. 1984).

The relationship to survival in carcinoma of the cervix is more com-
plex, probably due to the effectiveness of surgery and radiotherapy. An
early DNA cytophotometric study by NG and ATKIN (1973) suggested that
diploid tumours behave more aggressively than DNA aneuploid tumours.
This has not been confirmed by other workers, who have reported a higher
incidence of lymph node involvement and of recurrence after radiotherapy
or surgery at 2 years if the tumour had a DNA index of > 1.5 (JAKOBSEN
1984) and an association between increased risk of recurrence and high
S phase values, though these authors did not demonstrate a relationship
between ploidy and survival (STRANG et al. 1987).

In a recent prospective series of 250 patients treated by radiotherapy
(DYSON et al. 1984 b, 1985, 1987) we have demonstrated a difference in
the sites of tumour recurrence after treatment; DNA aneuploid tumours
recurred more frequently at distant sites whilst diploid tumours tended to
recur locally.

5.1.6 Lung Carcinoma

Few studies have been reported on this very common tumour. Those that
have suggest that DNA aneuploidy and high cell proliferation predict a
poor prognosis (VOLM et al. 1985b; ZIMMERMANN et al. 1987). ZIMMER-
MANN et al. (1987) reported 90% survival at 20 months in diploid surgi-
cally resected lung carcinoma compared to 50% of patients with DNA
aneuploid tumours (P <0.0005). On multiple regression analysis ploidy
was the most important predictor of survival (P < 0.0001), with nodal
status (P=0.02) and operation type (P=0.04) of lesser importance.
Further studies are clearly required on these tumours.

5.1.7 Bone and Soft Tissue Tumours

Classical osteogenic and other high-grade sarcomas appear to have a high
incidence of DNA aneuploidy whilst parosteal osteosarcomas and low-
grade chondrosarcomas are usually diploid (KREICBERGS et al. 1984; MAN-
KIN et al. 1985). DNA aneuploidy has been suggested to play a useful role
in confirming the histological opinion of grade with the requirement that
the pathologist critically reviews the histology if a tumour is found to be
DNA aneuploid. Recent work on smooth muscle tumours of the gastroin-
testinal tract and soft tissue has shown an enhanced ability to predict the
behavior of the former when the presence of DNA aneuploidy and mitosis
counting are combined (COOPER et al. 1987). A substantial difference in
the frequency of DNA aneuploidy was found between a series of soft tis-
sue leiomyosarcomas (70%) and smooth muscle tumours of the gastroin-
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testinal tract (20%) (QUIRKE and MRC Soft Tissue Tumour Panel, unpub-
lished observations).

In a preliminary study on 21 cases of Ewing’s sarcoma we failed to dem-
onstrate a relationship between DNA aneuploidy and survival, but found
to our surprise a very strong relationship between cell proliferation and
survival, with diploid tumours above the median cell proliferation
(%S + G, 24.7%) surviving significantly longer (P <0.003) than those
below this value (ANDREW et al. unpublished observation). If this is con-
firmed in a larger series then flow cytometric measurements may provide
the first accurate grading method in this disease.

5.2 Premalignant Lesions

Less work has been performed on premalignant and benign tumours, but
the literature is interesting as it appears to show variations in the incidence
and type of DNA stemline between different pathways of neoplastic pro-
gression. Most work has been performed on gastrointestinal and genitouri-
nary neoplasia; therefore these will be discussed at some length.

5.2.1 Gastrointestinal Tract

5.2.1.1 The Colorectum: The Adenoma-Carcinoma Sequence

As stated above, between 60% and 85% of colorectal carcinomas are
DNA aneuploid, this work being supported by strong cytogenetic evidence
that about half of carcinomas have chromosomal abnormalities in the
peridiploid range and the other half major abnormalities of 56—91 chromo-
somes (REICHMANN et al. 1981). Chromosomal abnormalities have also
been detected in adenomas of the colorectrum (ENTERLINE and ARVAN
1967; LuBs and KOTLER 1967) and in familial adenomatous polyposis
(FAP) both in the adenomas themselves and in fibroblast and lymphocyte
cultures (MARK et al. 1973; MITELMAN et al. 1974; GARDNER et al. 1982,
1985).

Several flow cytometric studies have now been performed on sporadic
adenomas which show DNA aneuploidy rates of 6% (QUIRKE et al.
1986b), 9% (WEISS et al. 1985) and 13% (GOH and JASS 1986). VAN DEN
INGH et al. (1985) reported a higher incidence of 27%, but only 15% of
adenomas in this series were below 1 cm compared to a more representa-
tive 45% in our series. The size distributions are not available in the other
studies for comparative purposes. The prevalence of DNA aneuploidy cor-
related with the size of the adenoma, with large adenomas having a higher
prevalence of DNA aneuploidy (VAN DEN INGH et al. 1985; QUIRKE et al.
1986b; GoH and Jass 1986), with the type of adenoma (QUIRKE et al.
1986 b) and with the degree of dysplasia in one study (GOH and JAsS 1986)
but not the others (VAN DEN INGH et al. 1985; QUIRKE et al. 1986b). It is
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not surprising that agreement on dysplasia is lacking with the reported
problems of inter- and intraobserver variation in grading practices in
adenomas (BROWN et al. 1985) and the marked variation in incidence of
mild, moderate and severely dysplastic adenomas reported in different
series from the same institution (KONISHI and MORSON 1982; GOH and
JAss 1986).

The median degree of cell proliferation (%S + G,) in 100 adenomas
was 16.4%, (QUIRKE et al. 1988) significantly lower than that found in the
carcinomas (%S + G- 24.7%) using the same cell cycle analysis program.
There was no correlation between the %S + G, and the histological param-
eters.

In a series of 210 samples from 20 cases of FAP (QUIRKE et al. 1988),
DNA aneuploidy was found at a much earlier stage than in sporadic
adenomas. It was present within adenomas <5 mm in size and in mucosa
bearing very small early “multicryptal lesions”; the prevalence remained
similar at approximately 15% for adenomas up to 10 mm in size. The small
number of adenomas found above this size made assessments of its inci-
dence unreliable in this group. Similar DNA stemlines were seen in differ-
ent adenomas derived from the same region in one case in which the
whole colon was available for study. An abdominoperineal resection for
three adenocarcinomas of the rectum 8 years earlier from this patient also
revealed the same abnormal stemline, suggesting that a field change had
occurred affecting the DNA content of these cells. Measurement of cell
proliferation (%S + G,) in the FAP adenomas revealed a significantly ele-
vated level in the larger (> 5 mm) adenomas, at 18.6%, as opposed to the
smaller adenomas (<5 mm), at 15.4%.

DNA aneuploidy is absent from normal mucosa in children and young
adults, but it can be demonstrated as a field change in the transition zone
and resection margins of patients undergoing resection for adenocarcino-
ma (NORTH and QUIRKE, unpublished observations). The possible implica-
tions for metachronous disease are currently unknown.

5.2.1.2 The Colorectum: Ulcerative Colitis

Few studies have been performed in ulcerative colitis (UC) and the current
value of the detection of DNA aneuploidy is open to question. HAMMAR-
BERG et al. (1984) demonstrated DNA aneuploidy in pooled colonoscopic
biopsies, confirming cytogenetic evidence of chromosomal aneuploidy
described by XAVIER et al. (1974). They went on to suggest that its pre-
sence might provide a valuable predictor of the presence of malignancy. To
fulfil the requirement of a screening test it should be a sensitive and
specific test with a low false positive and negative rate. In a retrospective
study of 297 samples by FOZARD et al. (1986) three groups of patients
were investigated: short-term colitics (12), long-term colitics (> 10 years)
with no evidence of carcinoma (12) and long-term colitics (> 10 years)
complicated by carcinoma (14). DNA aneuploidy was found in 21%, 67%
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and 67% of each group of patients. It did not occur prior to 4 years, but
increased in frequency after this time. No difference was found between
carcinoma- and non-carcinoma-bearing groups in the longstanding colitics.
DNA aneuploidy appeared to arise many years before the development of
carcinoma- A surprising feature was the appearance of similar abnormal
DNA stemlines within the colon, suggesting the colorectrum had suffered
a field change similar to that seen in the intensively studied FAP patients.
Prospective studies are underway to confirm or refute our findings in this
disease.

Simple flow cytometric estimates of cell proliferation in UC are compli-
cated by the admixture of large populations of inflammatory cells theoreti-
cally rendering this technique unsuitable unless a marker of epithelial cell
lineage is utilised. However, estimates of cell proliferation by Ki67 label-
ling do appear to suggest a correlation between cell proliferation and dis-
ease activity (FRANKLIN et al. 1985) and further studies to elucidate its pre-
dictive value are required.

5.2.1.3 Stomach

Few studies have investigated the dysplasia-carcinoma sequence in the
stomach. MACARTNEY and CAMPLEJOHN (1986) in a small series of pa-
tients found cases of mild and moderate dysplasia to be diploid and a high
incidence of DNA aneuploidy in severe dysplasia (five of seven cases).
These findings must be judged in the light of work be TEODORI et al.
(1984), who reported DNA aneuploidy in 9 of 20 (45%) gastric biopsies
showing gastritis. The purported high incidence of DNA aneuploidy in gas-
tritic mucosa is of great interest in the light of the incidence in ulcerative
colitis, another chronic inflammatory high cell proliferation state (FOZARD
et al. 1986).

5.2.2 Genitourinary System

5.2.2.1 Bladder

Difficulties arise in the assessment of premalignant conditions of the blad-
der as transitional cell carcinomas do not have an easily identifiable precur-
sor lesion; however, early stage bladder tumours (pTa) are usually diploid
(CHIN et al. 1985) and on progression (pT1) 30% —40% become DNA
aneuploid (TRIBUKAIT et al. 1982; CHIN et al. 1985). Carcinoma in situ of
the bladder appears very different in that 90% —100% of cases appear
DNA aneuploid and as in the colorectum the same DNA index can be
demonstrated in different areas of the bladder, suggesting a field change
has occurred (GUSTAFSON et al. 1982 a; MELAMED and KLEIN 1984). Pa-
tients with multiple DNA aneuploid stemlines in carcinoma in situ have
been reported to have a high incidence of clinical recurrence (GUSTAFSON
et al. 1982b).
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Fig. 6. a DNA histogram of a triploid partial hydatidiform molar pregnancy (DNA index 1.5).
b DNA histogram of a diploid complete hydatidiform molar pregnancy. Note the very high
level of cell proliferation. (Reproduced by kind permission of the Editor of the Journal of
Clinical Pathology)

5.2.2.2 Cervix

Abnormalities of DNA in cervical intraepithelial neoplasia have been de-
scribed (LINDEN et al. 1979; GOERTTLER and STOHR 1979; VALET et al.
1981; JAKOBSEN et al. 1983), but only one group has correlated flow
cytometric findings with the histological grade, finding an increase in the
degree of DNA aneuploidy from CIN I through to invasive carcinoma
(JAKOBSEN et al. 1983; JAKOBSEN 1984). "

5.2.2.3 Ovary

An investigation of ovarian tumours of borderline malignancy found a
very low incidence of DNA aneuploidy (FRIEDLANDER et al. 1984 c). Two
of 44 tumours (5%) were DNA aneuploid and one of the two rapidly prog-
ressed to an aggressive ovarian carcinoma, whereas only 1 of 38 (3%) dip-
loid tumours progressed.

5.2.2.4 Molar Neoplasia

A valuable role for flow cytometry has emerged in the study of molar
neoplasia. Partial hydatidiform moles are cytogenetically triploid and eas-
ily detected by flow cytometry, with an abnormal stemline from the molar
tissue with a DNA index around 1.5 (Fig. 6a; HEMMING et al. 1987,
FISHER et al. 1987). Complete moles are diploid with a single Gy/G, peak
(Fig. 6b; HEMMING et al. 1987; FISHER et al. 1987). When the percentage
of cells above the Gy/G; peak of a diploid complete molar pregnancy is
quantitated and compared to that found in first, second and third trimester
pregnancies then complete moles demonstrate a level of cell proliferation
far in excess of normal placental tissue (Fig. 7; HEMMING et al. 1987).
Similarly, cases of persistent trophoblastic disease also demonstrate a high
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Fig. 7. Comparison of the hyperdiploid fraction (the number of cells above the Gy/G, peak)
of normal placentas, complete hydatidiform molar pregnancies and cases of persistent tropho-
blastic disease. Bars represent median value, 25th and 75th centiles. (Reproduced by kind per-
mission of the Editor of Placenta)

level of cell proliferation outside that of normal placental tissue but this
falls within the range of complete moles and does not predict those likely
to progress (HEMMING et al. 1988). Such measurements strongly suggest
that a major cause of the premalignant potential of hydatidiform molar
pregnancy is the high level of cell proliferation seen in this condition.

5.3 Benign Endocrine Tumours

Several studies have recently been published on benign endocrine
tumours. These are of interest since in sites such as the pituitary gland they
have a very low incidence of progression to a malignant state, whereas in
others (e.g. the thyroid and adrenal) they may have a more aggressive be-
haviour. ANNIKO et al. (1984) found 23 of 47 (49%) pituitary tumours to
be DNA aneuploid. A higher incidence was seen in those secreting growth
hormone or prolactin than TSH or ACTH. A study of parathyroid
adenomas (IRVIN and BAGWELL 1979) found 2 of 37 (5§%) adenomas to be
DNA aneuploid and a higher incidence of small populations of polyploid
(DNA tetraploid) cells in these tumours when compared to normals. A
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study of 67 follicular adenomas and seven adenomatous goitres found 18
of 67 (27%) of the former and one of seven (14%) of the latter to be DNA
aneuploid. Follow-up of these patients did not reveal any useful prognostic
information from these measurements (JOENSUU et al. 1986). However, in
the adrenal BOWLBY et al. (1986) found five of six (83%) adrenal car-
cinomas to be DNA aneuploid and none of 16 adenomas. A large tumour
size correlated with aneuploidy.

The frequent finding of DNA aneuploidy in a benign disease such as
pituitary adenoma suggests that its presence per se is not confined to con-
ditions that are likely to progress to invasive malignancy and that site must
always be considered when assessing its importance. The presence of DNA
aneuploidy in an adenomatous goitre supports its potential occurrence in
long-standing hyperplastic condidtions. Whether it may be found in
hyperplastic conditions with no neoplastic potential is unknown, but
studies to date on psoriatic epithelium have not revealed DNA aneuploidy
(BAUER et al. 1980, 1981; GELFANT et al. 1983).

5.4 DNA Aneuploidy and Treatment

A substantial body of evidence is now accumulating to support the view
that DNA aneuploid tumours are more susceptible to radiotherapy and
chemotherapy.

In a series of over 250 patients with cervical carcinoma assessed using
multiple biopsies, a significantly higher level of cell death was found dur-
ing radiotherapy in DNA aneuploid tumours than in their diploid counter-
parts (DYSON et al. 1987). This was reflected in a more rapid clinical re-
sponse and an increased rate of loss of tumour from the biopsies as noted
by histopathological examination (DYSON et al. 1985). Further support for
this position is provided by WYJKSTROM et al. (1984), who found an en-
hanced response to radiotherapy in DNA aneuploid bladder tumours. En-
hanced susceptibility to chemotherapy has been reported in studies on
neuroblastoma (LOOK et al. 1984; GANSLER et al. 1986), ALL (Third In-
ternational Workshop on Chromosomes in Leukaemia 1981; LOOK et al.
1985; SMETS et al. 1987) and possibly AML (HIDDEMANN et al. 1986) al-
though in the latter due to small numbers of patients the difference was
not significant. Increased chemosensitivity has also been shown in vitro in
DNA aneuploid malignant gliomas (SHAPIRO and SHAPIRO 1985). DNA
aneuploid cells in this study were also found to be genetically unstable,
and to have shorter doubling times than their “diploid” counterparts.
Overall the above studies provide good evidence that the detection of
DNA aneuploidy may be of value in the prediction of the response to treat-
ment of certain malignancies.
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6 The Biology of DNA Aneuploidy

6.1 Formation of DNA Aneuploidy

The mapping of the presence of DNA aneuploidy in a variety of malignant
and premalignant conditions has given clues to the mode of formation of
DNA aneuploid stemlines from which early hypotheses can be formulated.
Carcinogenesis is a multistep pathway with the cell suffering sequential
changes that enable it to escape from local growth control mechanisms.
The occurrence of DNA aneuploidy is but one step on this road, albeit
from a prognostic viewpoint an apparently important one in certain sites.

Minor changes from a diploid to a peridiploid cell can occur via a vari-
ety of chromosomal changes, e.g. partial or complete deletion, endoredup-
lication, unbalanced translocations, the production of double minutes or
other abnormal chromosome structures such as rings or dicentrics, etc. The
formation of a DNA aneuploid cell calls for much greater changes in
karyotype. The most likely mechanism for this is a mitotic abnormality or
possibly cell fusion leading to DNA tetraploidy; both of these aberrations
have been déscribed as occurring as the result of exposure to carcinogens
or viruses (WOLMAN 1983). The natural occurrene of polyploidy in certain
cells (e.g. liver, megakaryocytes, trophoblast, cardiac muscle etc.) also
suggests the existence of an internal mechanism for the control of DNA
content. This might be switched off by DNA damage following exposure
to chemical carcinogens or viruses and provides a further method for the
formation of tetraploid cells during carcinogenesis.

There is good experimental evidence and also indirect evidence from
chromosomal studies that progression of cells from a diploid/peridiploid to
a tetraploid/peritetraploid state occurs. This has been demonstrated in the
Dunning rat prostatic carcinoma model and during the induction of neo-
plasia in the mouse salivary gland (COWELL and WIGLEY 1980; ISAACS and
SANDBERG 1982) and is supported by karyotypic evidence of doubling of
many chromosome classes in malignant tumours with a high chromosome
number (e.g. SANDBERG 1980; SHAPIRO and SHAPIRO 1985). The genera-
tion of such gross abnormalities is likely to be due to the genomic abnor-
malities discussed above but a second possible mechanism is that of cell
fusion (BARSKI et al. 1961; BARSKI and CORNEFERT 1962; HARRIS and
KLEIN 1969), where a tumour cell fuses with either a second tumour cell
or a host cell to give rise to a tretraploid cell. The generation of DNA
aneuploid cells from tetraploid cells has been shown to occur in the animal
model (COWELL and WIGLEY 1980; ISAACS and SANDBERG 1982; ISAACS
et al. 1982) and in cell hybrids by the spontaneous loss of chromosomes
from cells (KLEIN et al. 1971). Results from cell fusion experiments also
demonstrate that chromosome loss in a non-random phenomenon from
hybrids, that suppression of the malignant cell phenotype can occur with
fusion of a malignant and a normal cell, and that reversion to the malig-
nant state occurs with subsequent loss of chromosomes (HARRIS et al.
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Fig. 8. a DNA histogram showing a polypoid population in the left ventricle of a post-mortem
heart. b Scaled up histogram of a to show the octaploid population (arrow)

1969; HARRIS and KLEIN 1969; HARRIS 1970; KLEIN et al. 1971). The con-
trolling mechanism for this non-random loss is unknown. Such experimen-
tal results provide evidence for the possible role of suppressor genes (anti-
oncogenes) in the control of the malignant phenotype. The importance of
an unbalanced genome is supported by the modal DNA index of 1.5 found
in most solid DNA aneuploid tumours and the apparently less aggressive
behaviour of certain DNA tetraploid tumours (RONSTROM et al. 1981;
TRIBUKAIT et al. 1982; QUIRKE et al. 1987).

6.2 Polyploidy

Before considering the possible biological advantages of DNA aneuploid
tumours, the concept of polyploidy must be discussed. Polyploidy is widely
found throughout the plant and animal kingdoms, and its presence in these
situations must confer a biological advantage. In humans, natural poly-
ploidy is restricted to sites such as the liver, megakaryocytes, and tropho-
blast (BRODSKY and URYVAEVA 1976; QUIRKE, unpublished observations)
but does occur in certain situations when the organism is stressed, such as
in the myocardium with ventricular hypertrophy (see Fig. 8) (SANDRITTER
and SCOMAZZONI 1964; EISENSTEIN and WIED 1970).
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The biological advantages of polyploidy have been discussed in depth
by others (BRODSKY and URYVAEVA 1977) and will only be briefly re-
viewed here. Cell functions can be divided into three levels: those essential
for survival, those required for proliferation and reproduction, and lastly
those needed for differentiation and function. The transcriptional and
translational capabilities are finite in any given cell; therefore the first
priority will be cell survival and the remaining transcriptional/translational
activity will be utilised for either proliferation or differentiation. If the cell
is stressed then differentiation and functional activities are the first to be
lost, followed by proliferative capacity in order to preserve the viability of
the cell. A polyploid cell has the great advantage not only of doubling its
DNA content but also of doubling its transcriptional and translational ac-
tivity, leading to a greater functional reserve (BRODSKY and URYVAEVA
1977). This has been demonstrated in the rat liver by following the level of
amino acid incorporation and enzyme activity during changes of cell DNA
content. Polyploidy therefore confers a positive biological advantage on a
cell under certain environmental conditions.

6.3 Potential Biological Advantages of DNA Aneuploidy in Cells

The increased chromosome number in DNA aneuploid tumours may lead
to a biological advantage through two mechanisms: those related to the
genome and others related to cell function. Genomic advantages could be
genetic instability with an increased tendency to give rise to mutations with
a concomitant reduction in the occurrence of random lethal mutations due
to the larger number of chromosomes. The threshold for lethal DNA dam-
age may be higher in a DNA aneuploid cell and the ability to give rise to
a higher number of new mutations would enable a tumour to adapt more
rapidly to a change in its local environment or a change of environment
following metastasis. At the same time as doubling its DNA and volume,
the cell surface area only increases by a factor of 1.59 due to the geometri-
cal properties of a sphere (BRODSKY and URYVAEVA 1977). It therefore
has relatively less surface area to maintain as well as an increased func-
tional reserve. Functional advantages could accrue from a greater trans-
criptional/translational reserve, especially if adverse microenvironmental
conditions arise locally or in a metastatic desposit; or these could occur
from changes in the cell surface. Such changes might take the form of a
relative reduction in the cell surface receptors for growth factors that sup-
press the growth of the cell or an increased number of receptors for
growth-promoting growth factors due to the enhanced synthetic capacity
of the cell acting in conjunction with the relative reduction of the cell sur-
face area. The potential growth advantage of tetraploid cells has been con-
firmed by FOURNIER and PARDEE (1975), who induced polyploidy with
cytochalasin-B in fibroblasts and found an increased cell turnover in these
polyploid cells. Any of the above changes might lead to enhanced cell pro-
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liferation or enhanced survival for the DNA aneuploid tumour cell and
thus a biological advantage.

If the DNA aneuploid cell arises on the basis of cell fusion then incor-
poration of foreign epitopes into the tumour cell membrane may occur.
Experimental evidence suggests that this incorporation could lead to the
production of highly aggressive metastatic variants (for a review see DE
BAETSELIER et al. 1984).

6.4 Evidence for Non-random DNA Abnormalities

The formation of related DNA stemlines in UC (FOZARD et al. 1986),
FAP (QUIRKE 1987) and urinary bladder (GUSTAFSON et al. 1982 a;
MELAMED and KLEIN 1984) provides strong evidence that the develop-
ment of these abnormalities may be non-random. The clustering of a vari-
ety of tumours at different modal DNA indices such as 1.4 and 2.0 for
seminomas, 1.3 for teratomas (QUIRKE et al. 1986a), 1.5 for the majority
of solid tumours, 1.3 and 2.0 for lymphomas (MORGAN et al. 1986) and
1.2 for AML (HIDDEMANN et al. 1986) is further evidence of preferred
stemlines in these tumours. In UC and FAP (FOZARD et al. 1986; QUIRKE
et al. 1988) the DNA indices of abnormal stemlines were related to an indi-
vidual colorectum, making these both site- and person-dependent abnor-
malities. Evidence exists to support the non-random nature of chromo-
some changes in malignancy and has been reviewed by MITELMAN (1980).
Investigation of Rous sarcoma virus-induced fibrosarcoma revealed the se-
quential development of a series of non-random abnormalities involving
three chromosomes, numbers 7, 12 and 13 (MITELMAN 1972). A totally dif-
ferent chromosome pattern emerged, however, when morphologically
identical fibrosarcomas were induced by carcinogens such as 7,12-dimethyl-
benz(a)anthracene in the same rat strain, leading to a trisomy of chromo-
some 2 (LEVAN and MITELMAN 1976). The same was found for 20-methyl-
cholanthrene- and 3-4-benzpyrene-induced sarcomas and N-nitroso-N-
butylurea-induced leukaemias with DNA damage also demonstrable on
chromosome 2 (LEVAN 1974; LEVAN and LEvVAN 1975). T-cell murine
leukaemias induced by a variety of chemical agents have also been shown
to develop a specific abnormality, trisomy 15 (DOFUKU et al. 1975; CHAN
1978). This work provides strong evidence for non-random DNA damage
by carcinogens and viruses, and in the Rous sarcoma model for a pattern
of sequential changes induced by one oncogenic virus. It is now known
that the action of certain carcinogens may be highly specific, causing single
base pair changes in oncogenes, leading to their activation (BALMAIN
1985).

The non-random DNA indices seen in man may represent chromosome
loss due to specific carcinogen-induced abnormalities of mitosis such as are
seen using chloramphenicol, streptonigrin or colchicine. Colchicine is of
special interest as in high doses it is known to cause endoreduplication of
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chromosomes (BRODSKY and URYVAEVA 1977). The importance of chemi-
cal carcinogens in the induction of DNA aneuploidy is hinted at by a study
of carcinogen-exposed acute non-lymphoblastic leukaemia patients and
non-exposed patients (MITELMAN et al. 1978). Only 25% of patients with
the disease in the non-exposed group demonstrated chromosomal aberra-
tions whereas 80% of the exposed group did so.

Supportive evidence is provided by the findings that patients treated
with chlorambucil develop cytogenetic abnormalities, that 75% of patients
with leukaemia after previous chemotherapy treatment have abnormal
chromosomes, especially numbers 5 and 7, and that there is a relationship
between abnormalities of these two chromosomes and exposure to chemi-
cals, solvents and other petroleum products (MITELMAN et al. 1981;
GoLOMB et al. 1982; Fourth International Workshop on Chromosomes in
Leukaemia 1984; ROWLEY 1984).

Substantial evidence exists, therefore, of non-random changes in indi-
vidual chromosomes during carcinogenesis, with accruing evidence of
larger non-random changes which are dependent on tumour type (e.g.
lymphoma vs carcinoma, and seminoma vs teratoma) and possibly the
mode of exposure or type of carcinogen. Further studies on the initiation
of DNA aneuploidy in cells in different neoplasms may be rewarded with
a better understanding of the causation and progression of human
tumours.

7 DNA Content in Combination with Other Staining Methods

Two broad categories will be discussed, those tests aimed at detecting sub-
populations of cycling cells and secondly staining techniques enabling the
correlation of other cellular properties to DNA content.

71 Quantitation of Subpopulations of Cells in the Cell Cycle

Two techniques are available; the most frequently used relies upon
bromodeoxyuridine whilst the second utilises a monoclonal antibody, Ki 67.

71.1 Bromodeoxyuridine

This technique can be performed either by in vitro incubation of cells in a
solution of bromodeoxyuridine or by intravenous administration of the
compound, though the latter method has not yet achieved wide applica-
tion. The cells take up bromodeoxyuridine and incorporate it into their
DNA during DNA synthesis. After a period of time, usually 30 min, the
reaction is halted by withdrawal of the bromodeoxyuridine or fixation of
the tissue. By varying the time of exposure to bromodeoxyuridine it is pos-
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Fig. 9a,b. Bromodeoxyuridine labelling. a Control DNA histogram of RAJI lymphoma cells
showing a high cell proliferation. b Same cells identified by a fluorescein-labelled monoclonal
antibody to bromodeoxyuridine. The labelled cells project from the baseline as a horseshoe
enabling quantitation of the number of cells in S phase (arrow)

sible to conduct cell kinetic experiments and obtain estimates of cell cycle
times. After removal from the bromodeoxyuridine the nuclear DNA is de-
natured by one of a variety of techniques to expose the incorporated
bromodeoxyuridine. Incubation of the cells with a fluorescent-labelled
monoclonal antibody to bromodeoxyuridine labels those cells in S phase
during the incubation period, allowing their quantitation. Labelled cells
traverse a semicircular path arising from the GG, peak through S phase
to G»/M (Fig. 9).

Bromodeoxyuridine survives formalin fixation and paraffin embedding
and can be combined with the technique of HEDLEY et al. (1983) for the
measurement of DNA content in paraffin-embedded tissue (DE FAZIO
et al. 1987). Immunocytochemical labelling within tissue sections is also
possible. Whilst bromodeoxyuridine has many advantages it must be re-
membered that it relies upon the same principles as thymidine uptake and
is prone to identical disadvantages. Indeed, with bromodeoxyuridine label-
ling a population of cells in S phase that fails to label can be identified,
the so-called S, cells. The importance of these cells is currently unknown.
Many experimental papers have appeared utilising bromodeoxyuridine
labelling but few clinical reports have yet emerged.

71.2 Ki67

In 1983 GERDES et al. reported the production of a monoclonal antibody
immunoreactive with a cell cycle-related nuclear antigen. Flow cytometric
characterisation suggested that this antigen was present in G, S, G, and
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mitosis (GERDES et al. 1984). Flow cytometric studies are possible using
dual staining of DNA content and Ki67 but its superiority over standard
cell proliferation measurements is currently unknown. Immunocytochemi-
cal studies have been performed on a wide range of tissues using this anti-
body, with early reports confirming the flow cytometric results of differ-
ences between the levels of cell proliferation of low- and high-grade non-
Hodgkin’s lymphomas (WEIss et al. 1987) and of a poor prognosis in pa-
tients with high cell proliferation tumours (HALL et al. 1988). Reports are
emerging in other conditions such as breast (GERDES et al. 1986; BAR-
NARD et al. 1987), lung (GATTER et al. 1986) and brain tumours (BURGER
et al. 1986) but investigations are seriously hindered by the requirement
for fresh tissue. Monoclonal antibodies to cell cycle-related antigens im-
munoreactive in paraffin-embedded tissue are required in order to deter-
mine rapidly the prognostic value of these techniques. A variety of other
antibodies of potential use in the flow cytometric or immunohistochemical
quantitation of cell proliferation react with proliferating cell nuclear anti-
gen (PCNA) (MATHEwWS et al. 1983; CHAN et al. 1983; SMETANA et al.
1983), CsFyy (LLOYD et al. 1985), an antibody that reacts with mitosing
cells, and possibly p 145, a nucleolar antigen (FREEMAN et al. 1986, 1987).

7.2 DNA Content and Quantitation of Non-Cell Cycle Related
Cellular Properties

A wide range of physical and chemical properties of a cell can be quanti-
tated together with DNA content. Physical properties such as cell size
(Fig. 2) or granularity can be easily obtained from a Coulter volume acces-
sory, forward angle-light scatter (FALS) or 90° light scatter. Estimates of
the level of cell death can be derived by utilising the exclusion of a fluores-
cent stain such as ethidium bromide or propidium iodide by the cell mem-
brane of viable cells. Dead and dying cells take up the stain and can be
identified seperately from viable cells (DYSON et al. 1984 a,b), thus allo-
wing the monitoring of the effects of treatment (DYSON et al. 1985, 1987).
The degree of hypoxia of cells might also be measurable using fluorescent
nitroheterocycles (OLIVE and DURAND 1983).

Antibodies to cell surface antigens and receptors, or after fixation or
cell membrane permeablisation, to internal constituents of the cell or nu-
cleus, can be fluorescently labelled, enabling quantitation of their target
antigens. Little work on clinical tumour material has yet been reported
apart from cell surface antigen detection in lymphomas and leukaemias
and combined DNA and cytokeratin studies (OUD et al. 1985).

WATSON’s group (WATSON et al. 1985; ELIAS JONES et al. 1986) have
reported the flow cytometric measurement of the c-myc oncoprotein in
nuclei isolated from paraffin-embedded material. Whilst identifying an
area of great future interest, their work is open to two major criticisms:
(a) the unknown length of time between removal and fixation of their sur-
gical specimens prior to measurement, an important factor in a protein
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with a half-life of 20 min, and (b) more importantly, the loss of an un-
known amount of c-myc oncoprotein during its redistribution from the nu-
cleus to the cytoplasm upon fixation and paraffin embedding (JONES et al.
1988 c).

The combination of biochemical techniques with flow cytometric as-
sessments of DNA content is likely to emerge as a powerful technique
since it enables biochemical estimates to be performed on individual cells
(see MELAMED et al. 1979; WATSON 1980). The study of enzyme reactions
within cells is based upon the principle of enzymatic conversion of a non-
fluorescent substrate to a fluorescent end-product, such measurements al-
lowing quantitation of the activity- of the target enzyme.

Flow cytometric estimation of oestrogen receptors has been ap-
proached in a different fashion by quantitating the receptor binding of
fluorescent oestrogen probes (KUTE et al. 1983). Such techniques may lead
to a combined estimate of DNA content, S phase fraction and oestrogen
receptors in breast carcinoma. Measurement of intracellular pH (VISSER
et al. 1979) and calcium concentration (VALET et al. 1985), membrane
potentials, mitochondrial function (DARZYNKIEWICZ et al. 1982) and many
other properties of the cell are currently possible.

8 Conclusion

Potential clinical applications of flow cytometry are currently emerging,
but it should be stressed that retrospective studies must be confirmed by
well-designed prospective studies prior to clinical application. Areas of
great interest are the prediction of prognosis in common solid malignancies
such as the lung, colorectum, prostate, bladder, ovary etc. where measure-
ment of DNA content appear superior to subjective histological assess-
ments. Flow cytometry has rejuvenated interest amongst pathologists in
cell proliferation and it is time that energy was diverted away from the
perpetual scramble after endless uncharacterised antigens in conditions
such as non-Hodgkin’s lymphoma towards refinement of the role of a
proven prognostic indicator of cell kinetics.

Measurements of DNA content in premalignant disease have also iden-
tified the development of major aberrations of DNA content in the early
stages of neoplasia in certain tumours and suggest that such abnormalities
may be more widespread than previously thought. Differences have also
been revealed between various pathways of neoplasia within the same
organ such as the adenoma-carcinoma and dysplasia-carcinoma sequences
in the colorectum and de novo transitional cell carcinomas and carcinoma
in situ of the bladder.

This review has sought to concentrate on the measurement of DNA
content, but a wide range of new techniques are now available for applica-
tion in medical research. Flow cytometry is a versatile technique and has
much to offer in many areas of medicine.
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1 Introduction

Much progress has been made in and much published on the chromosome
changes and their significance in cancer and leukemia during the last de-
cade. This progress has included not only the cytogenetic definition and
classification of various leukemias (ROWLEY 1984; SANDBERG 1986 a), but
also the cytogenetic “dissection” of some solid tumor entities (SANDBERG
and TURC-CAREL 1987; SANDBERG et al. 1988) and the application of the
karyotypic findings to molecular approaches (CROCE 1986; DUESBERG
1987). The latter have uncovered rearrangements of genes (including on-
cogenes) in some conditions, increased or abnormal gene expression in
others, and the need for more knowledge regarding the exact genes af-
fected in most human neoplastic states.

The classification of the various acute leukemias has, for a number of
years, been based on the so-called FAB systems (BENNETet al. 1976, 1981,
1985), which have relied heavily on the characteristics of cellular morphol-
ogy and immunology. The cytogenetic demonstration that FAB categories
thought to be relatively homogeneous contained subsets characterized by
specific ‘chromosome changes ultimately led to workshops (First MIC
Cooperative Study Group 1986; Second MIC Cooperative Study Group
1988; Third MIC Cooperative Study Group 1988) in which these changes
were related to the various clinical, immunologic, and cytologic aspects of
each leukemic subset. In these workshops members of the FAB group,
immunologists, histochemists, clinicians, and cytogeneticists critically
evaluated the information available in each area’in an attempt to define as
accurately and reliably as was possible the nature of the conditions as-
sociated with specific chromosome changes. Hopefully, these results will
find usefulness in the diagnostic and clinical aspects of various hematologic
neoplastic disorders. It is certain that at least some of the decisions
reached at these workshops will have to be modified in the future as co-
gent cytogenetic and particularly molecular data are brought to bear on
each subset; in addition there is a strong likelihood that new subsets will
be defined cytogenetically and otherwise.

Though progress in solid tumor cytogenetics has not been as rapid or
clinically meaningful as that in the leukemias, advances in methodology
have made possible the detailed examination of the karyotypes of a
number of tumour entities (sarcomas, testicular and kidney cancers,
neuroblastoma), with most of the adenocarcinomas still to be elucidated
cytogenetically. These advances have led to the description of a number of
specific chromosome changes in solid tumors, as well as to two workshops
(1986, 1987) dealing with the karyotypic aspects of such tumors. Future
workshops will undoubtedly combine progress at the cytogenetic and at
the molecular and other levels. As in the case of the leukemias, the combi-
nation of cytogenetic and molecular results will most likely lead to the
description of subtypes within existing tumor entities and the utilization of
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the findings in the diagnosis, classification and prognosis of these tumors,
and the development of therapeutic approaches.

The present chapter will deal with chromosomal changes in solid
tumors and their meaning, application, and relationship with specific his-
tologic entities and subentities.

2 Primary (Specific) and Secondary Chromosome Changes

The identification of specific cytogenetic events in solid tumors has lagged
behind that in the leukemias for several reasons, including the frequent
encounter of multiple and complex chromosomal changes, varying in na-
ture from tumor to tumor and which may reflect differences in the respon-
sible causative agents, as well as in the karyotypic evolution of secondary
chromosome changes in the malignant cells. These complex karyotypic
changes may confuse the picture as they render difficult the identification
of the primary chromosome changes associated with specific tumor types.
The establishment of the primary karyotypic event, particularly when pre-
sent as a single change, may provide cogent information (e.g., finding and
understanding the genes involved) in the genesis and maintenance of the
neoplastic state.

Cytogeneticists and molecular biologists will ultimately have to com-
prehend the nature, meaning, and mechanisms responsible for the addi-
tional (secondary) chromosome changes seen in leukemia and cancer. In
the latter, these additional changes are often so complex and numerous
that they tend to mask the primary karyotypic change. Except in some
leukemias [i(17)q -in chromic myelogenous leukemia, +8 in acute
leukemia, —Y or —X in acute myelogenous leukemia with t(8;21)], the
additional chromosome changes have not been found to follow a nonran-
dom pattern and invariably appear to be associated with the biologic pro-
gression of the disease. In other words, a leukemia or tumor is at its lowest
level of aggressiveness when it is associated with the primary karyotypic
change only; the leukemia or tumor shows more aggressive behavior with
the acquisition of additional chromosome changes (NOWELL 1986). Since
the latter appear to be responsible for (or at least associated with) progres-
sion of the disease state, cytogeneticists and molecular biologists will have
to address the nature, meaning, and consequences of the additional
chromosome changes. This is a challenge that will have to be met, particu-
larly in the case of, for example, adenocarcinomas of the breast, lung,
colon, and prostate, if progress is to be made in the control and, ulti-
mately, the cure of these diseases. The genetic and hence molecular and
metabolic disturbances caused by the primary karyotypic changes may turn
out to be relatively simple when compared to those associated with the
secondary or additional chromosome changes. These disturbances reflect
the complexity and large number of such changes often seen in neoplasia,
particularly in solid tumors.
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With the above background it must be kept in mind that significant pro-
portions (and in the case of some neoplastic conditions, the majority) of
solid tumors have not had a primary karyotypic change established. Fur-
thermore, the wide array of additional cytogenetic changes which have so
far defied classification or organization must be kept in mind when
evaluating the role of the chromosome changes in various conditions.

When a leukemia or tumor is associated with a sole karyotypic change
(translocation, loss or gain of a chromosome, insertion, deletion, etc.), it
can be assumed that this change represents the primary or specific chromo-
some change characterizing the particular leukemia or tumor. When a
group of leukemias or tumors of similar origin and pathology contains the
same primary karyotypic change, it can be safely assumed that they consti-
tute a subset or subtype within the leukemia or tumor type. Generally,
and particularly in solid tumors (adenocarcinomas), a large number of
tumors may have to be studied in order to ascertain whether a unique
karyotypic change occurs with sufficient frequency in a number of tumors
to qualify as the primary chromosome change.

Though the primary chromosome change may play a key role in the
process of leukemogenesis or carcinogenesis, and in some cases the evi-
dence is more than suggestive (e.g., the bcr-abl abnormal gene in chronic
myelogenous leukemia), there is the possibility that the primary
karypotypic change reflects events at the molecular level which may have
preceded the chromosome change and, in fact, be the cause of it. Thus,
however essential the karyotypic change is in the development of the neo-
plastic state, there may exist an underlying molecular event necessary for
the genesis of the specific chromosome change.

3 Methodologic Aspects of Cytogenetic Analysis of Solid Tumors

3.1 The Role of the Cytogeneticist, Surgeon, and Pathologist

As in the case of leukemias, to establish the chromosome changes in a
tumor, the actual tumor cells must be examined. Generally, 0.5 g or more
of tumor tissue is required for cytogenetic analysis. The full cooperation of
the surgeon and pathologist is a sine qua non for success in the cytogenet-
ics of solid tumors. That of the surgeon is necessary in order to make sure
that viable and representative specimens are obtained for chromosomal
analysis. That of the pathologist is crucial in order to postpone fixation
of the specimen until part of the tumor for the cytogenetic examination is
secured and to make certain that appropriate tissue is sent in a proper
medium to the cytogenetic laboratory with, ultimately, a detailed descrip-
tion of the histology of the tumor. The surgeon is also responsible for the
details regarding the clinical aspects of each case, the findings at opera-
tion, and follow-up. Rapport must be established between the cytogeneti-
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cist, surgeon, and pathologist, not only regarding the importance of es-
tablishing the karyotypic changes in various tumors, but also for a fuller
understanding of the problems associated with these examinations (e.g.,
failure to obtain metaphases for analysis, length of time required for a
meaningful cytogenetic evaluation of a tumor, the cytogenetic complexity
of some tumors). Communication at all levels and about results is a key to
success in tumor cytogenetics.

3.2 Problems Specific to Solid Tumors

Despite the fact that the chromosomes of human solid tumors were first
observed more than 100 years ago (see SANDBERG 1980 for historical
background) and the remarkable advances in cytogenetic techniques, these
tumors are still difficult to examine in detail cytogenetically, compared
with leukemic cells. The major obstacle in cytogenetic analyses of solid
tumors has been the lack of a reliable technique that can not only disaggre-
gate the cells of the tumor tissue, but also yield an adequate number of
mitotic divisions in primary short-term cultures.

A significant percentage of solid tumors have a very low mitotic index,
necessitating culture of the cells, which may not be successful in all cases
or may lead to overgrowth by normal (diploid) cells. Additionally, the
dominant cells following prolonged culture do not necessarily represent
the major clone in the tumor in vivo and generally tend to have a large
number of chromosomes with an array of numerical and morphologic
chromosomal anomalies.

The morphology- of the chromosomes in solid tumors is often indistinct
and less than optimal for detailed analysis as compared to the cell mor-
phology encountered in leukemias.

Solid tumors are not infrequently infected (particularly those of the
gastrointestinal tract, lung, and cervix), so that upon culture, even for a
brief period of time, the infecting organisms destroy the tumor cells or
make cytogenetic examination impossible. In addition, for optimal
chromosome results, viable tumor tissue is necessary; however, some
tumors are necrotic and may not yield sufficient metaphases for analysis.

The presence of cytogenetically normal cells in tumors is not unex-
pected since occasionally stromal and supporting elements in carcinomas
and sarcomas appear to be of normal tissue origin. Another possibility is
infiltration of the tumors by normal leukocytes, not a rare finding in some
cancers. Although it may be contended that such cytogenetically normal
cells are neoplastic, it is our view that if they are, the changes are beyond
the resolution of cytogenetic techniques presently used.

Recent advances in cell culture and cytogenetic techniques applied to
tumor cells have largely obviated some of the above-mentioned difficulties
(Kusyk et al. 1979; WAKE et al. 1981; GiBAS LM et al. 1984; LIMON et al.
1986). These advances include a number of steps established in our labora-
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Fig. 1 A—D. Disaggregation of tumor cells by collagenase. A Osteosarcoma tumor cells im-
mediately after mincing. Slender arrow points to single cell, other arrow to a cluster of cells. B
The same tumor cells after 16 h of collagenase treatment. Arrow points to a single cell. C
Adenocarcinoma of colon tumor cells after 16 h of collagenase treatment. D The same tumor
cells after 48 h of collagenase treatment. Arrow points to a group of cells attached to the bot-
tom of the flask. Single and clustered cells are also visible

tory, the most crucial of which consist of: chronic exposure of the cells to
collagenase through the incubation or culture period; the use in situ of a
modified hypotonic solution for the swelling of cells; the use of methotrex-
ate for clearer banding of chromosomes; and, most importantly, frequent
examination of the incubated or cultured cells for their mitotic activity in
order to establish the peak of such activity.

3.2.1 Enzymatic Disaggregation

Collagenase isolated from Clostridium histolyticum is a noncytotoxic hy-
drolytic enzyme which achieves maximum efficiency in isotonic media in a
pH range from 6.5 to 7.8 (LASFARGUES 1973). Unlike trypsin, collagenase
does not alter the cell surface. There are two approaches to collagenase
disaggregation of solid tumors: one is a short-time enzymatic treatment
with high concentration of collagenase (1000 U/ml) (WAKE et al. 1981;
GiBAS LM et al. 1984) and the second utilizes low concentrations of col-
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Fig. 2A, B. Primary tissue culture of an adrenocortical carcinoma. A Arrows point to cells at
metaphase. B Arrow points to a cell in anaphase

lagenase (200 U/ml) for 16—24 h (LIMON et al. 1986). Resistance of some
tumors to collagenase treatment may be the result of too brief collagenase
treatment. With prolonged collagenase treatment, almost all types of
tumor can be disaggregated in 24 h. In some tumors (basal cell carcinoma,
bladder cancer) this treatment can be longer, but this does not affect the
growth of the tumor cells in culture. Connective tissue cells are almost
completely disassociated by collagenase and remain in suspension, but may
be separated by allowing the epithelial cancer to sediment for 5—10 min.
Thus, this approach offers a possibility for release of some of the connec-
tive tissue cells and eliminating growth of normal cells in culture.
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Fig. 3. Hypotonic treatment of primary culture after 15 min. Note round shape of cells

3.2.2 Microscopic Observations

Frequent and detailed observations under an inverted microscope of the
tumor disaggregation and/or culture are essential for successful results. In
the former it is possible to ascertain the degree of disaggregation of each
type of tumor and, in the latter, the time when a large number of single
cells and small clusters are observed floating (Fig. 1).

A frequent and detailed observation of the culture flasks allows the ob-
server to choose the optimal time of harvest, which often is individualized
for each flask and should be the height of the mitotic activity (Fig. 2).

3.2.3 Hypotonic Solution In Situ

The introduction of a new hypotonic solution used in situ for human solid
tumor cytogenetic analysis by GIBAS LM et al. (1984) was an important
improvement in the methodology, for it led to more optimal spreading of
chromosomes. This hypotonic solution works excellently on the chromo-
somes of tumors, not only resulting in the spread of the chromosomes with
minimal overlapping, but also in improving their morphology. It should be
reiterated that it is necessary to use different exposure times to the
hypotonic solution for different types of tumor. Careful observation of
changes in the shape of cells in situ under the microscope (Fig. 3) allows
the observer the opportunity to ascertain the optimum time of hypotonic
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treatment. Generally, we use 60 min of hypotonic treatment for epithelial
tumors and 30 min for sarcomas. We have found the same phenomenon as
Kusyk et al. (1979), i.e., for good spreading of metaphases it is necessary
to use a volume of hypotonic solution at least twice that of the medium in
the flask.

3.2.4 The Use of Methotrexate

Generally, cell synchronization techniques yield a higher number of cells
in various early stages of division (late prophase, prometaphase, and early
metaphases) than do other techniques. Originally described for
phytohemagglutinin-stimulated peripheral blood cells (YUNIS 1976), they
also have been used for the cytogenetic examination of malignant cells
(HAGEMEUER et al. 1979; YUNIs 1981; GIBAS LM et al. 1984). These syn-
chronization techniques not only yield elongated chromosomes but also a
greatly improved quality of metaphase spreads.

These refinements in cytogenetic techniques have led to higher rates
of success in establishing the karyotypic changes in solid tumors. The result
is that not only are more and more tumors being characterized cytogeneti-
cally, but also, as in the case of the leukemias, subtypes have been shown
to exist within previously assumed entities (SANDBERG and TURC-CAREL
1987). Thus, it is our contention that all cancers (or any other neoplastic
entity) will be shown cytogenetically to consist of a number of well-defined
subtypes, each being of different or unique causation or histogenesis and
inviting individual approaches to their classification and therapy.

4 Chromosome Changes in Solid Tumors
and Their Relation to Pathology

The number of solid tumors characterized by consistent specific chromo-
some markers is still small (Table 1), as is the number of cases of
chromosomally investigated tumors of each subtype. However, these few
examples have already proven the usefulness of the cytogenetic findings in
the diagnosis and classification of tumors.

4.1 Chromosome Markers and Subtypes of Soft Tissue Sarcomas

Soft tissue (mesenchymal) neoplasms are rare entities which represent less
than 1% of all human neoplasms; they constitute a relatively heteroge-
neous group of tumors with regard to origin, pathology, and clinical
course, and not infrequently defy a clear-cut histologic designation (EN-
ZINGER and WEISS 1983).
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Table 1. Specific (primary) chromosome changes in tumors

Tumors Chromosome changes
Benign
Meningioma —220r22q—

Mixed tumors of salivary glands t(3;8) (p21;q12)
t(9;12) (p13-22;q 13-15)

Lipoma t with 12q 14
Colonic adenoma 12q— and/or +7
12q— and/or +8
Leiomyoma t(12;14) (q14—15:q22-24)
Cortical adenoma of kidney +7,+7, +17, =Y
Carcinomas
Bladder i(5p)
+7
-9/9q—
11p—
Prostate del(10) (q24)
Lung (SCLC) del(3) (p14p23)
Colon 12q-*
+7°
+8*
+12°
17 (q 11)?
17p-*°
—18*
Kidney del(3) (p11—p21)
Uterus 1q-°
Ovary 6q—*°
t1(6;14) (q21;924)
Endometrium Trisomy 1q
+10
Sarcomas
Liposarcoma (myxoid) t(12;16) (q13;p11)
Synovial sarcoma t(X;18) (p11.2;q11.2)
Rhabdomyosarcoma (alveolar) t(2;13) (q37;q14)
Extraskeletal myxoid 1(9;22) (q31;q12.2)
chondrosarcoma
Embryonal and other
Testicular (germ cell tumors) i(12p)
Retinoblastoma del (13) (q 14)°
i(6p)
Wilms’ tumor del(11) (p13)®
Neuroblastoma del(1) (p32p36)
Malignant melanoma del(6) (q11q27)*
i(6p)*

del(1) (p11p22)*
t(1;19) (q12;q13)

Mesothelioma del(3) (p13—p23)
Ewings’s sarcoma and peripheral  t(11;22) (q24;q12)
neuroepithelioma

* Not yet proved to be primary chromosome changes
" Associated with a constitutional chromosome change
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Fig. 4. Full karyotype showing the t(12;16) (q13;p1l1) as the sole karyotypic change in a
myxoid liposarcoma

An estimated 10%—20% of soft tissue tumors cannot be accurately
classified by light microscopy though it is possible that the use of im-
munohistochemical - techniques may reduce this number (DU BOULAY
1985).

4.1.1 Myxoid Liposarcomas, Malignant Fibrous Histiocytomas,
and Other Liposarcomas

Myxoid tumors of soft tissue are a small but broad group that may cause
various problems in histologic interpretation (ALLEN 1921, MACKENZIE
1981). In particular, the distinction between myxoid liposarcomas (LPSs)
and the myxoid variants of malignant fibrous histiocytomas (MFHs) pre-
sents a problem, especially since both subtypes are considered the most
frequent of soft tissue sarcomas. Cytogenetics may be a powerful tool in
the differential diagnosis. A translocation t(12;16) (q13;p 11) (Fig. 4) has
been found to be specifically restricted to myxoid LPSs (TURC-CAREL
et al. 1986 c; SMITH et al. 1987; MERTENS et al. 1987) whereas rings, dicen-
trics, and telomeric associations have been described in MFH, pleomor-
phic and myxoid subtypes (MANDAHL et al. 1988). Rings, long markers,
and telomeric associations also have been found to be a constant charac-
teristic in a distinct subtype of LPS, well-differentiated LPS (KARAKOUSIS
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Fig. 5A—E. Ring chromosomes, giant markers, and telomeric associations (7A) observed in
five distinct cases of well-differentiated LPS

et al. 1987) (Fig. 5). These cytogenetic findings could be very useful to the
pathologist, particularly when faced with one of the most frustrating situa-
tions in pathology, the lack of any specific evidence of cellular differentia-
tion in some tumors (ROSS et al. 1986). For the clinician, the prognostic
implications with regard to survival or response to treatment may be as-
sociated with the primary chromosome change, which probably plays a key
role in formulating the basic biology of the tumor, as well as the additional
chromosome changes, which are associated with progression (invasion,
metastases, nature of response to therapy) of the tumor (KARAKOUSIS
et al. 1987).



Karyotypic Analysis of Solid Tumors 269

4.1.2 Ring(s) in Liposarcomas and Lipomas

Within the adipose tissue tumors, subcutaneous lipomas are benign prolif-
erations and LPSs (myxoid, round cell, pleomorphic) (ENZINGER and
WEISs 1983) are malignant, according to well-established clinical and his-
tologic criteria.

In contrast to this clear-cut behavior, some lipomatous neoplasms in
the subcutis or within muscles are clinically benign, whereas similar prolif-
erations in the retroperitoneum have clinically an invasive behavior, LPS
well-differentiated, although they display histologic patterns similar to
those of subcutaneous and intramuscular lipomas. In fact, some authors
have named the subcutaneous and intramuscular categories as “atypical
LPS” and “atypical intramuscular LPS,” respectively (EVANS et al. 1979);
the last entity has been called “well-differentiated lipoma-like LPS” by
others (Azumr et al. 1987). However, the term used to designate the non-
retroperitoneal tumors constitutes a matter of controversy among his-
topathologists in classifying mature fat cell neoplasms.

Cytogenetic findings can be used by the pathologist as guides for the
correct diagnosis of such tumors. Often other criteria have not been of
help.

Though the number of lipomas chromosomally investigated so far is
relatively small, four subgroups may be characterized cytogenetically: (a)
those with a normal diploid chromosome set; (b) those with translocations
involving 12q13—q14; (c) those with translocations not involving
12q13—q 14; and (d) others with ring chromosome(s). All of these lipomas
are considered as true benign lipomas (TURC-CAREL et al. 1986 b; HEIM
et al. 1986, 1987; MANDAHL et al. 1987; DAL CIN et al. 1988 a).

From what was stated above, several conclusions can be inferred:

1. Consistent chromosome changes in tissue proliferations are no longer
a criterion of malignancy. Similar conclusions have been arrived at by
those studying meningiomas (ZANG 1982), mixed tumors of salivary
glands (MARK et al. 1983), and leiomyomas (HEIM et al. 1988; GIBAS
et al. 1988; TURC-CAREL et al. 1988; VANNI and LECCA 1988).

2. Lipoma and myxoid LPSs, both tumors of adipose tissue but one be-
nign and the other malignant, share a consistent chromosomal translo-
cation involving very close, if not identical, regions on chromosome 12,
i.e., band 12q13 in myxoid LPSs and region 12q 13 or q 14 in typical
lipomas. This observation, though it may favor a possible common
basis in at least one of the steps responsible for the neoplastic process
in adipose tissue, will have to be confirmed or refuted by appropriate
molecular studies.

3. Ring chromosomes characterize a subgroup of atypical intramuscular
lipomas (HEIM et al. 1987) and well-differentiated LPSs (KARAKOUSIS
et al. 1987). Moreover, the latter tumors are all retroperitoneal, a loca-
tion that EVANS et al. (1979) have used as a criterion to differentiate
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Fig. 6 A—D. Partial karyotypes showing the non-
random translocation (X; 18) (p 11.2;q 11.2) in four
synovial sarcomas

the malignant entity from the atypical intramuscular lipoma. A long-
term follow-up of these patients is necessary to establish whether these
atypical intramuscular lipomas with ring(s) chromosomes have a malig-
nant behavior and whether retroperitoneal well-differentiated LPSs
evolve from a “silent™ atypical lipoma in the retroperitoneal area.

4.1.3 Synovial Sarcomas

In many instances, synovial sarcomas are so poorly differentiated that they
do not show specific features sufficient to suggest their true origin, and
hence they may be confused with other poorly differentiated sarcomas.
Histochemical stains have been the primary aid in the histologic diagnosis
of these poorly differentiated neoplasms. The presence of keratin proteins
in the cytoplasm of the tumor cells is a characteristic property of synovial
sarcoma and aids in the identification of monophasic synovial sarcoma
(CoRrsON et al. 1984). However, tissue fixation and processing can pro-
foundly affect the results of the immunohistochemical staining procedures.
Hence, in some cases the cytogenetic analysis of the tumor cells of these
poorly differentiated tumors can be of great help in clarifying the his-
togenesis.
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Fig. 7. Partial karyotype
showing t(11;22) (q24;q12)
in Ewing’s sarcoma

A specific translocation, t (X; 18) (p 11.2; q 11.2), characterizes synovial
sarcomas irrespective of their histologic patterns, i.e., biphasic,
monophasic, or poorly differentiated (Fig. 6) (TURC-CAREL et al. 1987,
SMITH et al. 1987; GRIFFIN and EMANUEL 1987; WANG-WUU et al. 1987;
UEDA et al. 1988). This translocation has been found in tumor cells from
primary tumors as well in metastases, particularly in those to the lung.

4.2 Small Round Cell Tumors

There is a group of tumors in children genetically referred to as primitive,
undifferentiated or small, round blue cell tumors, e.g., Ewing’s sarcoma,
rhabdomyosarcoma, neuroblastoma, and lymphoma of the bone, in which
the diagnosis is often difficult (TRICHE and ASKIN 1983; TRICHE et al.
1986). The specific chromosome findings can be used to differentiate these
tumors (WHANG-PENG et al. 1986). Since 1983 (AURIAS et al. 1983; TURC-
CAREL et al. 1983), a total of 70 cases of Ewing’s sarcoma have been
chromosomally investigated (see SANDBERG et al. 1988) and the transloca-
tion t(11;22) (q24;q12) (Fig. 7) has been seen in 90%.

Such a chromosome abnormality has not been described in the other
tumors of the small round cell group and, at the present time, is the only
reliable criterion for the diagnosis of Ewing’s sarcoma.

A consistent chromosome change, t(2;13) (q37;q14), characterizes
the alveolar histologic subtype of rhabdomyosarcoma (SEIDEL et al. 1982;
TuURC-CAREL et al. 1986a; LAI et al. 1987; LizARD-NACOL et al. 1987;
WANG-WUU et al. 1988).

Structural chromosome abnormalities involving 1q and/or 1p and
3p14—12, as well as numerical changes such as trisomies 2 and 3, have
been reported in embryonal and unclassified rhabdomyosarcomas (POT-
LURI and GILBERT 1985; TRENT et al. 1985; DOUGLASS et al. 1985; WANG-
WuU et al. 1988).
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Fig. 8. Full karyotype from a small cell carcinoma. Note the del (3) (p 14), a primary chromo-
some change characteristic of this kind of tumor. Other additional anomalies are also present:
-9, +12, —14, —16, +18, 8p+, 14p+, 15p+

Partial monosomy for the short arm of chromosome 1 is the most con-
sistent structural abnormality in human neuroblastoma (BRODEUR 1982).
The region of the short arm of chromosome 1 deleted is variable but the
portion distal to band 1p32 is consistently lost.

4.3 Renal Adenoma Versus Adenocarcinoma

Differentiation of renal adenoma (benign) from an adenocarcinoma
(malignant) may be very difficult because no gross anatomic, histologic,
histochemical, immunologic, or ultrastructural features are known which
can discriminate between the two entities (LEDER et al. 1979; OLSEN
1984). They virtually overlap one another without any sharp, definable
boundary. In the past, tumor size was the main criterion of malignancy. It
was observed that tumors less than 3 cm in diameter usually did not metas-
tasize. Thus, tumors that were larger than 3 cm in diameter were consi-
dered malignant (BELL 1950). However, this criterion has been strongly
criticized by some authors (BENNINGTON and BECKWITH 1975); many pa-
tients with tumors larger than 3 cm have no metastases at the time of
nephrectomy and vice versa.

It is a generally supported and accepted view that renal adenomas are
small or structurally early forms of carcinoma which have not yet produced
metastases (BENNINGTON and BECKWITH 1975; BANNAYAN and LomM
1980; PASSEGE et al. 1987). This view has no practical consequence if this
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Fig. 9. Full karyotype from a renal cortical adenoma showing characteristic changes for such
a tumor: 48, X, =Y, +7, +7, +17

tumor is diagnosed at autopsy. However, if it is found at surgery inciden-
tally or otherwise, it has been suggested that it is better to diagnose it as a
potential adenocarcinoma and follow up the patient carefully (BEN-
NINGTON and BECKWITH 1975).

Cytogenetic analysis can play an important role in the differential diag-
nosis of these two tumors whose histologic features are so similar (FITE
1945).

Consistent rearrangements involving the short arm of chromosome 3
(3p11—p21) have been found in renal cell carcinoma of the hereditary
(COHEN et al. 1979; PATHAK et al. 1982; WANG and PERKINS 1984;
YOSHIDA et al. 1986) as well as of sporadic forms (YOSHIDA et al. 1986;
BERGER et al. 1986; KovAacs et al. 1987; Szucs et al. 1987; CARROLL
et al. 1987) (Fig. 8). The involvement of the long arm of chromosome 5,
the gain of one chromosome 7, and the loss of one sex chromosome were
also observed in renal cell carcinoma; however, their role in renal car-
cinoma development merits further study.

Recently, a combination of chromosome abnormalities (+7, +7, +17,
—Y) was described by us to be associated with a renal tumor histologically
defined as renal adenoma (DAL CIN et al. 1988b) (Fig. 9). It is interesting
that the above combination of chromosome changes can be found among
previously reported cytogenetic findings in relatively large series of renal
cell carcinomas (DE JONG et al. 1988; MILES et al. 1988) without their sig-
nificance being realized.
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Fig. 10. Full karyotype showing monosomy 9 (—9) as the sole abnormality in one of the
cytogenetically defined subentities of bladder cancer

5 Chromosome Changes Defining Subtypes
Within a Tumor Category, Same Lineage, and Histogenesis

5.1 Tamor Subtypes

Though transitional cell carcinoma (TCC) may appear to be histologically
a rather uniform entity, specific karyotypic changes point to subentities
within this category.

An isochromosome for the short arm of chromosome 5 or 5q-,
monosomy 9 or 9q-, deletion of the short arm of chromosome 11, and
trisomy 7 have been observed in association with bladder TCC (GIBAS
et al. 1984 a, 1986, 1987; ATKIN and BAKER 1985b) (Fig. 10). That each of
these chromosome markers may characterize subsets within the bladder
with distinct biologic behavior (invasiveness, metastatic spread) is sup-
ported by the higher aggressiveness of those bladder tumors with mor-
phologic chromosome changes than those with trisomy 7 or monosomy 9
(SANDBERG 1986Db).

It is possible that other entities similar to TCC may ultimately be “dis-
sected” cytogenetically and that a more detailed correlation may be found
between the cytogenetic findings and such parameters as stage and grade
of the cancer, response to therapy, survival, invasiveness, metastatic
spread, and anatomic location of the tumor.
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Fig. 11. Full karyotype showing i (12 p), characteristic of germ cell tumors of the testes. Most
of the groups had extra chromosomes, including three extra X chromosomes which account
for the positive sec chromatin pattern seen in most of these tumors

5.2 Same Lineage

A specific chromosome rearrangement may occur in an undifferentiated
stem (primitive) cell which subsequently proceeds along a different path-
way of differentiation and/or malignant transformation. Almost all germ
cell tumors of the testis, such as seminomas, teratomas, embryonal cells,
and choriocarcinomas, exhibit at least one copy of an isochromosome for
the short arm of chromosome 12, i(12p) (Fig. 11) (ATKIN and BAKER
1982, 1983, 1985 a; GIBAS et al. 1984 b; DeLOZIER-BLANCHET et al. 1985).
The presence of this characteristic chromosome marker indicates a similar
origin of these tumors.

It is interesting that the same chromosome abnormality, i(12p), has
been recently detected in ovarian dysgerminomas; this is not surprising
since these ovarian tumors are identical histologically to seminomas of the
testis (JENKYN and MCCARTNEY 1987; ATKIN and BAKER 1987).

5.3 Histogenesis of Ewing’s Sarcoma

The origin of Ewing’s sarcoma (ES) has been controversial since its initial
description (EWING 1921). An origin from a primitive mesenchymal cell
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has been generally accepted (NAVAS-PALACIOS et al. 1984) until a neuroec-
todermal origin was suggested by the demonstration of neuroectodermal-
associated antigens in ES cell lines showing the characteristic chromosome
change, t(11;22) (q24;q11) (LIPINSKI et al. 1987), and by the identical
translocation, t(11;22), found in peripheral neuroepitheliomas (WHANG-
PENG et al. 1984). On the basis of these cytogenetic findings, the same
cell lineage has been suggested and a common origin from a neural crest
cell proposed (WHANG-PENG et al. 1986).

Subsequently, a t(11;22) (q24;q12) was found in Askin tumors
(WHANG-PENG et al. 1986; DE CHADAVERIAN et al. 1984) and neural ele-
ments have been identified which are similar to those of peripheral
neuroepithelioma.

On the basis of this common cytogenetic finding, t(11;22), peripheral
neuroepitheliomas, Askin tumors, and ES appear to belong to the same
group of tumors of neuroectodermal origin and it has been suggested that
treatment regimens effective in ES should be tried in the other conditions
(ISRAEL 1986).

6 Chromosome Changes in Benign Tumors

The chromosomal studies in human malignant neoplasms have shown that
most, if not all, malignant cells exhibit chromosome abnormalities, often
occurring in a nonrandom fashion (SANDBERG 1985). In contrast, the
chromosomal status of so-called benign neoplasms has been far less de-
fined, due essentially to the paucity of the studies reported to date.
Though it had been generally accepted that benign tumors have a normal
chromosome constitution (SANDBERG 1980), nonrandom chromosome ab-
normalities have been described in a number of benign tumors, i.e., in
meningiomas, mixed tumors of the salivary glands, lipomas, leiomyomas,
adenomas of the colon, and cortical adenomas of the kidney. Such data
highlight the fact that the concept of an abnormal chromosome pattern
being related to a malignant or premalignant state versus a normal diploid
karyotype related to a benign state had to be qualified. On the other hand,
cytogenetic data on benign tumors may give clues to the biological basis
for the distinctive behavior of benign versus malignant neoplasms.

6.1 Meningioma

Meningiomas are considered to be histologically benign tumors and have
been the most extensively studied, cytogenetically, of the human benign
solid tumors.

The loss of all or part of chromosome 22 is a consistent chromosome
finding in more than half of meningiomas cytogenetically investigated
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(MARK 1977; ZANG 1982; YAMADA et al. 1980; ZANKL and ZANG 1980;
KATSUYAMA et al. 1986; AL SAADI et al. 1987; CASALONE et al. 1987; REY
et al. 1988). In addition to monosomy 22, which would be considered as
the primary karyotypic event, nonrandom loss of chromosomes 8, 14, and,
perhaps, a sex chromosome, and structural rearrangements involving 1p
and 11 p, are characteristic secondary features of meningiomas.

More studies on correlations of karyotypes, histologic characteristics,
and biologic behavior are needed to determine the parameters which main-
tain the bulk of the meningiomas as benign tumors in spite of the signifi-
cant chromosomal abnormalities.

6.2 Mixed Salivary Gland Tumors

Pleomorphic salivary gland adenomas are the most common benign
tumors of the human parotid and other salivary glands. More than 100
such tumors have been investigated cytogenetically (MARK and DAHLEN-
FORS 1986; MARK et al. 1982; BULLERDIEK et al. 1987a,b). A normal
karyotype has been reported in 55%—60% of these cases. The remaining
tumors can be divided into: (a) those with chromosome 8 involvement,
usually translocation of the segment distal to 8 q 12; (b) those with translo-
cations involving the 12 q 13—15 region; (c) those with translocations and/
or deletions affecting a distal segment of either the short or the long arm
of chromosome 3; and (d) those with normal cells and one (or more) vari-
ant cell(s).

6.3 Lipoma

As described above (Sect. 4.1.2), at least four kinds of karyotype may be
encountered in lipoma, a benign proliferation of adipose tissue: (a) a nor-
mal karyotype; (b) involvement of band 12 q 13—14; (c) abnormalities not
involving 12q13—14; and (d) presence of ring(s) (TURC-CAREL et al.
1986b; HEIM et al. 1986, 1987; MANDAHL et al. 1987; DAL CIN et al.
1988 a) (Fig. 12).

Such abnormalities were not recorded in other types of benign adipose
tumor previously reported by SANDBERG et al. (1986), i.e., a lipoblastoma
with a t(7;8) and del(4), and a fibrolipoma with a del(6) and inv (13).
Malignant transformation in lipoma is very exceptional, however; it is also
interesting that the same region, 12q13—14, is involved in one of the
malignant proliferations of adipose tissue, i.e., myxoid LPS.

6.4 Leiomyoma

Recently, benign tumors of the smooth muscle of the uterus, leiomyomas,
have been analyzed cytogenetically. A consistent involvement of regions
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Fig. 12. Karyotype showing t(3; 12) (q27;q 14). the most frequent chromosome change found
in lipoma

12q14—q 15 and 14 q22—q 24 has been reported (HEIM et al. 1988; GIBAS
et al. 1988; TURC-CAREL et al. 1988; VANNI and LECCA 1988).

A balanced translocation, t (12; 14) (q 14—q15; q22—q24), seems to be
the most frequent chromosome change found in, at least, a subgroup of
leiomyomas (Fig. 13), indicative that region 12 q 14—15 may show a prefer-
ential involvement (VANNI and LECCA 1988).

6.5 Adenomas of Colon

The possible meaning of chromosome changes in colon adenomas needs
to be further investigated, not only for the paucity of such tumors
cytogenetically analyzed (MARK et al. 1973; REICHMANN et al. 1982,
1985), but also because identical changes (+7, +8, 12q—) have been de-
scribed in colonic adenocarcinomas (BECHER et al. 1983; OcHI et al. 1983;
FERTI-PASSANTONOPOULOU et al. 1986). Therefore, it was tempting to cor-
relate the presence of these chromosome changes (+7, +8, and/or
+12 g—) in adenomas with a possible premalignant status, though the rela-
tion of these karyotypic changes to cancer development remain unclear.
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Fig. 13 A, B. Partial karilotype showing t(12;14) (q14—15;q22—-24), a rather characteristic
karyotypic change in leiomyoma of the uterus

6.6 Cortical Adenoma of Kidney

As previously described in Sect. 4.3, renal cortical adenoma and adenocar-
cinoma overlap one another without any sharp, definable boundary
(LEDER et al. 1979; OLSEN 1984).

A tetrasomy 7 (+7, +7), trisomy 17 (+17), and loss of one sex chromo-
some (—Y) has been seen by us as a recurrent combination of chromo-
some changes found only in renal cortical adenoma (DAL CIN et al.
1988 D).

The generally accepted view regards renal adenoma as an early form
of carcinoma (BENNINGTON and BECKWITH 1975). Often these tumors are
found and diagnosed only at autopsy. However, they can also be found at
surgery incidentally and it has been suggested that they should be treated
as potential adenocarcinoma with careful follow-up of the patient. At best
cytogenetically, this is not true because the two entities have distinct
chromosome changes.
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6.7 The Significance of Chromosome Abnormalities in Benign Tumors

The abnormal cytogenetic findings in tumors considered benign on his-
tologic and behavioral grounds leave important unanswered questions:

1. What is the meaning of chromosome abnormalities in benign tumors
and how are they basically different from relatively simple abnor-
malities seen in malignant tumors?

2. Are these chromosome changes indicative of a premalignant state?
Application of molecular techniques to these benign tumors with
chromosome changes, such as those discussed above, may give an ans-
wer as to the events which distinguish malignant from benign cellular
proliferations.

7 Rearrangement Breakpoints and Oncogenes

There are now several examples of reciprocal chromosome translocations
in hematopoietic diseases, such as Burkitt’s lymphoma and chronic
myelogenous leukemia, that alter specific genes (CROCE 1986; NOWELL
and CROCE 1986). Translocations involving 8 q 24 with either 2p 13, 22q 11,
or 14q32 have been consistently observed in Burkitt’s lymphoma (ZECH
et al. 1976; VAN DEN BERGHE et al. 1976; LENOIR et al. 1982). It has been
demonstrated that these translocations juxtapose the myc oncogene, lo-
cated at 8 q24, with the immunoglobulin genes, » and A light chains, on
chromosomes 2 and 22 respectively, or the heavy chain locus on chromo-
some 14 (CROCE et al. 1979; CROCE and NOWELL 1985). The effect of
these rearrangements can lead to transcriptional deregulation of the ex-
pression of the c-myc gene (CROCE and NOWELL 1985).

In chronic myelogenous leukemia a reciprocal translocation between
chromosomes 9 and 22, at bands q34 and q11 respectively, characterizes
the disease (ROWLEY 1983). In this translocation c-ab!/ is regularly translo-
cated from its normal site on chromosome 9 to a very restricted region of
chromosome 22, called “breakpoint cluster region” (bcr) (GROFFEN et al.
1984). This new and novel chimeric gene, bcr/abl, produces a novel
mRNA, larger than the normal transcript, that appears to code for an ab-
normal protein of high molecular weight having tyrosine kinase activity
greatly increased over that of the normal protein (SHTIVELMAN et al. 1985;
HEISTERKAMP et al. 1985; GALE and CANAANI 1984; KONOPKA et al.
1984; KLOETZER et al. 1985).

In the case of most solid tumors, cytogenetic analysis has not yet pro-
vided the molecular biologist with the information necessary to identify
the critical genes involved in the malignant transformation. However,
there is little doubt that some of the nonrandom chromosome changes
found in some of the solid tumors described above will provide the basis
for a rational molecular genetic approach.



Karyotypic Analysis of Solid Tumors 281

In adipose tissue tumors, both benign (lipoma) and malignant (myxoid
LPS) lesions share the same chromosome region in their consistent rear-
rangements (12q13—q14). It appears to be difficult to investigate. The
proximity of the breakpoints in these two entities precludes discrimination
of the break in lipoma from that in myxoid LPS using cytogenetics only.
On the other hand, if these breakpoints fall within the same band, what
are the molecular events underlying the benign versus the malignant prolif-
eration?

8 Fragile Sites and Cancer Breakpoints

Many fragile sites have been identified in human chromosomes, some of
which may also be specific cancer chromosome breakpoints. The idea
naturally arose that these phenomena might be connected and a fragile
site hypothesis of cancer has been postulated (SUTHERLAND and HECHT
1985; LEBEAU 1986; YUNIs 1983; LEBEAU and ROWLEY 1984; HECHT and
SUTHERLAND 1984; HECHT and GLOVER 1984; DEBRAEKELEER et al.
1985). However, there are now some experimental data suggesting that no
such relationship exists, whereas other evidence supports an association.
In a special issue of Cancer Genetics and Cytogenetics (1988), the findings
on both sides have been well summarized and the question is still open.

9 Concluding Remarks

Establishing the primary (specific) karyotypic events in the leukemias has
significantly expanded the classification and diagnostic parameters of these
diseases. Not only have these primary chromosome changes been proven
to be independent diagnostic parameters, but they have also more clearly
defined the biology of these diseases at the clinical and molecular levels.
Such progress has not been made in most solid tumors, particularly the
adenocarcinomas and other epithelial tumors. The chromosome changes in
these tumors are usually complex and numerous, tending to mask the
primary change. Thus, epithelial tumors with a sole cytogenetic change are
very rare, though the information they yield is crucial since it can be as-
sumed that such a primary change characterizes at least a subtype within a
known entity. Falling short of that, the best approach is to examine a suffi-
ciently large group of tumors which hopefully will yield reliable informa-
tion on recurrent chromosomal changes, particularly the primary ones,
which may characterize subtypes within the tumors investigated. In some
tumors this has not been achieved reliably, e.g., cancer of the breast,
colon, and lung. Part of the problem may reside in the lack of detailed
pathology supplied with most of the chromosome studies on adenocarcino-
mas and related tumors. Often, recently establishing refinements in
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pathologic approaches to tumor histology are lacking, for it is possible that
the pathology of tumors which also includes cytochemical or cytoim-
munologic aspects may define subtypes within a tumor entity and thus
make correlation with the chromosome finding more readily accomplished
and meaningful. This combination of approaches may tell us much more
about tumor types and subtypes than is presently known.

In dealing with tumors in which the cytogenetic findings have been es-
tablished, particularly the sarcomas and benign tumors, the pathologist
should avail himself of these findings, thus expanding the diagnostic acu-
men, particularly on confusing or complex tumors.

A symbiotic relationship between cytogeneticists and pathologists will
expedite the application of chromosome findings to achieve a more accu-
rate diagnosis of solid tumors, such as has been done in some sarcomas
and in differentiating benign from malignant tumors. Though it is realized
that such a situation has yet to be established for most solid tumors, the
application of effort in the design of appropriate studies will ultimately
yield fruitful results similar to those already established in the leukemias.

Recent progress in the cytogenetics of soft tissue tumors and in some
of the caicinomas already discussed above has not only yielded exciting
and promising karyotypic information on specific tumor entities, but also
paves the way for elucidation of similar cytogenetic parameters in the
more common cancers. Often, success was attained through cooperative
effort between the surgeon, pathologist, and cytogeneticist. This has led
to the use of the chromosome findings as an aid in the diagnosis of compli-
cated cases. Ultimately, often meaningful and practical parameters, e.g.,
prognosis, chance of recurrence, invasion, or metastases, and the planning
of appropriate therapeutic approaches, may be related to the cytogenetic
findings seen in tumor subtypes.

Some forms of cancer, e.g., that of the breast and lung, may require
special national or international cooperative studies with the participation
of pathologists, oncologists, molecular biologists, and cytogeneticists cul-
minating in workshops akin to those which have dealt with the leukemias.
Objective scrutiny and critique of the karyotypes, of the detailed and ap-
propriate pathology, of the clinical data, and of other factors in a coopera-
tive and friendly atmosphere will go a long way to deciphering the mean-
ing of the complex cytogenetic findings characterizing most adenocarcino-
mas, and hopefully lead to the application of these findings in a useful
way, as has been accomplished in the leukemias and sarcomas. This may
not be an easy task, but with each participant pushing to the limit the
realm of his or her expertise, including innovative approaches and new
markers in the various disciplines, the task can be accomplished. For until
such information is available on various tumors, we will be ignorant re-
garding important facets of the biology and possible etiology of these le-
sions.
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1 Introduction

During the last two decades, morphological investigations have changed
considerably with the development of immunocytochemistry. However, the
information gained by the demonstration of cellular antigens is limited as
this technique does not give any insight into other intracellular metabolic
processes. The introduction of in situ hybridisation (ISH) using nucleic
acid probes provides further morphological understanding of gene expres-
sion in different physiological and pathological conditions.

The term ISH indicates the technique used to localise nucleic acid se-
quences in whole cells, tissue sections or chromosome preparations. The
concept of this technique is intrinsically simple; it is based on the use of
labelled nucleic acid probes which are able to associate with complemen-
tary RNA or DNA target sequences, to form a hybrid molecule. ISH was
first applied by GALL and PARDUE (1969) to identify ribosomal intracellu-
lar DNA in cytological preparations by using a radiolabelled probe. Sub-
sequently the technique was applied to a variety of experimental studies
(see COGHLAN et al. 1985 for a review), but for years its widespread appli-
cation has been limited by several factors, not least a lack of consensus
concerning the methodology and, sometimes, the difficulty in reproducing
accurately the results of different workers. However, ISH is capable of giv-
ing unique information which is not available from other techniques. With
the advent of more sophisticated methods for preparing specific probes
and recent reports of simpler and more cohesive methodologies, consider-
able interest has been focussed on ISH. Furthermore, the sensitivity of
ISH has been considerably improved, with a limit of detection down to
single copy gene sequences (BHATT et al. 1988; LAWRENCE et al. 1988).

In this chapter we give an updated review of ISH by examining sepa-
rately the various aspects of methodology. Although the final choice of
procedure details will obviously depend on specific applications, general
guidelines are applicable to most types of investigation. As ISH requires
the integration of methodologies from different disciplines (i.e. molecular
biology, histology, histochemistry, virology etc.), it is essential to simplify
the procedure since an easy method is the most likely to give consistently
good results.

2 Tissue Preparation

The most important requirements for ISH are nucleic acid retention and
morphology preservation. These points could be achieved through appro-
priate fixation, although the final hybridisation signal might be dependent
on a variety of factors such as the type of sample, the rate of target degra-
dation, the choice of fixative and the method of processing.
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2.1 Target Preservation

The stability of the RNA or DNA target is related to external factors such
as the presence of endogenous nucleases, handling and, most important of
all, the time delay before fixation. The half-life of mRNA and DNA may
vary considerably. Different nucleic acid sequences show different degrada-
tion curves, and from the studies carried out on this subject it seems likely
that several factors may contribute to their stability (BELASCO et al. 1986;
SHAW and KAMEN 1986; STANSSENS et al. 1986; BRAWERMAN 1987; PON-
TECORVI et al. 1988). Endogenous nucleases certainly play a major role in
the degradation process, and it is important to inactivate them during pro-
cessing of the sample and to avoid external nuclease contamination during
ISH procedures. In particular RNase, a ubiquitous and very heat-stable
enzyme, can degrade target mRNA and RNA probes at any stage of the
ISH procedure. Hence all equipment used for ISH should be RNase-free,
this being achieved in different ways: gloves should be worn throughout
all manipulations, glassware and other heat-resistant equipment is to be
baked at 250°C for a minimum of 4 h (MANIATIS et al. 1982; CUMMING
and FALLON 1989), plastic disposable equipment and solutions should be
autoclaved before use, and RNase inhibitors (i.e. human placental
ribonuclease inhibitor, RNasin) should be added during probe preparation
and ISH. It has also been noted that manipulation of unfixed samples
could promote premature nucleic acid degradation, as sample dehydration
and loss of cellular integrity through routine dissection and cutting may
somehow accelerate the degradation processes, possibly by increasing the
release of lysosomal contents and of endonucleases (JOHNSON et al. 1986;
STOPA et al. 1989). Similar degradation events might also take place in ne-
crotic areas of tumour samples.

It is recommended that fixation delay should be always kept to a
minimum. Unfortunately there is no definite rule to define an acceptable
time limit, as all the points examined above may contribute to the final
result. However, it is probably acceptable to carry out the fixation within
10—20 min from tissue collection, as longer delays result in a decrease of
hybridisation signal (HOFLER et al. 1986 a). When dealing with experimen-
tal animals the tissue can be fixed immediately by immersion or perfusion.
For clinical samples, arrangements should be made to collect the tissues
from the ward or operating theatre in a closed container placed on water-
ice in order to minimise tissue dehydration and premature nucleic acid deg-
radation.

The use of post-mortem material is particularly important in
neuropathology where there is a lack of suitable animal models for many
diseases. Particular attention has to be paid to the stability of mRNA in
these samples, as several non-controllable pre-mortem events (stress, pain,
drug administration) might adversely affect the rate of nucleic acid deg-
radation. The suitability of post-mortem tissue for ISH has been investi-
gated by measuring the RNA yield and its integrity. There appears to be
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little variation of the yield of RNA with long post-mortem delay (up to
50 h), and of the stability of mRNA as measured by densitometry on
Northern blots (JOHNSON et al. 1986; TAYLOR et al. 1986). Interestingly,
the levels of RNA yield from human brain are generally lower than those
from animal models, suggesting that pre- and/or post-mortem events might
contribute to the RNA stability (JOHNSON et al. 1986; TAYLOR et al. 1986).
Successful ISH for peptide mRNA has been carried out on human brain
collected up to 4 h post-mortem and immediately fixed (TERENGHI et al.
1987; STOPA et al. 1989). However, for a correct interpretation of the hy-
bridisation signal it is advisable to establish experimentally a post-mortem
degradation curve for each type of mRNA, as there is evidence to show
that different molecules behave differently.

2.2 Fixation

The collection and fixation of tissue represents an important and some-
times overlooked preparatory step for ISH. The aim is to preserve an in-
tact tissue morphology throughout the hybridisation procedure, whilst the
target nucleic acid must be retained in a form accessible to the probe.

In general fixatives for ISH can be grouped in two classes, cross-linking
(e.g. formaldehyde glutaraldehyde) and precipitating (e.g. ethanol,
methanol, acetone). Many authors prefer precipitating reagents, as it is
thought that the cross-linking might prevent easy access of the probe to the
target. However, precipitating reagents often do not preserve the tissue
morphology efficiently, with a consequent possibility of target loss by diffu-
sion (LAWRENCE and SINGER 1985; SINGER et al. 1986; MOENCH et al.
1985). Conversely, the use of cross-linking fixatives may require the use of
permeabilisation steps before the hybridisation procedure in order to in-
crease probe penetration. Several studies have been carried out on the sub-
ject (HAASE et al. 1984; MCALLISTER and ROCK 1985; MOENCH et al.
1985; HOFLER et al. 1986 a; SINGER et al. 1986; GUITTENY et al. 1988), but
using different systems and showing conflicting results on the suitability of
one fixative over the other. More recently paraformaldehyde has been used
as fixative for hybridisation of peptide mRNA (HOFLER et al. 1986 a;
HAMID et al. 1987; TERENGHI et al. 1987; LARSSON et al. 1988; STEEL et al.
1988). An added advantage of this fixative is the ability to perform im-
munocytochemical and hybridisation studies on the same tissue preparation
(BRAHIC et al. 1984; HOFLER et al. 1986b, 1987; SHIVERS et al. 1986a).

We have tested a panel of fixatives, previously shown to be suitable for
ISH, on a range of tissue and cell preparations in order to detetmine
whether one specific reagent could be recommended as suitable for differ-
ent ISH applications. Table 1 summarises the type of fixatives tested and
the corresponding fixation times. The experiment included both precipitat-
ing and cross-linking fixatives, as well as reagents which combine the two
in different proportions. ISH was carried out on human and experimental
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Table 1. Panel of reagents and fixation time tested on a variety of tissues and
cell lines

Fixatives Fixation time
Cells Tissue
1. Ethanol/acetic acid (3:1 v/v) 15 min R.T.? 30 min R.T.
+ ethanol S min R.T. 10 min R.T.
2. EthanoVacetic acid (95%:5% v/v) 15 min R.T. 30 min R.T.
3. Methanol/acetone (1:2 v/v) 4 min —20°C 20 min —20°C
4. Methanol/acetone (1:1 v/v) 4 min —20°C 20 min —20°C
5. Bouin’s solution 30 min R.T. 1hR.T.
6. 4% Paraformaldehyde (PF) 30 min R.T. 1 hR.T.
* 7. 2% Glutaraldehyde 30 min R.T. 1 hR.T.
8. Paraformaldehyde—lysine—periodate 15 min R.T. 1hR.T.
(PLP)
9. 4% Paraformaldehyde/methanol (1:9) 30 min R.T. 1hR.T.
10. 4% Glutaraldehyde in 20% ethylene 5min4°C 30 min4°C
glycol

* R.T.. room temperature

Table 2. Each tissue and cell line was fixed with the full panel of reagents
of Table 1, and hybridised with a suitable probe. In each system the best
hybridisation results were obtained following fixation with a specific reagent,
as listed below

Tissue/cells Probe Best fixative

Placenta Human placenta 2% Glutaraldehyde
lactogen (HPL)

Pituitary Pro-opiomelanocortin 4% Paraformaldehyde
(POMC)

Brain Neuropeptide Y (NPY) 4% Paraformaldehyde

A 431 Actin Bouin’s

T15 N-ras 4% Paraformaldehyde

ZNR Actin Ethanol/acetic ac. (95:5)

W2PD Actin Ethanol/acetic ac. (95:5)

Chicken embryo Actin Bouin’s

fibroblasts

animal tissues, and on cultured cells using a variety of probes. The hybrid-
isation results were evaluated in terms of both morphology preservation
and hybridisation efficiency, this being assessed as signal-to-noise ratio
(Table 2). Although all fixatives present good morphological details of the
tissue before hybridisation, it is apparent that following the rigorous proce-
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dure required for ISH the results are discordant for different tissues, as
shown for placenta in Fig. 1. When using methanol/acetone fixatives, the
tissue morphology is unrecognisable and the hybridisation signal is practi-
cally absent, most probably due to loss by diffusion of target mRNA. In
contrast, tissue fixed in 2% glutaraldehyde shows a very strong hybridisa-
tion signal and good morphological detail. Between these two extremes
there is a range of results with different fixatives, but generally the best
results are seen with cross-linking fixatives, consistent with the results seen
on pituitary and brain. Similar differences were also seen in cultured cells.

Some general indications can be gained from the results of this study.
The use of cross-linking fixatives appears to give better final results on tis-
sue blocks, where the complexity and heterogeneity of the cell population
might not be sufficiently preserved with precipitating reagents. However,
in monolayers of cultured cells precipitating fixatives might be equally suit-
able, which offers the possibility of avoiding laborious permeabilisation
steps before ISH (see Sect. 4.1).

At present it appears that there is not a unique fixation procedure
which could be recommended for ISH, and the final choice of fixative de-
pends on the tissue investigated, the rate of target degradation and possi-
bly the type of probe and its length. Hence the choice of fixative for a
given tissue should be carried out experimentally by screening using a
panel of different fixatives. When this is not possible (e.g. in retrospective
clinical studies on formalin-fixed material) the hybridisation protocol
should be optimised in order to obtain the maximum hybridisation effi-
ciency possible. It is also notable that prolonged exposure to fixative might
reduce the hybridisation signal (BRIGATI et al. 1983; WILCOX et al. 1986),
and proteolytic treatment of the section might be necessary, particularly if
strong cross-linking fixatives and paraffin embedding have been used or if
deproteination of viral capsid is necessary (GOWANS et al. 1981; BRIGATI
et al. 1983; LARSSON et al. 1988). Also, for a rapid and uniform fixation
of samples such as brain where the fixative penetration is poor, it is advis-
able, when possible, to fix the tissue by perfusion.

4 Fig. 1a,b. Cryostat sections of human placenta fixed in 2% glutaraldehyde (a) (X 210) and
paraformaldehyde-lysine-periodate (PLP) (b) (X 210). The sections have been hybridised with
human placenta RNA probes labelled with *S and counterstained with haematoxylin and
eosin. The glutaraldehyde-fixed placenta shows strong hybridisation signal in the syncytial
trophoblasts surrounding the chorionic villi, while in PLP-fixed tissue the cells show a weaker
signal intensity
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2.3 Tissue Processing

The fixed material can be stored safely in washing buffer (e.g. PBS) at
4°C for 1—-2 months before sectioning. However, it is suggested that cryo-
stat blocks should be prepared from the fixed tissue as soon as possible, to
minimise the risk of bacterial contamination and target degradation. The
frozen blocks can be stored for much longer in liquid nitrogen or at
—70°C. Cryostat sections are collected onto RNase-free clean glass slides,
coated with poly-L-lysine (PLL) (HUANG et al. 1983), air dried and can be
stored dry at —70°C for up to 1 year without appreciable loss of nucleic
acid target.

An alternative method of tissue processing consists in freezing fresh tis-
sue, the fixation being carried out on glass-mounted frozen sections
(HAASE et al. 1984; COGHLAN et al. 1985; GOWANS et al. 1989). Although
this method offers the advantage that frozen tissue can be used also for
RNA extraction, the morphology of the tissue after ISH is not satisfactory.
Furthermore, the handling of unfixed material is more laborious, and a
sudden rise of temperature is more likely to compromise the nucleic acid
stability. -

In situ hybridisation has been carried out successfully on wax-embed-
ded tissue (BRIGATI et al. 1983; PRZEPIORKA and MYERSON 1986; MOR-
LEY and HODES 1988). It has been claimed that this type of tissue process-
ing does not alter significantly the sensitivity of the ISH procedure (HAASE
et al. 1984; COGHLAN et al. 1985; TOURNIER et al. 1987; GOWANS et al.
1989; LARSSON et al. 1988), but a comprehensive study comparing hybridi-
sation on wax and frozen sections has not yet been carried out.

Cultured cells can be grown directly onto glass slides or coverslips
placed at the bottom of tissue culture petri dishes. The cells are rinsed in
isotonic buffer to remove serum and then fixed by placing the slides di-
rectly into the fixative. Following fixation the preparations are rinsed in
buffer, and dried at 37°C for at least 4 h before ISH (HAMID et al. 1987;
LAWRENCE and SINGER 1986). With this method there is no time delay be-
fore fixation and virtually no risk of nucleic acid degradation. Also the cell
monolayer makes identification of the spatial relationship between cells
and the distribution of hybridised target easier. Alternatively, cells which
grow in suspension or a trypsinised cell suspension can be cytospun onto
PLL-coated slides (approx. 2 x 10* cell/slide) before fixation (see CUM-
MING and FALLON 1989 for detailed method).

3 Probes

There are many options and considerations when choosing a probe and
probe label for ISH experiments. Decisions are dependent on experimen-
tal requirements for sensitivity, speed, quantitation and resolution. Work-
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ers who are unfamiliar with molecular biology should be aware of the
types of probe available, the options with respect to label and the appro-
priate labelling procedures since there is no universal system appropriate
for all applications. Pre-labelled probes are commercially available, but
these may limit the range of planned experiments. Some workers therefore
choose to synthesise and/or clone their own probes whilst others are able
to obtain their probes through academic collaborations.

There are particular requirements for probes used in ISH experiments.
Since the signal generated does not give any idea of the size of the target
nucleic acid, the specificity of probes must be thoroughly checked prior to
use (see Sect. 6.2). Probes should also fall within a certain size range to
facilitate entry into whole cells or tissue sections (BRAHIC and HAASE
1978; ANGERER and ANGERER 1981; LAWRENCE and SINGER 1985). For
maximum sensitivity, the highest specific activity radioactive probes are
currently required. In addition, quantitation of signal may be desired (see
Sect. 5.1).

General guidelines for choosing the probe sequence and checking the
specificity are given whilst detailed methodology for synthesis, cloning and
sequencing are beyond the scope of this chapter. In addition, advantages
and disadvantages of a range of probe types and probe labels are also dis-
cussed.

3.1 Choice of Probe Sequence

Some general guidelines are outlined below when selecting a suitable
probe sequence from published data for synthesis and cloning (mistakes in
published sequences are a real hazard!).

A large fraction of the DNA of most eukaryotes consists of repeated
nucleotide sequences (LEWIN 1980). In selecting a specific probe, repeti-
tive sequence should be avoided since the probe may also bind to multiple
irrelevant genomic sequences.

Gene sequence homologies exist between species (CLEVELAND et al.
1980; ISENBERG 1979), some oncogenes (RALSTON and BISHOP 1984), cer-
tain virus types (GISSMAN and SCHWARZ 1985) and gene families (LEVINE
et al. 1988) for example. The greatest variation between related gene se-
quences usually lies within the 5’ or 3’ untranslated regions, which are less
conserved than those encoding protein. Probe sequences selected from
these regions can therefore specify a particular species-specific probe for
example. Where continuous regions of diverse sequence are too short,
high-stringency conditions and/or short oligonucleotide probes may be
enough to establish probe specificity.

The melting temperature (Tm) of hybrids is altered according to probe
length and the specific sequence. GC base pairs are stabilised by three
hydrogen bonds whereas AT base pairs contain two. For example a probe
rich in AT residues has a decreased Tm compared with a probe having an
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equal number of GC residues. Tm is also reduced as a function of probe
length whereby the shorter the probe, the lower the Tm, although this is
not a linear relationship (BRITTEN and DAVIDSON 1985).

When choosing a DNA template sequence for RNA probes, inverted
repeats or transcriptional stop sequences should be avoided since prema-
ture termination of transcription will occur during probe synthesis.

A range of probe sizes from 100 to 400 bases are, in our experience,
more suitable for ISH using freshly fixed cultured cells (see Sect. 4.2.1 for
further discussion). When using RNA probes, it is convenient to select a
template sequence within this range of sizes, thus avoiding the need to hy-
drolyse larger probes such that they fall within this size range (Cox et al.
1984). Clearly longer probes hydrolysed to the correct size offer more
target coverage and therefore more sensitive detection.

When choosing an effective probe for clinical diagnostic purposes, ad-
ditional considerations are necessary. In particular, care must be taken to
ensure that the probe does not cross-react with non-pathogenic species of
the same genus. Ideally, a sequence specifying virulence is desirable
(PALMER and FALKOW 1985).

3.2 Probe Types

There are three main types of probe currently in use for ISH: DNA probes
(double or single stranded), RNA probes and oligonucleotide probes.
RNA and DNA probes are produced from a cloned sequence whilst
oligonucleotide probes are chemically synthesised using automated DNA
synthesisers.

3.2.1 DNA Probes

Double-stranded complementary DNA probes (cDNA) are commonly
used for ISH (LAWRENCE and SINGER 1985). Generally, these sequences
specify gene coding regions (exons) or untranslated regions although, re-
cently, intervening or intron sequences have been used specifically to de-
tect unprocessed heterologous nuclear RNA within the nucleus (FREMEAU
et al. 1986). Probe sequences are cloned into bacterial plasmid or bac-
teriophage vectors, ensuring a constant supply of probe. Once cloned,
these probes are simple to prepare and label using defined protocols or
commercially available kits.

DNA probes are generally more robust than RNA probes since nucle-
ases specific for DNA (DNases) are more easily eliminated from prepa-
rations than RNases. There is some evidence to show that heterologous
double-stranded DNA probes of around 1000—1500 bases are able to form
networks in cells resulting in signal amplification (LAWRENCE and SINGER
1985). Networking can occur when a hybridising probe strand has a free
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end capable of base pairing to a complementary region of another probe
molecule such that the amount of probe and therefore signal at that site is
increased. '

Despite these advantages, double-stranded DNA probes have certain
drawbacks which effectively decrease signal-to-noise ratios. Use of larger
probes (1000—1500 base pairs) impinges on the efficiency of penetration
into whole cells or tissue sections such that there might be a trade-off be-
tween efficient probe entry and signal amplification through networking
(BrRAHIC and HAASE 1978; ANGERER and ANGERER 1981).

Double-stranded probes must be denatured by boiling so that comple-
mentary single strands can hybridise to the single-stranded target
molecules. Therefore there is competition between the hybridisation reac-
tion with immobilised target nucleic acid and the reannealing of probe
DNA strands in solution. There is evidence suggesting that the latter reac-
tion is favoured, thus decreasing the pool of probe available for hybridisa-
tion (COX et al. 1984). It is possible to circumvent this problem whilst re-
taining some advantages of DNA probes by using single-stranded cDNA
probes from M13 although this route is much more labour intensive in
terms of probe labelling and purification (GOEDERT 1986).

cDNA probes which include labelled vector sequences can increase the
background signal on cell preparations either by vector sequences hybridis-
ing to parts of the target tissue genome, or through entrapment of extra
labelled nucleic acid within the cell matrix. This problem can be eliminated
by purifying the cDNA insert away from the vector sequences using gel
electrophoresis.

3.2.2 RNA Probes

Single-stranded RNA probes are increasingly favoured particularly for high
sensitivity ISH since they have a number of advantages over double-
stranded cDNA probes. The use of RNA probes for ISH was pioneered by
Cox et al. (1984).

RNA probes are asymmetric, single-stranded probes which therefore
do not require denaturation prior to use and so reannealing in solution
does not occur, ensuring that all of the probe is available for hybridisation
with target. A complementary probe sequence or antisense strand will hy-
bridise with cellular mRNA. A labelled sense strand can be used as a good
negative control probe since this, by definition, comprises the same se-
quence as the mRNA of interest. Strand-specific probes have been useful
in identifying viral nucleic acid replicative intermediates (GOWANS et al.
1983). An asymmetric RNA probe will also hybridise to denatured DNA.

The melting temperature of hybrids containing RNA is higher than for
DNA :DNA hybrids (RNA :RNA > RNA:DNA >DNA :DNA) (CASEY
and DAVIDSON 1977; WETMUR et al. 1981; Cox et al. 1984). This means
that higher hybridisation and wash temperatures can be used, which still
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allow efficient specific base pairing between homologous sequences but
more effectively prevent or remove weak or non-specific probe binding.

RNA probes are transcirbed in vitro from pieces of DNA inserted adja-
cent to a promoter or RNA polymerase binding sequence within a bacte-
rial plasmid. They are virtually free of contaminating vector sequences be-
cause the plasmid is made linear using a restriction endonuclease just
downstream from the inserted sequence (Fig. 7). Saturation of target se-
quences occurs at lower effective probe concentration when the probe
does not contain vector sequences, which implies a higher signal-to-noise
ratio since background signal is partly dependent on the concentration of
probe applied to the section.

Transcripts generated from the plasmid template are of a defined size.
This is an advantage for ISH since probe size is an important factor when
considering probe entry into intact cells for example; in this case, optimal
probe sizes fall within the 100—400 base range. If the insert size is greater
than this, transcripts are easily and reproducibly hydrolysed to the correct
size (CoX et al. 1984).

Limiting nucleotides in the labelling reaction or transcriptional stop se-
quences within the probe template can result in prematurely terminated
transcripts which may impinge on ultimate sensitivity of the ISH. The in-
tegrity of transcripts is easily checked using formaldehyde gel elec-
trophoresis (MANIATIS et al. 1982).

RNA transcripts are readily synthesised using RNA polymerase (MEL-
TON et al. 1984; ANGERER et al. 1985), and kits are commercially avail-
able. High specific activity probes can be generated (~ 10° dpm/ug) and
70% —80% of radioactively labelled nucleotides incorporated. Incorpora-
tion of biotin-labelled nucleotides is less efficient (LUEHRSEN and BAUM
1987), but alternative procedures have been proposed (see Sect. 3.2.2).

The ubiquity of ribonucleases means that special precautions should be
taken when handling RNA probes (see Sect. 2.1) (CUMMING and FALLON
1989).

These precautions are readily introduced as routine procedure and are
necessary anyway when the target nucleic acid is RNA since non-specific
digestion or nicking of target sequences could result in changed stringency
requirements.

Rates of DNA:RNA hybridisation are slower than those of
DNA :RNA hybridisation (CASEY and DAVIDSON 1977; WETMUR et al.
1981). This is not a particular disadvantage since RNA : RNA hybridisa-
tions can be largely complete within 1 h (unpublished data), using high
probe concentrations.

3.2.3 Oligonucleotide Probes

Reliable automated DNA synthesisers are available based on solid phase
synthesis using deoxynucleoside phosphoramidites and insoluble silica sup-
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ports (CARUTHERS et al. 1982; PENSCHOW et al. 1986). This has increased
the range of researchers using ISH since probes can be selected from pub-
lished gene sequence data, independently of restriction sites, and synthe-
sised quickly and in large amounts as required (LEWIS et al. 1985;
COGHLAN et al. 1985). In addition, short oligonucleotide probes are ideal
when distinguishing transcripts from gene families, for example where se-
quence homologies are particularly high (SCOTTYOUNG III et al. 1986).

Oligonucleotide probes consist of single-stranded DNA, which means
that competition between reannealing and hybridisation reactions does not
occur. Furthermore, these single-stranded probes are not susceptible to
ubiquitous RNases.

Probes can be labelled to relatively high specific activities dependent
on the procedure. The size range (~ 17—150 bases) facilitates probe entry
without the need for permeabilisation of cells. However, the overall sen-
sitivity of these probes is compromised as target coverage decreases and
labelling is not uniform, i.e. a single end label or a labelled short “tail” of
nucleotides.

3.3 Probe Labelling Procedures

Probe labelling procedures are diverse; some general principles are out-
lined in this section and appropriate protocols referenced. Most labelling
reagents are commercially available in convenient kit formats with
adequate literature.

3.3.1 Nick Translation of DNA Probes

The nick translation reaction (RIGBY et al. 1977) involves the simultaneous
action of two enzymes. Pancreatic deoxyribonuclease 1 (DNase 1) intro-
duces nicks randomly in each strand along the length of a DNA molecule,
resulting in both free 3’ hydroxyl and free 5’ phosphate groups. E. coli
DNA polymerase 1 (DNA pol 1) has two enzyme activities which act at
the nicked sites. A 5'—3’ exonuclease activity progressively removes nu-
cleotides from the 5’ ends whilst a 5'—3' polymerase activity successively
adds nucleotides to the 3’ ends using the complementary DNA strand as a
template. The initial nick is therefore translated along the molecule in a
5'—3" direction (Fig. 2). Since the DNase 1 introduces nicks randomly, the
net result is a uniformly labelled probe molecule. One or more labelled
nucleotide triphosphate can be included in the reaction, resulting in
radioactive probes of high specific activity, e.g. > 6.6 x 10°—10° dpm/jg.
Most standard protocols result in an average single-strand probe length of
400—500 bases, although the probe length can be varied by altering the
concentration of DNase 1 in the reaction (MOENCH et al. 1985).
Non-radioactively labelled nucleotides such as biotin dUTP are readily
incorporated in this way (SINGER and WARD 1982). Microgramme quan-
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tities of biotin-labelled probe are produced and the probes are stable for
many months.

Subcloning is not requiered, and any plasmid containing a sequence of
interest can be nick translated. In addition there is no need to linearise
the template. Clearly the labelled probe must be denaturted immediately
prior to use.

3.3.2 Primer Extension of DNA Probes

There are several approaches to primer extension, utilising different en-
zymes in combination with unique or random primers. For the purposes
of ISH, random priming is increasing in popularity over nick translation
largely because it is feasible to incorporate higher specific activity radioac-
tive nucleotides and also because of the ability to label electrophoretically
pure probe fragments which may be contaminated with agarose (FEINBERG
and VOGELSTEIN 1983, 1984).

This procedure involves the annealing of random hexonucleotides to
linear single-stranded DNA template and addition of labelled and unla-
belled nucleotides to the 3’ ends of the primers using the Klenow fragment
of E. coli DNA polymerase I (see Fig. 3).

A single-stranded template is required; therefore double-stranded
DNA must be heat denatured prior to annealing the primers. Linear DNA
is preferred since complementary circular DNA reanneals more rapidly.

The random primers are generated by DNase 1 digestion of calf thymus
or oligonucleotide synthesis. Reagent kits containing the primers, enzyme,
reaction buffer etc. are commercially available.

Due to strand displacement, a net synthesis of probe occurs using this
technique. Even so, yields of labelled probe are lower than for nick trans-
lation; however, since the level of template DNA in the reaction is low, it
is feasible to use radioactively labelled nucleotides of higher specific activ-
ity, resulting in high specific activity probes, e.g. 5x 10° dpm/ug. Biotin-
labelled nucleotides can also be incorporated in this way.

The size range of probes generated is generally wider than for a nick-
translated probe. Probe size is determined largely by the concentration of
labelled nucleotide in the reaction such that the lower the concentration,
the shorter the probe fragments. Probe size can be reduced further by soni-
cation. This may be necessary for tritiated probes where the total amount
of input label ranges between 20 and 200 pmol with one to four labelled
nucleotides and the average size is 400—500 base pairs.

3.3.3 Single-Stranded Uniformly Labelled DNA Probes

Single-stranded uniformly labelled DNA probes avoid the self-reannealing
problems discussed previously and are not open to attack by ubiquitous
ribonucleases. Technically they are cumbersome to prepare and involve
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subcloning into appropriate vectors. The probes are produced from a
single-stranded bacteriophage vector called M 13 which forms a double-
stranded replicative intermediate when it infects a bacterial host cell. Both
the replicative form and the single-stranded form can be prepared in large
quantities (HU and MESSING 1982; GOEDERT 1986).

The probe sequence of interest is first subcloned into an M 13 replica-
tive form in both orientations, ensuring production of single-stranded
phage containing the probe DNA in sense and antisense orientations.
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Labelled probes are prepared by annealing an oligonucleotide se-
quence primer to the single-stranded M 13 5’ to the probe sequence and a
mixture of labelled and unlabelled nucleotides are incorporated beginning
at the 3’ end of the primer by Klenow polymerase. The amounts of nucle-
otide supplied to the M 13 template are limited such that only the probe
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sequence plus a small amount of vector is synthesised. Subsequent diges-
tion with a restriction endonuclease which cuts just downstream of the
probe template isolates the probe from vector. Heat denaturation will re-
lease the probe from the template. The labelled probe is effectively sepa-
rated from the probe template and vector sequences using denaturing
agarose gel electrophoresis (Fig. 4). The labelled probe fragment can then
be purified from the gel and used as a probe.
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Fig. 5. The 5’ end labelling reaction using T4 polynucleotide kinase. NB: Synthetic oligonu-
cleotides do not require treatment with alkaline phosphatase



Techniques and Applications of In Situ Hybridisation 307

3.3.4 End Labelling of Oligonucleotide Probes

A wide variety of techniques are available for introducing labelled nucle-
otides to the 5’ or 3’ ends of oligonucleotide probes and reagent kits are
commercially available.

T4 polynucleotide kinase catalyses the transfer of a Y phosphate of a
ribonucleoside 5’ triphosphate donor to the 5’ hydroxyl group of a synthet-
ic oligonucleotide (MANIATIS et al. 1982) (Fig. 5). y-ATP with the appro-
priate label is most frequently used as a donor. This labelling procedure is
particularly convenient for synthetic oligonucleotides since they are syn-
thesised with a 5’ hydroxyl group, thus obviating the need to remove a 5’
unlabelled phosphate group.

Alternatively, terminal deoxynucleotidyl transferase (BOLLUM 1974)
can be used to add a series of deoxyribonucleotides to the 3’ end of the
oligonucleotide (LEwIS et al. 1985) (Fig. 6). This approach results in
probes of higher specific activity than 5’ end labelling, which can be an
advantage for raising overall sensitivity of ISH reactions towards the level
of uniformly labelled probes. Studies have shown that “tailing” specific
oligonucleotides in this way does not interfere significantly with stringency
requirements (LEWIS et al. 1985).

Modified nucleotides can be introduced during synthesis of an
oligonucleotide using commercially available phosphoramidites containing
an aminoalkylphosphoramide linker arm. These require subsequent modifi-
cation to include the desired reporter group such as biotin.

Recently, protocols have become available for producing a specific
oligonucleotide which includes a promoter sequence for RNA polymerase
(BRYSCH et al. 1988). This approach combines some of the advantages of
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Fig. 6. The 3’ end labelling reaction using terminal deoxynucleotidyl transferase. For uniform
3’ end labelling with only one labelled nucleotide use of labelled ddNTP is appropriate
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oligonucleotide probes with those of RNA probes in that it is then possible
to synthesise uniformly labelled RNA probes from an oligonucleotide
template.

3.3.5 In Vitro Transcription of RNA Probes

Various reagent kits and protocols for labelling RNA probes are commer-
cially available. Kits are also available facilitating the insertion of a se-
quence of interest into a suitable plasmid vector which contains a promot-
er sequence or binding site for RNA polymerase.

RNA polymerases catalyse the synthesis of RNA from ribonucleotide
triphosphates using a DNA template. In particular, RNA polymerases
from bacteriophages are currently in use because of the high specificity for
their own promoter sequence in vitro (e.g. salmonella phage SP6
polymerase, coliphage T3 and T7 polymerase (BUTLER and CHAMBER-
LAIN 1982; DAVANLOO et al. 1984).

Promoter sequences are “built in” to certain plasmids and the probe
sequence inserted immediately downstream of the promoter. By digesting
the plasmid with a restriction endonuclease which cuts immediately after
the sequence of interest, transcription of probe without vector sequences
is largely ensured. The basic reaction is illustrated in Fig. 7.
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sequence

17 SP6 17 SP6
SP6 polymerase T7 polymerase
+ +

labelled (x) and labelled (x) and
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| em———————— c————
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Fig. 7. Preparation of RNA probes using a dual promoter vector
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The more frequently used vectors contain two phage promoters in-
serted in opposite orientations and separated by multiple unique restric-
tion sites for cloning. The use of two promoters allows transcription from
either strand of template DNA so that antisense or sense RNA may be
produced. Therefore these dual promoter vectors are useful since an
adequate negative control probe can be synthesised from the same
template, thus ensuring that both probes can be subjected to the same
stringency conditions since they have identical GC content.

Probe yields are of the order of 120 ng from 1 pg of template using
limiting concentrations of radioactively labelled nucleotides. Specific ac-
tivities of radioactively labelled probes are of the order of 1.3 X 10° dpm/ug
and full length probes of up to 2.5 Kb can be synthesized.

Incorporation of biotin-UTP is in our hands less efficient than incorpo-
ration of unlabelled or radioactively labelled nucleotides. However, suffi-
cient biotinylated probe can be generated by using 1 mM biotin-labelled
UTP in the final reaction. In this case 4% —30% incorporation can be ex-
pected. Allyl UTP is incorporated more efficiently into the RNA probe
using RNA polymerase as detailed. The allyl UTP is then modified post-
transcriptionally with a biotin reporter molecule (LUEHRSEN and BAUM
1987). In our hands, these probes result in high backgrounds when used
for ISH (unpublished resulits).

3.3.6 Direct Labelling

There are several methods which do not utilise enzymes to incorporate
label. Both photoactivatable and chemically reactive groups (VAN DER
PLOEG et al. 1986) have been covalently linked to nucleic acids. A photoac-
tivatable analogue of biotin has been synthesised and used to label large
quantities of DNA and RNA (FORSTER et al. 1985). This analogue is now
commercially available and probes have been used successfully for ISH
(CHILDS et al. 1987; BRESSER and EVINGER-HODGES 1987).

3.4 Choice of Probe Label

Commonly used labels for nucleic acids can be divided into two types,
radioactive and non-radioactive (Table 3). In contrast to other techniques
for detecting nucleic acids where macroscopic resolution is sufficient, ISH
requires resolution at the microscopic level; hence, the resolution afforded
by a probe label is an important consideration. Clearly maximum resolu-
tion is not always necessary for a particular experiment, for example it
may be sufficient to localise a target sequence merely to a group of cells.
However, when requirements relate to where on particular chromosome,
in which cell, or the distribution of a target sequence within the cell, then
the choice of probe label is influenced by those offering the best resolu-
tion.
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Table 3. Labels for nucleic acids

Radioactive labels

Phosphorus 32 (?P)
Sulphur 35 (¥S)
Tritium (CH)

Todine 125 (1)

Non-radioactive labels
Biotin
Directly linked enzymes
Sulphonated cytidine
Mercury
Acetylaminofluorene (AAF)
Colloidal gold

Table 4. Characteristics of radionuclides used in nucleic acid labelling

Radionuclide  Half-life Type of  Maximum energy Specific activity
emission  of emission range of
(MeV) nucleotides
(Ci/mmol)
32p 14.3 days B 1.71 400—6000
g 87.4 days B 1.67 400—-1500
125 60 days B.v 0.035/0.035 1000—2000
*H 12.43 years B 0.018 25-100

Many experiments require high levels of sensitivity, e.g. less than 100
copies of mRNA per cell or detection of single copy genes on metaphase
chromosomes. For these experiments the sensitivity of the detection sys-
tem used for particular probe labels is an important consideration. Some
researchers wish to quantitate signal following an ISH experiment (see
Sect. 5.1).

In summary, there is a trade-off between resolution and sensitivity in
combination with a range of other factors, including speed of develop-
ment, quantitation, probe stability, safety, ease of use and cost.

3.4.1 Radioactive Labels

The ideal radioactive probe label for ISH would be of high specific activity
whilst the emitted energy would be low. Detection of such a label would
be sensitive and rapid with high resolution. No available radionuclide fully
meets these exacting criteria. Selection of a radioactive probe label is
based therefore on a balance between sensitivity, speed and resolution.
The characteristics of radionuclides available for nucleic acid probe label-
ling are given in Table 4, and Fig. 8 shows the difference in resolution ob-
tained with various radiolabels.
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Fig. 8. Autoradiography of cultured chicken embryo cells which have been cytospun onto
glass slides and hybridised with chicken B-actin RNA probes. The autoradiographs demonstrate
the degree of resolution produced by different radioactive labels. The cells are shown in bright
field (left) and dark field (right). Cells hybridised with a 3?P-labelled RNA probe (specific activ-
ity 1.3 x 10° dpm/pg) exposed for 4 days; cells hybridised with a 3*S-labelled RNA probe
(specific activity 6.6 X 10® dpm/ug) exposed for 6 days; cells hybridised with a H-labelled
RNA probe (specific activity 8.6 x 107 dpm/ug) exposed for 14 days
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Use of ' as a label gives rapid results due to high specific activity
with relatively good resolution (1—10 pm). The high resolution is afforded
by the Auger electrons since the y-rays pass straight through the thin layer
of nuclear track emulsion. Despite these advantages, significant
backgrounds are generally observed and extra safety precautions are neces-
sary due to the highly penetrating nature of y-irradiation (LEWIS et al.
1986; ALLEN et al. 1987; JANSSEN et al. 1987).

Rapid results are also achieved with *S since the efficiency of latent
image formation within the emulsion is five times greater than that of
tritium, for example, and the label has a relatively high specific activity. In
addition, %S offers 15—20 um resolution which is commonly acceptable for
certain applications, e.g. detection of viral sequences within cultured cells
or tissue sections. S-labelled probes have been used recently for
chromosomal analysis (SOREQ et al. 1987).

Nucleotides can be labelled with ¥P to high specific activity (15—220
TBg/mmol). This permits rapid (1—7 days autoradiographic exposure) and
sensitive detection. However, the energy of the (-particles emitted from
32P is high. Therefore silver grains developed in nuclear track emulsion are
distant from the site of hybridisation. Furthermore the efficiency of the
nuclear emulsion is compromised due to the high energy of the p-particles.
32P-labelled probes are really only suitable for identification of a group of
cells containing the target of interest within a tissue section. Single cell
resolution is possible with well-spaced cultured cells when it is possible to
distinguish a higher grain density associated with each cell. Regional locali-
sation within tissue sections can be demonstrated' by opposing the sections
with X-ray film (e.g. organs containing an mRNA of interest) as a result
of the high-energy B-particles emitted by *P (Sect. 5.1). 3P has a short
half-life (~ 2 weeks) which can be inconvenient when carrying out multi-
ple ISH experiments and ultimately limits the sensitivity offered by this
probe label.

In contrast, tritium is commonly used as a probe label for ISH largely
due to high resolution afforded by the low energy p-particles emitted. The
low energy of the P-particles (0.018 MeV) ensures that grains developed
in the emulsion relate closely to the site of the labelled nucleotide. (The
track length of a B-particle from tritium in nuclear track emulsion is
~ 1 um.) Nucleotides are not labelled to very high specific activity with
tritium (0.9—3.7 TBg/mmol); this, combined with poor autoradiographic
efficiency (ROGERS 1979), leads to inordinately long exposure times, for
example 1—-3 months for unique sequences. Autoradiographic exposure
times can be shortened by incorporating more than one tritium-labelled
nucleotide into a probe. Tritium has a long half-life (12.43 years) and label-
led probes are relatively stable over a period of months.
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3.4.2 Non-radioactive Labels

There is now a wide choice of methods for labelling non-radioactively nu-
cleic acid probes (Table 3) (MITCHEL et al. 1986; VAN DER PLOEG 1986;
NIEDOBITEK et al. 1988).

Biotin-labelled probes were first introduced by LANGER et al. (1981),
and were detected by using antibodies specific for biotin and labelled sec-
ondary antibodies. This method was later modified (HUTCHISON et al.
1982; LEARY et al. 1983) and is still the basis for the methods currently in
use. In most of the published studies, biotin-labelled DNA is the probe of
choice possibly because of the difficulties encountered initially in biotin
labelling RNA probes. In our experience, RNA probes can be successfully
labelled with biotin-UTP, although some modifications of the protocol are
necessary (see Sect. 3.3.5). Recent reports have shown the successful ap-
plication of biotinylated RNA (FORSTER et al. 1985; ZABEL and SCHAFER
1988) and oligonucleotide probes (GUITTENY et al. 1988; LARSSON et al.
1988) for ISH on a variety of tissues. This flexibility of use has probably
contributed to the widespread use of biotin compared to other non-
radioactive labelling methods.

The detection systems for biotinylated probes are based on im-
munocytochemical methods using streptavidin or antibodies to biotin,
which can give rapid detection in a matter of hours. The resolution af-
forded by these probes is much higher than that obtained with radioactive
ISH, and the results are comparable in definition to those of im-
munocytochemistry (Figs. 9, 10). However, a drawback is the presence of
endogenous biotin in most tissues, which might cause background staining
and difficulty in evaluating the results (Sect. 4.1.2).

Biotin-UTP is most commonly used for non-radioactive probe label-
ling. Alternative approaches include direct labelling with photobiotin
(FORSTER et al. 1985) and incorporation of allyl-UTP, which is then avail-
able to react with biotin (LUEHRSEN and BAUM 1987). In our experience,
when probes labelled with photobiotin or derivated allyl-UTP are used for
ISH they give a higher background staining than probes labelled with
biotin-UTP.

Because of the stability of the probe, the rapidity of detection and the
high resolution, non-isotopic probes are generally preferred to radioactive
ones, particularly in clinical and diagnostic situations (MCKEATING et al.
1985; UNGER et al. 1986; LEwIS et al. 1987). In addition, the use of non-
radioactive probe labels for ISH has produced data on chromosome orga-
nisation in interphase nuclei which are not available from radioactive
techniques (MANUELIDIS 1985; TRASK et al. 1988). Up to now their wide-
spread application has been curbed by low sensitivity of target detection
(SINGER et al. 1986; GiLLAM 1987; HOFLER 1987), although more recent
publications have shown the detection of single copy genes and a sensitivity
comparable to that of radioactive probes (BHATT et al. 1988; LAWRENCE
et al. 1988).
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Fig. 9. ISH of pro-opiomelanocortin mRNA in cells of intermediate and anterior portions of
rat pituitary, using biotinylated antisense RNA probes. The hybridised probes were detected
using a streptavidin-biotin-alkaline phosphatasc system. Pyronin counterstain, X 170

Fig. 10. ISH of N-ras mRNA in T15 cell line following dexamethasone stimulation. The an-
tisense RNA probes were labelled with biotin and detected as explained in Fig. 7. X 720
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4 Hybridisation
4.1 Pre-hybridisation Treatments

4.1.1 Tissue Permeabilisation

As already discussed in Sect. 2, tissues or cultured cells should be proces-
sed and fixed in order to preserve morphology and prevent loss of target
nucleic acids. An additional requirement is that target nucleic acid be ren-
dered accessible to labelled probe. These criteria conflict, since treatments
which permeabilise the tissue can also cause loss of morphology and leach-
ing of target nucleic acid. It is therefore necessary to determine empirically
the optimal conditions for permeabilisation with respect to tissue type,
probe size in respect of tissue fixation and processing. Indeed, the treat-
ment of tissues after fixation represents a major source of variation in the
plethora of published protocols.

Limited enzyme digestion with proteases or treatment of tissues with
dilute acid to remove basic proteins has been shown to enhance the ISH
signal both in our experience and in that of others (GEE and ROBERTS
1983; BRAHIC and HAASE 1978; HOFLER et al. 1986a; ANGERER and
ANGERER 1981) whilst some data show loss of target RNA (SHIVERS et al.
1986 b; LAWRENCE and SINGER 1985) and deterioration of cell morphology
with excessive deproteination.

The extent of deproteination required depends on a range of interde-
pendent factors including the extent of fixation, the tissue type, probe size,
batch of enzyme and whether other permeabilising steps have been
utilised.

A range of proteases have been used with or without dilute acid treat-
ment and workers express a preference in the context of the particular sys-
tem under study, for example, pepsin. Hydrochloric acid has been found
to be more effective by some (BURNS et al. 1988) whilst pronase or pro-
teinase K has been most effective for others (SINGER and WARD 1982;
HAFEN et al. 1983; COX et al. 1984; ANGERER et al. 1985).

It is important to keep the treatments prior to hybridisation free from
nucleases which could introduce nicks or partially degrade target nucleic
acid particularly if mild fixation procedures have been used. Random nick-
ing or degradation of target nucleic acids can result in decreased signal
due to altered requirements for hybridisation stringency and/or loss of
target. To this end, pronase can be rendered nuclease free by predigestion
(HOGAN et al. 1986) and proteinase K can be obtained in a nuclease-free
state.

The action of proteases can be stopped by incubating the tissue with
glycine and/or a post-fixation step (HOFLER et al. 1986a). The post-fixa-
tion step following permeabilisation is additionally advocated by some
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workers who have demonstrated increased ISH signal (SINGER and WARD
1982; HAFEN et al. 1983; HOFLER et al. 1986 a).

Detergents such as triton X-100 have also been included in tissue treat-
ments prior to hybridisation as an alternative or additional means of per-
meabilising cells (HOFLER et al. 1986 a). Dehydration or deparaffinisation
in solvents such as ethanol or xylene will also permeabilise cells to some
extent, as will repeated freezing and thawing of tissues.

4.1.2 Probe Non-specific Binding

The sensitivity of any assay depends on the minimisation of background
signal to achieve the best signal-to-noise ratio; this is additionally advan-
tageous following radioactive detection of ISH since a shorter exposure
time is required to obtain a cleaner signal. Sources of background signal
encountered with ISH arise from entrapment of labelled probe within the
cells, electrostatic interaction of the probe with cellular components such
as proteins, the formation of imperfect duplexes between certain regions
of the probe and irrelevant cellular sequences together with background
arising from the detection system employed. The hybridisation itself and
post-hybridisation events are also important in achieving the best signal-to-
noise ratio and will be discussed subsequently (Sect. 4.2, 4.3).

Electrostatic interactions between the probe and basic proteins within
cells has been decreased by pre-hybridisation treatment with 0.25% acetic
anhydride, which is thought to acetylate cellular proteins (HAYASHI et al.
1978). Our own data and those of LAWRENCE and SINGER (1985) indicate
that acetylation does not decrease backgrounds significantly when utilising
short (~ 200 base) probes. However, LAWRENCE and SINGER (1985) do
show a significant decrease in background signal when utilising longer
probes and with biotin-labelled probes. There are also data to suggest that
in addition to preventing electrostatic interactions, the acetic anhydride
may serve to block potential binding of probe to polylysine used to coat
slides (HAASE et al. 1984).

The majority of published ISH protocols include a pre-hybridisation
step designed to decrease the binding of labelled probe by saturating sites
within the section or cells and on the glass slide. Pre-hybridisation solu-
tions are analogous to those used in filter hybridisation and are not really
tailored to the support or matrix used for ISH. The pre-hybridisation step
is commonly carried out at the hybridisation temperature for a period of
up to 2 h. Slides and cells can be treated with detergents, Ficoll, polyvinyl-
pyrollidone, heparin and bovine serum albumin to decrease non-specific
binding to proteins, polysaccharides and nucleic acids. In addition, sodium
pyrophosphate is used to block sites which could interact with the phos-
phate backbone of the probe. Freshly denatured, sonicated, unlabelled
genomic DNA and/or t-RNA are commonly used in prehybridisation solu-
tions as a means of blocking sticky sites within the cells or on the glass
slide. Aurintricarboxylic acid (ATA), a potent inhibitor of protein-nucleic
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acid interactions, has been shown to be effective for ISH (GONZALES et al.
1979).

Biotin-labelled probes are frequently used for ISH. Biotin is a vitamin
and a covalent cofactor for several cellular carboxylases. The problem of
background signal due the detection of endogenous biotin within cells has
been documented both for immunocytochemistry and for ISH (POLAK and
VAN NOORDEN 1986; NAOUMOV et al. 1988). Particular tissues such as liver
and kidney have been highlighted for their high levels of detectable endog-
enous biotin compared with other tissues. Background staining caused by
biotin is a problem when probing tissues with particularly high levels of
endogenous biotin or when probing for a small number of target
molecules, for example < 100 copies/cell. Some blocking procedures for
endogenous biotin have been described which involve pre-incubation of
the tissue or cells with unlabelled detection system and, in the case of av-
idin or streptavidin, further blocking by a second incubation with free
biotin. Although these procedures are generally useful for im-
munocytochemistry (COGGI et al. 1986), they seem to be less efficient fol-
lowing ISH. There are a number of possible reasons for this; for example,
the biotin block may be subsequently removed by the stringent conditions
used for ISH, viz. high temperatures in the presence of formamide and
detergents, or the stringent conditions expose more endogenous biotin or
biotin-like molecules which bind the detection system.

Where alkaline phosphatase or horseradish peroxidase is used in the
detection system, endogenous cellular phosphatases or peroxidases can be
effectively eliminated from problem tissues using acetic acid or periodic
acid and hydrogen peroxide respectively prior to hybridisation (COGGI
et al. 1986; ANDREW and JASANI 1987; CHIN-YANG et al. 1987).

4.2 Considerations for the Hybridisation Step

Hybridisation is a term which describes the formation of hydrogen bonds
between nucleotides resulting in the association of single-stranded nucleic
acid molecules by complementary base pairing. Hybrids can be formed be-
tween two single-stranded DNA molecules, between single-stranded DNA
and RNA or between two single-stranded RNA molecules. Factors affect-
ing the rate of formation of hybrids and their subsequent stability have
been elucidated for reactions in solution and similar principles govern
ISH. ISH is somewhat different in that the target nucleic acid is im-
mobilised within fixed cells whilst the labelled probe is in a solution phase.
In this respect it is broadly analogous to filter hybridisation in respect of
the conditions required.

Hybridisation of nucleic acid probes essentially to a solid support (re-
viewed by MEINKOTH and WAHL 1984) depends on diffusion of the probe
to target sequences, the rate of hybrid formation and the stability of result-
ing duplexes.
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4.2.1 Probe Diffusion

As examined above, the extent of tissue fixation sets a balance between
the preservation of morphology, retention of target sequences, hybridisa-
tion efficiency and accessibility of the probe to target by diffusion. There
are additional factors governing the rate of diffusion of probe to target
when considering ISH. Since the target is held within the cell, probe size
also affects the rate of diffusion to target. There have been several studies
using different systems to determine the optimal probe size (BRAHIC and
HAASE 1978; ANGERER and ANGERER 1981; GEE and ROBERTS 1983;
MOENCH et al. 1985; LAWRENCE and SINGER 1985). A consensus probe
size range includes 200—500 bases; however, LAWRENCE et al. (1985) pre-
sent data showing that probes = 1000 bases and containing vector se-
quences can enhance signal by a factor of tenfold on average. Under the
conditions used in our laboratory for freshly fixed, cultured cells, a probe
size of between 200 and 500 bases is optimal. Shorter probes and probes
exceeding 500 bases result in decreased signal intensity. Oligonucleotides
provide maximal tissue penetration due to their small size but may pro-
duce weaker signals than uniformly labelled longer probes.

The probe concentration for ISH reactions is in vast excess over target
concentration, for example, ~ 0.5 ng/ul for radioactive probes, ~ 2 ng/pl
for non-radioactive probes. The optimal concentration is set to provide the
best signal-to-noise ratio since the level of background may be linearly re-
lated to probe concentration (Cox et al. 1984). Although most of the
probe does not take part in the hybridisation reaction, it has been
suggested that probe is removed by non-specific interaction with the tissue
during hybridisation. Clearly, the hybridisation temperature and extent of
cell permeability will also affect the diffusion of probe.

4.2.2 Hybridisation Kinetics and Optimal Temperature

The probe concentration is in vast excess for ISH reactions to facilitate
diffusion of the probe to target. Under these conditions, the rate of hybrid
formation follows first-order kinetics. The time required for half the probe
to hybrldlse (t1 ) is related to the probe complexity (N), i.e. the number
of base pairs m 2 non- repeating sequence, probe length (L) and probe con-
centration (C) in mol nucleotides/litre.

R NIn2
2" 35x%x10°

Rates of hybridisation are approximately tenfold lower for ISH than pre-
dicted by this equation, which is based on solution hybridisation (BRAHIC
and HAASE 1981; HAASE et al. 1984; Cox et al. 1984; LAWRENCE and
SINGER 1985). Knowledge of the time course is important when maximis-
ing the sensitivity of the ISH reaction. Most of the ISH reaction is com-

x L% x C
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plete within a few hours (Cox et al. 1984; LAWRENCE and SINGER 1985);
however, there is a much slower second phase of hybridisation (ANGERER
et al. 1987). The hybridisation buffer is a good solvent for proteins, and
with prolonged hybridisation times, target RNA can be released from the
tissue. Although very long hybridisation times have been published, such
as 1—4 days (EDWARDS and WoOD 1983; HAASE et al. 1982; HAYASHI
et al. 1978; SINGER and WARD 1982), shorter hybridisation times of a few
hours to overnight are recommended (LAWRENCE and SINGER 1985; BRES-
SER and EVINGER-HODGES 1987). In our hands, hybridisation for 1 h is
sufficient to detect less than a 100 copies of mRNA per cell.

The equation detailed above implies that long probes of low complex-
ity hybridise faster. However, longer probes may result in lower rates of
hybrid formation in situ since they are likely to take longer to diffuse into
a tissue section. In addition, when double-stranded probes are used, there
is a competition between the hybridisation reaction and the reannealing of
complementary probe strands in solution. It has been suggested that the lat-
ter is the more favourable reaction and that removal of probe from the
hybridisation buffer through reannealing lowers the effective probe concen-
tration, thus slowing hybrid formation some eightfold (Cox et al. 1984).

Addition of polymers to the hybridisation solution such as dextran sul-
phate or polyethylene glycol can enhance the rate of hybrid formation,
particularly for double-stranded probes (WAHL et al. 1979; RENZ and
Kurz 1984). Network formation is promoted between overlapping se-
quences and probe concentration is increased by volume exclusion of
probe within the hybridisation buffer. The inclusion of a polymer in the
hybridisation buffer can therefore increase both the rate of hybrid forma-
tion and the amount of labelled at a target site. We have also found inclu-
sion of a polymer necessary for short RNA : RNA hybridisations.

The maximum hybridisation rate occurs at about 25°C below the tem-
perature at which half the hybrids dissociate or melt (Tm). The maximum
rate in situ occurs at approximately 30°C below Tm due to the large
number of interdependent variables involved, including the possibility that
only partial duplexes can form with the probe due cross-linking of target
molecules (ANGERER et al. 1987). Since there is a broad optimum range,
the hybridisation rate is not affected greatly within 5°C of the Tm (WET
MUR and DAVIDSON 1968; BRAHIC and HAASE 1978; Cox et al. 1984). The
Tm can be calculated but there are different equations for DNA : DNA
duplexes as opposed to RNA : RNA duplexes, as detailed below (THOMAS
and DANCcIS 1973; BODKIN and KNUDSON 1985; ANGERER et al. 1987).

Probe length contributes to hybrid stability. Long complementary
probes form a greater number of hydrogen bonds with the target and are
therefore more stable, while in this respect short oligonucleotide probes
can be less stable. In addition, the effect of a mismatched base on Tm
is more pronounced for short oligonucleotides than for longer probes.
Despite these contra-indications, short oligonucleotide probes are increas-
ingly used for ISH since they are readily available and by virtue of their
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size are more easily accessible to target nucleic acid within tissue samples.

Formamide is used to lower the temperature required for hybridisation
reactions (KOURILSKY et al. 1971). For ISH in particular, the lower hybridi-
sation temperature afforded by addition of formamide preserves tissue
morphology and minimises tissue loss from the glass slide. Each percent-
age of formamide included in the hybridisation buffer decreases the effec-
tive hybridisation temperature required by 0.35°C for RNA :RNA du-
plexes (Cox etal. 1984) and by 0.65°C for DNA:DNA duplexes
(McCONOUGHY et al. 1969).

RNA : RNA hybrids are about 10°—15° C more stable than DNA : DNA
hybrids of the same base composition (WETMUR et al. 1981; Cox et al.
1984) whereas DNA : RNA hybrids are intermediate in Tm (CASEY and
DAVIDSON 1977).

In summary, hybridisation reactions are generally carried out under
conditions of low stringency which favour the formation of nucleic acid
duplexes. The temperature is generally set at 25°—30° C below the Tm, the
formamide concentration at 50% and the salt concentration around
0.75 M.

4.3 Post-hybridisation Treatments

The aim of the post-hybridisation steps is to remove non-specifically
bound probe from the tissue or cells, thus enhancing the signal-to-noise
ratio as much as possible. Washes are designed to be more stringent than
hybridisation conditions with a view to dissociating weakly complementary
hybrids and further reducing non-specific association of the probe with cell
components. Stringency conditions can be altered as described in Sect. 4.2
bearing in mind the fact that hybrid stability decreases progressively from
RNA : RNA to RNA : DNA and DNA : DNA duplexes.

In addition to stringency washes, limited digestion with nucleases can
be used to decrease background binding of labelled probe. The often high
background binding of RNA probes can be decreased using post-hybridisa-
tion treatment of the preparation with RNase, which degrades single-
stranded RNA and leaves hybrid molecules intact (JOHN et al. 1969; LYNN
et al. 1983; Cox et al. 1984). Most published protocols detailing the use of
cDNA probes do not utilise post-hybridisation enzyme treatments al-
though GODARD (1983) demonstrate the effectiveness of limited S 1 nucle-
ase treatment. High S 1 nuclease concentration, however, can lead to arte-
factual relocalisation of labelled hybrids in situ.

Of particular importance when using **S-labelled probes is the ‘inclu-
sion of 10—100 mM dithiothreitol (DTT) in both the hybridisation buffer
and the stringency washes to prevent background binding of the sulphur
to the cells. Use of unlabelled thio-UTP has also been shown to reduce
background binding of **S-labelled probes in this way (BANTTLOW et al.
1987), although this approach was not particularly effective in our hands.
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5 Detection

5.1 Radioactive Detection

Following post-hybridisation treatments, tissue preparations or cells are de-
hydrated in graded ethanols, air dried and subjected to autoradiography.
The importance of this step in the ISH procedure is sometimes over-
looked, but an erroneous methodology at this stage could lead to false
negative results. A good understanding of autoradiography in theory and
in practice is vital to be able to distinguish artefacts or rectify a poor result
(ROGERS 1979, for a comprehensive guide to autoradiography).

Autoradiography is essentially the recording of radioactive emission
within a photographic film. Micro-autoradiography is most commonly used
for ISH whereby a thin layer of nuclear emulsion is applied to the tissue,
cells or chromosome preparations using either a liquid emulsion or strip-
ping film product. The resultant silver grains in the emulsion layer are
examined for spatial information and/or quantitative information (ROGERS
et al. 1987) in respect of the cells beneath.

It is occasionally useful to use a higher energy radioisotope, such as
3P or »S in conjunction with X-ray film, because of the rapidity offered
by this method in checking the results of hybridisation. This approach can
be particularly useful in rapidly assessing the parameters of ISH in cul-
tured cells by relating the grain density to cell number, or when carrying
out ISH on sections of whole brain or whole embryos, since the size of the
preparations might preclude an even coating with liquid emulsion.

The nuclear emulsions are suspensions of silver bromide crystals in
gelatin. The interaction of radioactive emission or light with the silver
bromide causes the formation of sensitivity specks of silver (the latent
image) which can be visualised by treatment with a chemical developing
agent. The track length of B-particles in nuclear emulsion from **P, *°S and
*H is dependent on their respective energies (see Table 4). As described in
Sect. 3.4.1, the low energy of B-particles from *H ensures that grains are
formed closest to the site of hybridisation compared with the B-particles
from *S and *’P for example. The thickness of the emulsion layer is impor-
tant for microautoradiography. Generally, the thinner the emulsion layer,
the better the resolution. Clearly, increasing the emulsion thickness above
the maximum range of B-particle path length in this medium has no effect
on resolution. Both liquid nuclear emulsion and stripping film are commer-
cially available. One of the advantages of using stripping film over liquid
nuclear emulsion is that the emulsion layer is of constant thickness over
the whole preparation. The majority of workers choose to use liquid emul-
sion as opposed to stripping film for ISH probably due to ease of handling.
In addition, the liquid emulsion forms a more intimate contact with the
cells or tissue sample presented on the slide. The thickness of liquid emul-
sion coating a slide can be regulated up to a point by dilution. There is,
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however, an inherent variation in the thickness of emulsion over the whole
slide, and dipping procedures require practice in order to achieve some
degree of reproducibility (CUMMING and FALLON 1989; ROGERS 1979).

Liquid emulsions are available in a form which will produce a variety
of grain sizes offering different resolution. The differences between com-
mercially available products are often not appreciated (ROGERS 1979). For
example, the thickness of coating over a dipped slide may be completely
different for two given emulsions. In addition, the sensitivity to latent
image fading, safe-light conditions and background grain formation as a
result of drying vary dramatically. There is some evidence that dilution of
emulsions with 0.6 M ammonium acetate as opposed to water maintains
the integrity of hybrids at this stage (BRAHIC and HAASE 1978). This might
be an important consideration when working at high sensitivity. Some com-
mercially available liquid emulsions are not compatible with ammonium
acetate although this does not fully preclude their use for ISH. (NB: see
manufacturer’s literature for precise details.)

The efficiency of nuclear emulsions is also dependent on a whole vari-
ety of factors which generally conflict with those required for high resolu-
tion (ROGERS 1979).

The conditions of drying and exposure of liquid emulsion are critical.
The emulsion should be allowed to gel quickly at low temperature fol-
lowed by slow and gentle drying in a humid atmosphere. For exposure,
slides should be packed in a light tight box in the presence of dessicant
and stored at 4°C.

The developer, stop fixer and counterstaining solutions should be at
the same temperature to avoid loss or cracking of emulsion. In addition
the choice of staining procedure is important. The use of prolonged acid
destaining can bleach grains (ROGERS 1979).

Clearly a range of controls should be adopted for each experiment to
check for artefacts of autoradiography; these are discussed in Sect. 6.4.1.

Quantitative studies based on ISH have been carried out (ROGERS
et al. 1987). Grain counting is a convenient way of quantitating the extent
of hybridisation in a given preparation and sophisticated image analysis
has been used in comparative studies. Absolute quantitation of target
within cells or direct comparison of quantities between cells is difficult due
to variation introduced at each stage of the ISH procedure. For example,
there might be some lack of uniformity in probe diffusion, the efficiency
of fixation, target loss, the efficiency of hybridisation and the thickness of
emulsion. Although the combination of these factors precludes absolute
quantitation through grain counting, statistical analysis of grains is effec-
tive when assigning a gene to “particular regions” on a chromosomé and
in broad-based comparative physiological studies (SCOTTYOUNG III et al.
1986).

Colour micro-autoradiography and double labelling by ISH has been
described (HAASE et al. 1985). However, this technique has not been
widely adopted to date.
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5.2 Non-radioactive Detection

Currently the methods for non-radioactive detection are based on those
used in immunocytochemistry. Generally these include the streptavidin-
biotin method (COGGt et al. 1986), the indirect antibody detection method
using a variety of reporter labels (POLAK and VAN NOORDEN 1986), or a
combination of the two in order to achieve greater sensitivity. The majority
of these methods are based on the use of biotinylated probes, although
other ways to label the probes non-radioactively have been proposed
(MITCHELL et al. 1986; VAN DER PLOEG et al. 1986; NIEDOBITEK et al.
1988).

To detect the biotinylated probes, streptavidin is most commonly used
either as a reporter labelled molecule or as a link for biotin molecules
bound to a detectable marker. The avidin-biotin method is based on the
high affinity between avidin and biotin molecules, the possibility of cou-
pling biotin to a variety of reporter molecules through a simple chemical
reaction, and the ability of avidin to act as a bridge between two different
biotinylated molecules such as probes and alkaline phosphatase.

Because ‘of its small size, biotin does not modify the chemical or physi-
cal properties of the molecules to which it is bound. Also multiple biotin
molecules can be bound to an enzyme, each biotin being able to bind spe-
cifically to avidin. The preferred labels are usually fluorochrome (i.e.
fluorescein) (LAWRENCE et al. 1988) or an enzyme (i.e. peroxidase or
phosphatase) HOFLER 1987; LEWIS et al. 1987; BHATT et al. 1988; ZABEL
and SCHAFER 1988; LARSSON et al. 1988).

The immunocytochemical methods using avidin-biotin have similar re-
quirements to the ones based on antibodies. The biotinylated probes can
be visualised with avidin acting as a bridge with biotinylated enzymes, or
with an avidin-biotin-enzyme/fluorochrome complex (COGGI et al. 1986).
The reaction between avidin and biotin is very rapid and extremely stable,
but one must be aware of likely non-specific binding of streptavidin to en-
dogenous biotin, and of the possible presence of endogenous alkaline
phosphatase. The latter can be blocked by using acetic or periodic acid
(Cocar et al. 1986). Binding of streptavidin to endogenous biotin, or
other tissue components such as glycoproteins which can be unmasked by
the hybridisation procedure, is more difficult to control and can cause seri-
ous problems of background noise (see Sect. 4.1.2). Various blocking pro-
cedure have been recommended to decrease this type of non-specific bind-
ing (CoGal et al. 1986; SINGER et al. 1986; GILLAM 1987), but a satisfac-
tory answer to the problem has not yet been found.

Biotinylated probes can be detected also by using antibodies to bioftin.
These can then be visualised with labelled secondary antibodies (indirect
method), or with a bridging antibody and an enzyme-anti-enzyme complex
(unlabelled antibody-enzyme method). Both polyclonal and monoclonal
antibodies have been used, in combination with a variety of labelled
molecules, using essentially traditional immunocytochemistry methods
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(CUELLO 1983; PoLAK and VAN NOORDEN 1986). However, these seem to
have lower sensitivity of detection than streptavidin-biotin methods, and
their application is more limited (unpublished results).

6 Specificity

In line with immunocytochemical methods, suitable controls are necessary
during every ISH experiment to assess the reproducibility, specificity and
sensitivity of the reagents and procedures. Also a correct set of controls
will confirm that the tissue presents the target of interest, which is iden-
tified by a suitable probe and hence the hybrid identified at the microscope
is the correct one. In some cases it may be difficult to decide whether the
signal is specific, and it is only by applying a full set of positive and nega-
tive controls that non-specific signal can be eliminated. It is convenient to
examine the different controls separately, as several approaches have been
developed.

6.1 Tissue Controls

It is most important that the morphology of the tissue is retained through-
out the ISH procedure so that the hybridisation signal is distributed to rec-
ognisable cell subpopulations, which can be identified in relation to other
anatomical structure. Staining of sections before and after the in situ pro-
cedure with a routine haematoxylin/eosin method can provide an adequate
control. Indeed, the tissue morphology can appear intact at the beginning
of the hybridisation procedure, but it may be grossly altered at the end of
it if the fixation is inadequate.

Hybridisation can occur when there are sufficient, but unexpected,
homologies between the probe and the numerous sequences present in any
cell. A useful negative control is a tissue known not to contain the target
nucleic acid investigated. Hybridisation on this tissue should be negative,
a positive result being indicative of a non-specific signal.

The reproducibility of the technique can be checked by carrying out
the hybridisation in parallel on positive cell/tissue models with a well-
characterised probe. Alternatively, a probe recognising ubiquitous se-
quences (e.g. actin mRNA) can be applied to the tissue under investiga-
tion as positive control. In this way it is possible to check at the same tlme
the condition of the tissue and the methodology.

When antibodies to the gene product are available, a comparison be-
tween ISH and immunocytochemistry could further confirm the correct
distribution of the signal. The two methods can be carried out on adjacent
(HOFLER et al. 1986 a; TERENGHI et al. 1987; STEEL et al. 1988) or on the
same sections (BRAHIC et al. 1984; SHIVERS et al. 1986 a). It is noteworthy
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that although there might be a consistent distribution, there could be a
numerical discrepancy between cells identified by the two methods. In-
deed, gene transcription might not be a continuous event for all cells,
whereas different amounts of transcribed and translated products are
shown by the two techniques.

6.2 Probe Controls

An appropriate set of controls will confirm whether the probe is hybridis-
ing to the intended sequence. A Northern blot analysis of total RNA using
the specific probe is necessary to establish specificity for a given target
(MANIATIS et al. 1982).

Target RNA examined by Northern blot analysis is extracted from a
large and, in the case of tissues, heterogeneous population of cells. If the
number of cells containing the target sequences is a small percentage of
the totality, the level of target RNA may be at variance with the current
limits of sensitivity for Northern blotting because of the dilution effect.
This may be the case when only a few cells express the message of interest,
which could still be picked up by ISH.

When using RNA probes, transcripts with the same orientation as the
target sequence, or sense probes, can effectively be used as negative con-
trol. Similarly, a non-homologous probe hybridised to the test tissue
should give a negative result. When ISH is carried out with probes which
contain the vector sequence, hybridisation with ldbeiled sequence vector
should also be included, since homology to the target sequence may pro-
duce false positive results.

Useful information can be gained by carrying out competition controls,
where a mixture of labelled and unlabelled probes are hybridised to the
section (JILBERT et al. 1986). Since there is only a determinate amount of
specific target compared to potential non-specific hybridisation sites, the
intensity of the hybridisation signal, or the decrease of it, should be in
direct relation to the ratio of the two probes in the mix. An unchanged
signal intensity would then indicate a non-specific hybrid.

6.3 Hybridisation Controls

These controls verify more broadly the specificity of the hybridisation reac-
tion. Negatively charged probes may “stick” non-specifically to positively
charged tissue proteins. Also probes might bind weakly to non-related
target sequences if there are regions with a high proportion of C-G bases
(JoNEs and HYMAN 1983; PATIENT 1984). Non-specific “sticky” regions
may also be uncovered in the tissue by the hybridisation procedure itself.
Acetylation of the tissue or increased stringency of hybridisation and wash
conditions (see Sect. 4) can prevent these non-specific reactions. A control
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preparation processed routinely, but incubated in the absence of probe,
should yield a negative result.

The stability of the signal with washes of increasing temperature is indi-
cative of specificity, as mismatched probe binding is less stable than that
of true hybrid because of a lower melting temperature (Tm); hence a non-
specific hybrid is removed more readily with increasing temperature
(SzABO et al. 1977).

Nuclease digestion of the tissue prior to hybridisation can also be in-
cluded as a control to confirm that the probe is hybridising to nuclei acid
sequences. DNase or RNase digestion can be carried out on a separate
preparation, which is then hybridised with the chosen probe. The purpose
of this control is to obtain a decrease of signal intensity, rather than a com-
plete deletion, which could be achieved by careful titration of nuclease
concentration and digestion time. It is worth noting that this control will
only confirm that the probe is hybridising to digestable nucleic acid; it will
not confirm the specificity of the hybrid. Care must also be taken to elimi-
nate all traces of nuclease after the reaction, as these could compromise
the integrity of the probe and lead to mistaken conclusions. For example,
RNA probes might be degraded by traces of RNase not blocked following
nuclease digestion (GOWANS et al. 1989).

6.4 Detection Controls

Detection controls ensure that the detection system is working correctly.
The types of control are different according to whether radioactively or
non-radioactively labelled probes have been employed.

6.4.1 Autoradiography Detection

The main problem can be a high background deposit of silver grains,
which may be caused by mechanical stress during emulsion dipping and/or
drying, exposure to light or prolonged exposure. Furthermore, deposition
of silver grain can be caused by chemography, a chemical reaction between
tissue components and radiographic emulsion (ROGERs 1979). These even-
tualities can be easily checked by processing a tissue preparation for au-
toradiography which either underwent hybridisation in the absence of
probe or was not processed for ISH. Also a blank slide should be dipped
in emulsion and exposed alongside the other preparations to check the
condition of the emulsion. If this control shows unacceptable amount of
silver grain deposits, the emulsion should be discarded and substituted
with a new one. A further emulsion-coated blank slide should be exposed
briefly to light prior to development. This will ensure that possible nega-
tive ISH results are not due to failure of latent image formation.
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6.4.2 Non-radioactive Detection

At present this type of detection is mainly based on immunocytochemical
staining methods (see 6.2), and it involves similar type of controls. If in
separate tissue preparations one or more steps of the detection reaction
are omitted, a negative result should be obtained. In addition, the full de-
tection system, or part of it, is applied to a preparation which has gone
through hybridisation in absence of probe. The combination of controls
should pinpoint the cause of false positivity. For a full review on the sub-
ject the reader should refer to more comprehensive immunocytochemical
publications (POLAK and VAN NOORDEN 1986; CUELLO 1983).

7 Some Applications

One of the major advantages of ISH is the ability to examine morphologi-
cally the functional aspect of cells and tissues. From the early stages ISH
has been applied to embryology and other areas of cell differentiation, as
the localisation of gene expression could be detectable before any func-
tional development (HAFEN et al. 1983; McALLISTER et al. 1983; Cox
et al. 1984; BLOOM et al. 1988).

Peptides and proteins have been widely studied with immunocytochem-
ical techniques (POLAK and VAN NOORDEN 1986). However, the demon-
stration of an intracellular peptide or protein antigen does not supply any
information on intracellular function. For example, atrial natriuretic pep-
tide (ANP) has been localised immunocytochemically in both atria and
ventricles of mammalian heart. While the presence of ANP in atrial cells
was well known to be the result of intracellular synthesis, it was difficult
to exclude a possible uptake of circulating peptide in ventricular cells.
Using RNA probes complementary to ANP mRNA it has been possible to
confirm ANP gene expression in both atrial and ventricular cells, in either
tissue sections or cultured cells (HAMID et al. 1987) (Fig. 11).

Using probes to different peptides it has been possible to compare their
transcription sites with the known distribution of the mature peptide.
Neuropeptide Y (NPY) gene transcripts have been shown in neuronal cells
of the human cerebral cortex (Fig. 12) (TERENGHI et al. 1987). Although
the distribution of neurons positive for ISH was consistent with that of
NPY-immunoreactive cells, there is a small numerical difference between
cells identified with the two methods. This might be the reflection of differ-
ent metabolic states of the cells, as gene transcription might not be a con-
tinuous event for all the cells, which show a different profile of mature
peptide. In different situations cells that show a strongly positive hybridisa-
tion signal may appear negative by immunocytochemistry, due to a rapid
peptide degradation or secretion (HOFLER et al. 1986 b, 1987).
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Fig. 11a,b. ISH of ANP mRNA in sections of rat atrium (a) (X 250) and culture myocytes of
rat atrium (b) (X 490), using a *2P-labelled antisense RNA probe. Haematoxylin counterstain

Hybridisation of peptide mRNAs has also been applied to the study of
physiological and endocrine functions such as pregnancy and lactation
(STEEL et al. 1988), and of pathological conditions (GOEDERT et al. 1986;
ZAJAC et al. 1986; HOFLER et al. 1987; GUITTENY et al. 1988; RUDA et al.
1988).

In situ hybridisation has been widely used to investigate gene expres-
sion (see COGHLAN et al. 1985 for review). A field of particular interest is
the detection of oncogene expression, as oncogenes have become increas-
ingly important in the study of tumour development and prognosis. Al-
though oncoproteins can be localised morphologically by im-
munocytochemistry (GASTL et al. 1986), the availability of specific an-
tibodies is still limited. ISH has allowed a wider investigation in this field
and now there are several reports linking the expression of oncogenes in
relation to tumour progression (SLAMON et al. 1984; CHAN and MCGEE
1987), in particular in neuroblastoma (SCHWAB et al. 1984; GRADY-
LEOPARDI et al. 1986), lung small cell carcinoma (NAN et al. 1986) and
medullary thyroid carcinoma (HOFLER et al. 1986¢). These are just few
examples in a continuously growing list, which indicates the importance of
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Fig. 12a,b. Neurons in layer VI of human temporal cortex from a post-mortem case identified
by immunocytochemistry using antibodies for NPY (a) (X 580), and by ISH using **P-labelled
antisense RNA probes for NPY (b) (x 580). Immunocytochemistry was carried out according
to the peroxidase-antiperoxidase method. The autoradiograph is counterstained with cresyl fast
violet

ISH in the investigation of these components and its potential application
to clinical diagnosis.

The detection of intracellular viral genomes using ISH has been of in-
terest for some time in the study of viral pathogenesis (HAASE et al. 1977;
STOWRING et al. 1985; FORHANI et al. 1985). An advantage of viral detec-
tion by ISH is that it allows identification of one or a few positive cells in
the midst of a large number of negative cells. For this reason, the detec-
tion and typing of viruses by ISH has potential for clinical applications
(FLEMING 1987) and has recently been reviewed (HAASE 1986;
McDOUGALL et al. 1986; MAITLAND et al. 1986).

Immunohistochemistry is not always useful in detecting latent viral in-
fections where there is restricted expression of viral genes in small num-
bers of cells and a block on synthesis of viral antigens during this stage of
the disease process. Indeed, this realisation has led to an appreciation of
the longevity of the virus-host relationship, for example the detection of
herpes simplex viruses in brain (FORHANI et al. 1985). More recently,
latent HIV infection in less than 0.01% of peripheral blood mononuclear
cells has been detected using ISH (RANKI et al. 1987).
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There are also many studies using ISH to elucidate both the
pathogenesis of human papilloma virus and the correlation of papilloma
virus type with the degree of dysplasia in a given epithelial lesion which
have recently been reviewed (HOWLEY 1987). In this example, certain viral
types such as HPV 16, 18, 31 and 35 have been associated with cervical
carcinoma. Once the virus is integrated into the host genome, viral antigen
is sparse or not detectable. Although it is not yet clear whether detection
of HPV types will play an important clinical role in the prognosis and treat-
ment of lesions, ISH offers a feasible practical way of identifying those
viral types in cervical biopsies and smears (GUPTA et al. 1987; CUBIE and
NORVAL 1988; SYRJANEN et al. 1988). In addition, it offers a means of
further elucidating their putative role in malignant transformation.

Reports of hepatitis B virus (HBV) detection in samples which were
negative for hepatitis B surface antigen suggest a wider role for HBV infec-
tion in liver disease than had been envisaged, which has both clinical and
public health implications (BRECHOT et al. 1985). The use of ISH to detect
HBV in liver biopsies is feasible in this instance.

In considering the role of ISH for the detection of viral infection, it is
important to comment on the polymerase chain reaction (SACKI et al.
1985) whereby a target sequence such as part of a viral genome can be
specifically amplified within a given sample so that the need for sensitive
detection systems is obviated (SACKI et al. 1985; Kwok et al. 1987). This
is a cornerstone technique for molecular biology and has important implifi-
cations for clinical diagnosis, including the detection of viral genomes. The
next few years should see the emergence of some 'important data in respect
of the relationship between viral load, the immune system and progression
of infection. ISH will probably continue to have a role in staging viral dis-
ease with respect to cell type and the number of cells infected in a given
population.

Acknowledgement. The authors would like to thank Christiane Whitehead for excellent typ-
ing assistance, and all their colleagues for helpful suggestion and discussion.

References

Allen JM, Sasek CA, Martin JB, Heinrich G (1987) Use of complementary '*I-labelled RNA
for single cell resolution by in situ hybridisation. Biotechniques 5:774—777

Andrew SM, Jasani B (1987) An improved method for the inhibition of endogenous
peroxidase nondeleterious to lymphocyte surface markers. Application to im-
munoperoxidase studies on eosinophil rich tissue perparations. Histochem J 19:426—430

Angerer LM, Angerer RC (1981) Detection of poly A* RNA in sea urchin eggs and embryos
by quantitative in situ hybridisation. Nucleic Acids Res 9:2819—2840

Angerer RC, Cox KH, Angerer LM (1985) In situ hybridisation to cellular RNAs. Genet Eng
7:43-65

Angerer LM, Stoler MH, Angerer RC (1987) In situ hybridisation with RNA probes: an anno-
tated recipe. In: Valentino K, Erberwine JH, Barchas JD (eds) In situ hybridisation. Ap-
plications to neurobiology. Oxford University Press, Oxford pp 42—47



Techniques and Applications of In Situ Hybridisation 331

Banttlow CE, Heumann R, Schwab ME, Thoenen H (1987) Cellular localisation of nerve
growth factor synthesis by in situ hybridisation. EMBO J 6:891—-899

Belasco JG, Nilsson G, von Gabain A, Cohen SN (1986) The stability of E. coli gene trans-
cripts is dependent on determinants localised to specific mRNA segments. Cell
46:245-251

Bhatt B, Burns J, Flamery D, McGee J (1988) Direct visualisation of single copy genes on
banded metaphase chromosome by non-isotopic in situ hybridisation. Nucleic Acids Res
16:3951-3961

Bloom FE, Naus CCG, Miller FD, Morrison JH (1988) Immunocytochemical and in situ hy-
bridisation analysis of the development of the rat somatostatin-containing neocortical
neuronal system. J Comp Neurol 269:448—464

Bodkin DK, Knudson DL (1985) Assessment of sequence relatedness of double stranded RNA
genes by RNA-RNA blot hybridisation. J Virol Methods 10:45—52

Bollum FJ (1974) Terminal deoxynucleotidyl transferase. In: Boyer PD (ed) The enzymes.
Academic Press, New York

Brahic M, Haase AT (1978) Detection of viral sequences of low reiteration frequency by in situ
hybridisation. Proc Natl Acad Sci USA 75: 6125—-6129

Brahic M, Haase AT, Cash E (1984) Simultaneous in situ detection of viral RNA and antigens.
Proc Natl Acad Sci USA 81:5445—-5448

Brawerman G (1987) Determinant of messenger RNA stability. Cell 48:5—-6

Brechot C, Degas F, Lugassy C (1985) Hepatitis B virus DNA in patients with chronic liver
discase negative tests for hepatitis B surface antigen. N Engl J Med 312:270—-276

Bresser J, Evihger-Hodges MJ (1987) Comparison and optimisation of in situ hybridisation
procedures yielding rapid, sensitive mRNA detections. Gene Anal Techn 4:89—-104

Brigati DJ, Myerson D, Leary JJ et al. Detection of viral genomes in cultured cells and paraf-
fin-embedded tissue sections using biotin-labelled hybridisation probes. Virology
126:32-50

Brahic M, Haase AT (1981) Lentivirinae: Maedi/uisna virus group infections. Comparative as-
pects and diagnosis. In: Kurstak E, Kurstak C (eds) Comparative diagnosis of viral dis-
cases, vol IV, part B. Academic Press, New York, pp 619—643

Britten RJ, Davidson EH (1985) Hybridisation strategy. In: Hames BD, Higgings SJ (eds)
Nucleic acid hybridisation — a practical approach, IRL Press, pp 3—15

Brysch W, Hagendorff G, Schlingensiepen (1988) RNA probes transcribed from synthetic
DNA for in situ hybridisation. Nucleic Acids Res 16:2333

Burns J, Graham AK, McGee J O’D (1988) Non isotopic detection of in situ nucleic acid in
cervix: an updated protocol. J Clin Pathol 41:897—899

Butler ET, Chamberlain MJ (1982) Bacteriophage SP6-specific RNA polymerase. J Biol Chem
257:5772—-5778

Caruthers MH, Beaucage SL, Efcavitch JW et al. (1982) Chemical Synthesis and biological
studies on mutated gene control regions. Cold Spring Harbor Symp Quant Biol
47:411-418

Casey J, Davidson N (1977) Rates of formation and thermal stabilities of RNA :RNA and
DNA :DNA duplexes at high concentrations of formamide. Nucleic Acids Res
4:1539-1552

Chan VTW, McGee J (1987) Cellular oncogenes in neoplasia. J Clin Pathol 40:1055—1063

Childs GV, Lloyd JM, Unabia G, Ghanb SD, Wierman ME, Chin WW (1987) Detection of
luteinising hormone P messenger ribonucleic acid (RNA) in individual gonadotropes after
castration: use of a new in situ hybridisation method with a photobiotinylated complemen-
tary RNA probe. Molec Endocrinol 1:926—932

Chin-Yang L, Zeismer SC, Lazcano-Villareal O (1987) Use of azide and hydrogen peroxide as
an inhibitor for endogenous peroxidase in immunoperoxidase method. J Histochem
Cytochem 35:1457—1460

Cleveland DW, Lopata MA, MacDonald RJ, Cowan NJ, Rutter WJ, Kirschner MW (1980)
Number and evolutionary conservation of a- and f-tubulin and cytoplasmic 3 and y-actin
genes using specific cloned cDNA probes. Cell 20:95-105



332 G. TERENGHI and R. A. FALLON

Coggi G, Dell'Orto P, Viale G (1986) Avidin-biotin methods. In: Polak JM, van Noorden S
(eds) Immunocytochemistry — modern methods and applications. Wright, Bristol,
pp 54-70 )

Coghlan JP, Aldred P, Haralambidis J, Niall HD. Penschow JD, Tregear GW (1985) Hybridisa-
tion histochemistry. Anal Biochem 149:1-28

Cox KH, De Leon DV, Angerer LM, Angerer RC (1984) Detection of mRNAs in sea urchin
embryos by in situ hybridisation using asymmetric RNA probes. Dev Biol 101:485—502

Cubie HA, Norval M (1988) Synthetic oligonucleotide probes for the detection of human
papilloma viruses by in situ hybridisation. J Virol Methods 20:239-249

Cuello AC (1983) Immunocytochemistry. J. Wiley, Chichester

Cumming RDF, Fallon RA (1989) Subcellular localisation of biological molecules. In: Slater R
(ed) Radioisotopes in Biology. IRL Press

Davanloo P, Rosenberg AH, Dunn JJ, Studier FW (1984) Cloning and expression of the gene
for bacteriophage 77 RNA polymerase. Proc Natl Acad Sci USA 81:2035—2039

Edwards MK, Wood WB (1983) Location of specific messenger RNAs in Caenorhabditis ele-
gans by cytological hybridisation. Dev Biol 97:375—390

Feinberg AP, Vogelstein B (1983) A technique for radiolabelling DNA restriction endonuclease
fragments to high specific activity. Anal Biochem 132:6—13

Feinberg AP, Vogelstein B (1984) A technique for radiolabelling DNA restriction endonuclease
fragments to high specific acitivity. Addendum, Anal Biochem 137:266—267

Fleming K (1987) In situ hybridisation — a role in clinical pathology. J Pathol 153:201-202

Forhani B, Dupuis KW, Schmidt NJ (1985) Rapid detection of herpes simplex virus DNA in
human brain tissue by in situ hybridisation. J Clin Microbiol 22:656—658

Forster AC, MclInnes JL, Skingle DC, Symous RH (1985) Non-radioactive hybridisation
probes prepared by the chemical labelling of DNA and RNA with a novel reagent, photo-
biotin. Nucleic Acids Res 13:745-761

Fremeau RT, Lundblad JR, Pritchett DB, Wilcox JN, Roberts JL (1986) Regulation of pro-
opiomelanocortin gene transcription in individual cell nuclei. Science 234:1265-1269

Gall G, Pardue HL (1969) Formation and detection of RNA-DNA hybrid molecules in
cytological preparations. Proc Natl Acad Sci USA 63:378—381

Gastl G, Ward JH, Rapp UR (1986) Immunocytochemistry of oncogenes. In: Polak JM, Van
Noorden S (eds) Immunocytochemistry — modern methods and applications. Wright, Bris-
tol, pp 273283

Gee CE, Roberts JL-(1983) A technique for the study of gene expression in single cells. DNA
2:157-163

Gillam IC (1987) Non-radioactive probes for specific DNA sequences. Tib Tech 5:332—-334

Gissman L, Schwarz E (1985) Cloning of papillomavirus DNA In: Becker Y (ed) Recombinant
DNA research and viruses, Martinus Nijhoff, Boston, p 173

Godard CM (1983) Improved method for detection of cellular transcripts by in situ hybridisa-
tion: detection of virus specific RNA in Rous sarcoma virus-infected cells by in situ hyb-
ridisation to cDNA. Histochemistry 77:123—-131

Goedert M (1986) Single-stranded DNA probes using an M 13 template In: Uhl G (ed) In situ
hybridisation in brain. Plenum, New York, pp 236—237

Goedert M, Fine A, Hunt SP, Ullrich A (1986) NGF-mRNA in peripheral and central rat tissue
and in the human central nervous system: lesions effects in the rat brain and levels in
Alzheimer’s disease. Mol Brain Res 1:85—-92

Gonzalez RG, Blackburn BJ, Schleich T (1979) Fractionation and structural elucidation of the
active components of aurintricarboxylic acid, a potent inhibitor of protein nucleic acid
interactions. Biochim Biophys Acta 562:534—545

Gowans EJ, Burrell CJ, Jilbert AR, Marmion BP (1981) Detection of hepatitis B virus
sequencing in infected hepatocytes by in situ cytohybridisation. J Med Virol 8:67—78

Gowans EJ, Burrell CJ, Jilbert AR, Marmion BP (1983) Patterns of single- and double-
stranded hepatitis B virus DNA and viral antigen accumulation in infected liver cells. J
Gen Virol 64:1229-1239



Techniques and Applications of In Situ Hybridisation 333

Gowans EJ, Jilbert AR, Burrell CJ (1989) Detection of specific DNA and RNA sequences in
tissues and cells by in situ hybridisation. CRC series, in press

Grady-Leopardi EF, Schwab M, Ablin AR, Rosenau W (1986) Detection of N-myc oncogene
expression in human neuroblastoma by in situ hybridisation and blot analysis relationship
to clinical outcome. Cancer Res 46:3196—3199

Guitteny AF, Fouque B, Mongin C,Teoule R, Boch B (1988) Histological detection of mRNAs
with biotinylated synthetic oligonucleotide probes. J Histochem Cytochem 36:563—571

Gupta JW, Gupta PK, Rosenshein N, Shah K (1987) Detection of human papillomavirus in
cervical smears. A comparison of in situ hybridisation, immunocytochemistry and
cytopathology. Acta Cytol 31:387—396

Haase AT (1986) Analysis of viral infections by in situ hybridisation. J Histochem Cytochem
34:27-32

Haase AT, Stowring LS, Narayan O, Griffin D, Price D (1977) Slow persistent infection caused
by visna virus: role of host restriction. Science 195:175—177

Haase AT, Stowring L, Harris JD, Traynor B, Ventura P, Peluso R, Brahic M (1982) Visna
DNA synthesis and the tempo of infection in vitro. Virology 119:399—-410

Haase AT, Brahic M, Stowring L (1984) Detection of viral nucleic acids by in situ hybridisa-
tion. In: Maramorosch K, Koprowski H (eds) Methods in virology, VII. Academic Press,
New York, pp 189226

Haase AT, Walker D, Stowring L et al. (1985) Detection by hybridisation of viral infection of
the human central nervous system. Ann NY Acad Sci 436:103—108

Hafen E, Levine M, Garber RL, Gehring WJ (1983) An improved in situ hybridisation method
for the detection of cellular RNAs in Drosophila tissue sections and its application for
localising transcripts of the homoeotic antennapedia gene complex. EMBO J 2:617—-623

Hamid Q, Wharton J, Terenghi G et al. (1987) Localisation of atrial natriuretic peptide mRNA
and immunoreactivity in the rat heart and human atrial appendage. Proc Natl Acad Sci
USA 84:6760—6764

Hayashi S, Gillam IC, Delaney AB, Tener GM (1978) Acetylation of chromosome squashes of
Drosophila melanogaster decreases the background in autoradiographs from hybridisation
with ['®I]-labelled RNA. J Histochem Cytochem 26:677—679

Hofler H (1987) What’s new in “in situ hybridisation”. Pathol Res Pract 182:421—430

Hoéfler H, Childers H, Montminy MR, Lechan RM, Goodman RH, Wolfe HJ (1986 a) In situ
hybridisation methods for the detection of somatostatin mRNA in tissue sections using
antisense RNA probes. Histochem J 18:597—-604

Héfler H, Childers H, Dayal Y et al. (1986 b) Detection of neuroendocrine gene expression of
tumour cells by combined in situ hybridisation and immunecytochemistry. Verh Dtsch Ges
Pathol 70:211-216

Hofler H, Childers H, Mobtaker H, Tischer AS, De Lellis RA, Wolfe HJ (1986 c) Fos on-
cogene expression in a mouse medullary thyroid carcinoma cell line demonstrated by blot
and in situ hybridisation. Lab Invest 54:15A

Hoéfler H, Putz B, Ruhri C, Wirnsberger G, Klimpfinger M, Smolle J (1987) Simultaneous
localisation of calcitonin mRNA and peptide in a medullary thyroid carcinoma. Virchows
Arch [Cell Pathol]54:144—151

Hogan B, Costantini F, Lacy E (1986) Manipulating the mouse embryo: a laboratory manual.
Cold Spring Harbor Laboratory

Howley PM (1987) The role of papillomaviruses in human cancer 4. In: Devita VT Jr, Hellman
S, Rosenberg SA (eds) Important advances in oncology. Lippincott, Philadelphia

Hu N, Messing J (1982) The making of strand specific M 13 probes. Gene 17:271—-277

Huang WM, Gibson SJ, Facer P, Gu J, Polak JM (1983) Improved section adhesion for im-
munocytochemistry using high molecular weight polymers of L-lysine as a slide coating.
Histochemistry 77:275—-279

Hutchison NJ, Langer-Safer PR, Ward DC, Manikalo BA (1982) In situ hybridisation at the
electron microscopic level: hybrid detection by autoradiography and colloidal gold. J Cell
Biol 95:609—-618

Isenberg I (1979) Histones. Ann Rev Biochem 48:159—191



334 G. TERENGHI and R. A. FALLON

Janssen HP, van Loon AM, Meddens MJ, Herbrink P, Linderman J, Quint WGV (1987) Com-
parison of in situ DNA hybridisation and immunological staining with conventional virus
isolation for the detection of human cytomegolavirus infection in cell cultures. J Virol
Methods 17:311-318

Jilbert AR, Burrel CJ, Gowans EJ, Rowland R (1986) Histological aspects of in situ hybridisa-
tion. Histochemistry 85:505—514

John HA, Burnstiel ML, Jones KW (1969) RNA:DNA hybrids at the cytological level. Nature
223:582-587

Johnson SA, Morgan DG, Finch CE (1986) Extensive postmortem stability of RNA from rat
and human brain. J Neurosci Res 16:267—-280

Jones TR, Hyman RW (1983) Specious hybridisation between herpes simplex virus DNA and
human cellular DNA. Virology 131:555—-560

Kourilsky P, Leidner J, Tremblay GY (1971) DNA : DNA hybridisation, on filters at low tem-
perature in the presence of formamide or urea. Biochimie 53:1111—1114

Kwok S, Mack DH, Mullis KB et al. (1987) Identification of human immunodeficiency virus
sequences by using in vitro enzymatic amplification and oligomer cleavage detection. J
Virol 61:1690—1694

Langer PR, Waldrop A, Ward D (1981) Enzymatic synthesis of biotin labelled polynucleotides:
novel nucleic acid affinity probes. Proc Natl Acad Sci USA 78:6633—6637

Larsson L-I, Christensen T, Dalboge H (1988) Detection of POMC mRNA by in situ hybridisa-
tion using a biotinylated oligodeoxynucleotide probe and avidin-alkaline phosphatase his-
tochemistry. Histochemistry 89:109—116

Lawrence JB, Singer RH (1985) Quantitative analysis of in situ hybridisation methods for the
detection of actin gene expression. Nucleic Acids Res 13:1777—1799

Lawrence JB, Singer RH (1986) Intracellular localisation of mRNA for cytoskeletal proteins.
Cell 45:407-415

Lawrence JB, Villnave CA, Singer RH (1988) Sensitive, high-resolution chromatin and
chromosome mapping in situ: presence and orientation of two closely integrated copies of
EBVin a lymphoma line. Cell 52:51-61

Leary JJ, Brigati DJ, Ward DC (1983) Rapid and sensitive colorimetric method for visualizing
biotin-labelled DNA probes hybridized to DNA or RNA immobilized on nitrocellulose.
Proc Natl Acad Sci USA 80:4045—4049

Levine BJ, Liv T, Marzluff WF, Skoultchi Al (1988) Differential expression of individual mem-
bers of the histone multigene family due to sequences in the 5’ and 3’ regions of the genes.
Mol Cell Biol 8:1887—1895

Lewin BM (1980) Eukaryotic genomes. In: Gene expression 2:503—569, 861930, Wiley, New
York

Lewis ME, Sherman TG, Watson SJ (1985) In situ hybridisation histochemistry with synthetic
oligonucleotides; strategies and methods Peptides 6 [Suppl 2]: 75—87

Lewis ME, Arentzen R, Baldino F (1986) Rapid, high-resolution in situ hybridisation. His-
tochemistry with radioiodinated synthetic oligonucleotides. J Neurosci Res 16:117—124

Lewis FA, Griffith S, Dunncliff R, Wells M, Dudding N, Bird CC (1987) Sensitive in situ
hybridisation technique using biotin-streptavidin-polyalkaline phosphatase complex. J
Clin Pathol 40:163—166

Luehrsen KR, Baum MP (1987) In vitro synthesis of biotinylated RNA probes from A-T rich
templates: problems and solutions. Biotechniques 5:660—670

Lynn DA, Angerer LM, Bruskin AM, Kleen WH, Angerer RC (1983): Localisation of a family
of mRNAs in a single cell type and its precursors in sea urchin embryos. Proc Natl Acad
Sci USA 80:2656—2660

Maitland NJ, Cox MF, Lynas C, Prime S, Crane I, Scully C (1986) Nucleic acid probes-in the
study of latent viral disease. J Oral Pathol 16:199—211

Maniatis T, Fritsch EF, Sambrook J (1982) Molecular cloning. Cold Spring Harbor Laboratory

Manuelidis L (1985) Indications of centromere movement during interphase and differentia-
tion. Ann NY Acad Sci 450:205—221

McAllister LB, Scheller RH, Kaudel ER, Axel R (1983) In situ hybridisation to study the
origin and fate of identified neurones. Science 222:800—808



Techniques and Applications of In Situ Hybridisation 335

McAllister HA, Rock DL (1985) Comparative usefulness of tissue fixatives for in situ viral
nucleic acid hybridisation. J Histochem Cytochem 33:1026—1032

McConaughy BL, Laird CD, McCarthy BJ (1969) Nucleic acid reassociation in formamide.
Biochemistry 8:3289-3295

McDougall JK, Myerson D, Beckman AM (1986) Detection of viral DNA and RNA by in situ
hybridisation. J Histochem Cytochem 34:33—38

McKeating JA, Al-Nakib W, Greenaway PJ, Griffiths PD (1985) Detection of cytomegalovirus
by DNA-DNA hybridisation employing probes labelled with *2P or biotin. J Virol Methods
11:207-216

Meinkoth J, Wahl G (1984) Hybridisation of nucleic acids immobilized on solid supports. Anal
Biochem 138:267—-284

Melton D, Kneg P, Rebagliati M, Maniatis T, Zinn K, Green MR (1984) Efficient in vitro
synthesis of biologically active RNA and RNA hybridisation probes from plasmids contain-
ing a bacteriophage SP 6 promoter. Nucleic Acids Res 12:7035—7056

Mitchell AR, Ambros P, Gosden JR, Morten JEN, Porteous DJ (1986) Gene mapping and
physical arrangements of human chromatin in transformed hybrid cells: fluorescent and
autoradiographic in situ hybridisation compared. Somatic Cell Mol Genet 12:313—324

Moench TR, Gendelman HE, Clements JE, Narayan O, Griffin DE (1985) Efficiency of in
situ hybridisation as a function of probe size and fixation technique. J Virol Methods
11:119—130

Morley DJ, Hodes ME (1988) Amylase expression in human parotid neoplasms: evidence by
in situ hybridisation for lack of transcription of the amylase gene. J Histochem Cytochem
36:487—492

Nan MM,Brooks BJ, Carney DN, Gazdar AF (1986) Human small cell lung cancers shows
amplification and expression of the N-myc gene. Proc Natl Acad Sci USA 83:1092—1096

Naoumov NV, Alexander GJM, Eddleston ALWF, Williams R (1988) In situ hybridisation in
formalin fixed, paraffin wax embedded liver specimens: method for detecting human and
viral DNA using biotinylated probes. J Clin Pathol 41:793—798

Niedobitek G, Finn HH, Bornhoft G, Gerdes J, Stein H (1988) Detection of viral DNA by in
situ hybridisation using bromodeoxyuridine labelled DNA ptobes. Am J Pathol 1313:1-4

Palmer L, Falkow S (1985) Selection of DNA probes for use in the diagnosis of infectious
disease. In: Kingsbury DT, Falkow S (eds) Rapid detection and identification of infectious
diseases. Harcourt Brace Jovanovich, New York, pp 211—-233

Patient R (1984) DNA hybridisation — beware. Nature 308: 15—-16

Penschow JD, Haralambidis J, Aldred P, Tregear GW, Coghlan JP (1986) Location of gene
expression in CNS using hybridisation histochemistry. Methods Enzymol 124:534—548

Polak JM, van Noorden SV (1986) Immunocytochemistry — modern methods and applications.
Wright, Bristol

Pontecorvi A, Tata JR, Phyllaier M, Robbins J (1988) Selective degradation of mRNA: the
role of short-lived proteins in differential destabilization of insulin-induced creative phos-
phokinase and myosin heavy chain mRNAs during rat skeletal muscles L6 cell differentia-
tion. EMBO J 7:1489—1495

Przepiorka D, Myerson D (1986) A single step silver enhancement method permitting rapid
diagnosis of cytomegalovirus infection in formalin-fixed paraffin embedded tissue sections
by in situ hybridisation and immunoperoxidase detection. J Histochem Cytochem
34:1731-1734

Ralston R, Bishop JM (1984) Evolutionary relationships among oncogenes of DNA and RNA
tumour viruses: myc, myb and adenovirus EIA In: Vande Woude GF, Levine AJ, Topp
WC, Watson JD (eds) Cancer and cells 2: oncogenes and viral genes. Cold Spring Harbor
Laboratory, pp 165—172

Ranki A, Krohn M, Allain J et al. (1987) Long latency precedes overt seroconversion in sexu-
ally transmitted human-immunodeficiency-virus infection. Lancet II: 589—593

Renz M, Kurz C (1984) A colorimetric method for DNA hybridisation. Nucleic Acids Res
12:3435—3444

Rigby PWJ, Dieckmann M, Rhodes C, Berg P (1977) Labelling deoxyribonuclei acid to high



336 G. TERENGHI and R. A. FALLON

specific activity in vitro by nick translation with DNA polymerase 1. J Mol Biol
113:237-251

Rogers AW (1979) Techniques of autoradiography. Elsevier, Amsterdam

Rogers WT, Schwaber JS, Lewis ME (1987) Quantitation of cellular resolution in situ hybridi-
sation histochemistry in brain by image analysis. Neurosci Lett 82:315—-320

Ruda MA, Iadarola MJ, Cohen LV, Young IIT WS (1988) In situ hybridisation histochemistry
and immunocytochemistry reveal an increase in spinal dynorphyn biosynthesis in a rat
model of peripheral inflammation and hyperalgesia. Proc Natl Acad Sci USA 85:622—626

Sacki RK, Scharf S, Faloona F, Mullis KB, Horn GT, Erlich HA, Arnheim N (1985) Enzy-
matic amplification of B-globin genomic sequences and restriction site analysis for diag-
nosis of sickle cell anaemia. Science 230:1350—1354

Schwab M, Ellison J, Busch M, Rosenau W, Varmus HE, Bishop JM (1984) Enhanced expres-
sion of the human gene N-myc consequent to amplification of DNA may contribute to
malignant progression of neuroblastoma. Proc Natl Acad Sci USA 81:4940—4944

Scott Young III W, Mezey E, Siegel RE (1986) Vasopressin and oxytocin mRNAs in adrenalec-
tomized and Brattleboro rats: analysis by quantitative in situ hybridisation histochemistry.
Mol Brain Res 1:231-241

Shaw G, Kamen R (1986) A conserved AU sequence from the 3’ untranslated region of GM-
CSF mRNA mediates selective mRNA degradation. Cell 46:659—-667

Shivers BD, Harlan RE, Pfaff DW, Schachler BS (1986 a) Combination of immunocytochemis-
try and in situ hybridisation in the same tissue section of rat pituitary. J Histochem
Cytochem 34:39—43

Shivers BD, Schachter BS, Pfaff DW (1986b) In situ hybridisation for the study of gene ex-
pression in the brain. Methods Enzymol 124:497-510

Singer RH, Ward DC (1982) Actin gene expression visualized in chicken muscle culture by
using in situ hybridisation with a biotinated nucleotide analog. Proc Natl Acid Sci
79:7331-7335

Singer RH, Lawrence JB, Villnave C (1986) Optimization of in situ hybridisation using isotopic
and non-isotopic detection methods. Biotechniques 4:230—250

Slamon DC, de Kernion JB, Verma IH, Cline H (1984) Expression of cellular oncogenes in
human malignancies. Science 224:256—262

Soreq H, Zamur R, Zevin-Sonkin D, Zakut H (1987) Human cholinesterase genes localised
by hybridisation to chromosomes 3 and 16. Hum Genes 738:1—4

Stanssens P, Remaut E, Fiers W (1986) Inefficient translation initiation causes premature tran-
scription termination in the Iac Z gene. Cell 44:711-718

Steel JH, Hamid Q, Van Noorden S et al. (1988) Combined use of in situ hybridisation and
immunocytochemistry for the investigation of prolactin gene expression in immature,
pubertal, pregnant, lactating and ovariectomised rats. Histochemistry 89:75—80

Stopa EG, Uhl GR, Mobtaker H et al. (1989) Somatostatin gene expression in human brain:
in situ hybridisation studies in postmortem tissue. Neuroscience, in press

Stowring L, Haase AT, Petursson G et al. (1985) Detection of visna virus antigens and RNA
in glial cells in foci in demyelination. Virology 141:311—-318

Syrjanen S, Partanen P, Méntyjarvi R, Syrjanen K (1988) Sensitivity of in situ hybridisation
techniques using biotin and *$ labelled human papilloma virus (HPV) DNA probes. Virol
Methods 19:225—-238

Szabo P, Elder R, Steffensen DM, Uhlenbeck OC (1977) Quantitative ISH of ribosomal RNA
species to polytene chromosomes of Drosophila melanogaster. J Mol Biol 115:539—-563

Taylor GR, Carter GI, Crow TJ, Johnson JA, Fairbairn AF, Perry EK, Perry RH (1986) Re-
covery and measurement of specific RNA species from postmortem brain tissue: a general
reduction in Alzheimer’s disease detected by molecular hybridisation. Exp Mol Pathol
44:111-116

Terenghi G, Polak JM, Hamid Q et al. (1987) Localisation of neuropeptide Y mRNA in
neurons of human cerebral cortex by means of in situ hybridisation with a complementary
RNA probe. Proc Natl Acad Sci USA 84:7315—-7318

Thomas CA, Dancis BM (1973) Ring stability. J Mol Biol 77:44—55



Techniques and Applications of In Situ Hybridisation 337

Tournier I, Bernau D, Poliard A, Schoevaret D, Feldman G (1987) Detection of albumin
mRNAs in rat liver by in situ hybridisation: usefulness of paraffin embedding, and com-
parison of various fixation procedures. J Histochem Cytochem 35:453—459

Trask B. van den Engh G, Pinkel D, Mullikin J, Waldmann F, van Dekken H, Gray J (1988)
Fluorescence in situ hybridisation to interphase cell nuclei in suspension allows flow
cytometric analysis of chromosome content and microscopic analysis of nuclear organiza-
tion. Hum Genet 78:251—-259

Unger ER, Budgeon LR, Myerson D, Brigati DJ (1986) Viral diagnosis by in situ hybridisa-
tion. Description of a rapid simplified colorimetric method. Am J Surg Pathol 10:1-8

van der Ploeg, Landegent JE, Hopman HHN, Raap AK (1986) Non-autoradiographic hybrido-
cytochemistry. J Histochem Cytochem 34:126—133

Wahl GM, Stern M. Stark GR (1979) Efficient transfer of large DNA fragments from agarose
gels to diazobenzyloxymethyl-paper and rapid hybridisation by using dextran sulphate.
Proc Natl Acad Sci USA 76:3683—3687

Wetmur JG, Davidson N (1968) Kinetics of renaturation of DNA. J Mol Biol 31:349-370

Wetmur JG, Ruyechan WT, Douthart RJ (1981) Denaturation and renaturation of Penicillinin
chrysogenum mycophage double-stranded ribonucleic acid in tetraalkylammonium salt
solutions. Biochemistry 20:2999—3002

Wilcox JIN, Gee CE, Roberts JL (1986) In situ cDNA-mRNA hybridisation: development of a
technique to measure mRNA levels in individual cells. Methods Enzymol 124:510—533

Zabel M, Schafer H (1988) Localisation of calcitonin and calcitonin gene-related peptide
mRNAs in rat parafollicular cells by hybridocytochemistry. J Histochem Cytochem
36:543—546

Zajac JD, Penschow J, Mason T, Tregear G, Coghlan J, Martin TJ (1986) Identification of
calcitonin and calcitonin gene-related peptide messenger ribonucleic acid in medullary
thyroid carcinomas by hybridisation histochemistry. J Clin Endocrinol Metab
62:1037—-1043



Subject Index

AgNORs 73

AIDS 24

ALL = acute lymphoblastic leukaemia 229,
236

AMD = actinomycin D 112, 113

AML = acute myeloid leukaemia 229, 236,
240

APUD oma 198

Abercrombie’s formula 179, 180

actinomycin D. 27, 29, 30, 45, 50, 70, 71,
112, 113

acute leukaemia 259

— lymphoblastic leukaemia (ALL) 229, 236

— myeloid leukaemia (AML) 229, 236, 240

adenocarcinoma of colon 278

adenoma of the colon 266, 276, 278

adenoma-carcinoma sequence 195, 23/

adenoma, pleomorphic 195

adenosis, sclerosing 189

adenovirus 42, 46, 55, 56, 57, 59, 61

adrenal carcinoma 236"

— tumours 198

adriamycin 70, 71, 112

aflatoxin 70

-B 30

amanitine 27

amsacrine 70

anaemia, pernicious 31

aneurysmal bone cyst 199

apocrine metaplasia 189

arthritis, rheumatoid 43

Askin tumours 276

associations, telomeric 267, 268

astrocytoma 136

atypical fibroxanthoma 4

avidin-biotin method 323

B-cell lymphoma 6, 7. 36, 197
B,; protein 111/

biotin 310, 313, 317, 323
bismuth, intranuclear 50
bladder carcinoma 226, 236
— —, grading 12

—, nuclear quantitation /93

bone, nuclear quantitation /99
— tumours 199, 230
borderline tumours
brain tumours 198
breakpoints 280, 28/
breast carcinoma 227
— —, grading 12

— tumours 121, 128
Brenner tumour 3,6
bromodeoxy uridine 24/
Burkitt’s lymphoma 280
“buttock cells” 7

192, 234

CIN = cervical intraepithelial neoplasia 190

Cy; = nucleolin 710

cancer breakpoints 28/

cardiac muscle, hypertrophy 41

cardiomyopathy, hypertrophic 48

centrocytes 7

centrocytic lymphoma 3

cervical adenocarcinoma 191

— carcinoma 190, 230, 236

— intraepithelial neoplasia (CIN) 190

cervix, uterine, nuclear quantitation /90

chondrosarcoma 199, 230

—, grading 12

choriocarcinoma 73, 275

chromosomal changes in malignancy /15

— trisomies 113

chronic myeloid leukaemia 220, 259, 260,
280

clear cell metaplasia 191

— nuclei 5

cleaved nuclei 6

“coffee bean” nuclei 6

Colcemid 26, 77

Colchicine 37, 77

colitis, ulcerative (UC) 196, 232, 240

collagen vascular disease 41

collagenase 262

colon, nuclear quantitation /95

colonic adenocarcinoma 196, 279

colonic adenoma 266, 276, 278

colorectal carcinoma 223



340

common wart virus 62

computer 63

condyloma 190

Conn’s syndrome 52

convexity — concavity (C—C)

convoluted nuclei 6

cortical adenoma of kidney 266, 272, 276,
279

Cowdry type A 53

- —B 53,64

coxsackievirus 64

Creutzfeld-Jakob disease 66

cycloheximide 30

cytochalasin B 26

cytomegalovirus 42, 56, 57, 59, 62

cytophotometry 161

cytoplasmic inclusions 8

cytosine arabinoside 31

160

D-galactosamine 112

DNA 2,3, 12

— ancuploidy and treatment
— histogram 181
dengue 64
dexamethasone 118
Down’s syndrome 114
Dutcher-Fahey inclusions
dysgerminoma 275
dysplasia-carcinoma sequence 233
dysplasia, epithelial 77

236

3.9

ER status = estrogen receptor status 189
early carcinoma of the stomach 195
endocrine glands, nuclear quantitation 798
endometrial adenocarcinoma 19/

— carcinoma 230

— —, grading 12

endometrium, hyperplasia 191, 192

—, nuclear quantitation 9/
cosinophilic granuloma 7
epitheliosis 189
Epstein-Barr virus 59
estrogen receptor status (ER)
ethionine 27
Ewing’s sarcoma

189
132, 134, 231, 266, 271, 275

FAB systems 258

FAP = familial adenomatous polyposis
233, 240

FFMC inclusions = filamentous, fibrillary,
microtubular and crystalline inclusions 52

F protein 25

familial adenomatous polyposis (FAP) 231,
233, 240

fibrillar centre 94, 95, 102, 110, 112, 114,
116, 127, 135, 137, 140, 141

231,

Subject Index

fibrolipoma 277

fibrosarcoma 132, 240

fibrous histiocytoma, malignant 267
fibroxanthoma, atypical 4

fine needle aspiration biopsy 175
fixation shrinkage factor 180
flavivirus 64

flow cytometry 257

— —, stains 2/9

fluorouracil 31

follicular tumours of the thyroid 198

form factor 159. 160
Fourier spectrum analysis 160
gastric carcinoma 226

— polyps 195

germ cell tumours 194, 266, 275
giant markers 267, 268

— syncytial cell formation 25
glioblastoma multiforme 24, 198
glioma 121, 136

—, malignant 236

glycogen, intranuclear 48
granular cell myoblastoma 23, 43
granuloma, cosinophilic 7
granulosa cell tumours 6, 193
Grave’s disease 49

grooved nuclei 5

growth hormone 118

HPV infection 190

HIV = human immunodeficiency virus 24

HSV 59

— virogenesis 45

haematopoietic system, nuclear quantita-
tion 197

hepadnavirus (hepatitis B virus) 55, 59, 63

hepatitis, viral 49

hepatocellular carcinoma 49

herpes encephalitis 55, 59, 60

— simplex 24, 70

— virus 42,55, 56, 57, 59, 62

heterochromatin-euchromatin ratio 27, 28

Hirano bodies 53

histiocytic neoplasms 3, 8

histiocytoma, malignant fibrous 36, 51, 267
histiocytosis X 3

histones 2

Hodgkin’s cells 126 )
Hodgkin’s disease 7, 23, 43, 49, 121, 126, 197

Hiirthle cell tumour 198
hybridoma cells 25
hydatidiform mole 234, 235
“hyperconvoluted” nuclei 6
hypertrophic cardiomyopathy 48

hypertrophy of cardiac muscle 41



Subject Index

ISH = in situ hybridisation 289
idiopathic pulmonary fibrosis 41
inclusion body myositis 66
inclusions, cytoplasmic 8
influenza 63

in situ hybridisation (ISH) 289
interdigitating reticulum cells 8
intranuclear inclusions 45

Japanese encephalitis virus 64

Ki67 124, 125, 126, 233, 241, 242

keratoacanthoma 70

kidney, cortical adenoma 266, 272, 276. 279

Klinefelter’s syndrome 31, 49

kwashiorkor 44

Langerhans cells 3,7, 8

larynx 196

— carcinoma, grading 12

lead, intranuclear 50

leiomyoma 199, 266, 276, 277

leiomyosarcoma 199, 230

leukaemia 119, 120, 197, 229, 236, 240, 241,
243, 258

—,acute 71, 259

—, — lymphoblastic (ALL) 229, 236

-, — myeloid (AML) 229, 236, 240

—, chronic myeloid 220, 259, 260, 280

—, lymphoblastic 36

leukoencephalopathy, progressive mul-
tifocal 62, 78

Leydig cells 31, 49

lipid, intranuclear 49

lipoblastoma 277

lipohaemarthrosis 49

lipoma 269. 276, 277, 281

liposarcoma (LPS) 4, 267, 269, 281

—, myxoid 266, 267, 277, 281

lung carcinoma 196, 230

—, nuclear quantitation 196

lupus erythematosus 49

Lutzner cells 6

lymphoblastic leukaemia 36

— —, acute (ALL) 229,236

lymphoma 240, 243

—, centrocytic 3

—, lymphoplasmacytoid 3

—, malignant 6

— of the bone 271

lymphoplasmacytoid lymphoma 3

M, 80 K protein /12

M; 100 K protein 772, 113

malignant fibrous histiocytoma 36, 51, 267
— melanoma 121, 126, 127, 140, 197, 266

341

mammary carcinoma 198

— gland. nuclear quantitation 88

Mandelbrot effect 156

“meandering nucleolus” 73

measles 24, 25, 51, 63

— virus 52, 55, 61, 62

melanoma 73, 121, 126, 127, 140, 197, 266

— of the uveal tract 198

meningioma 266, 276

mesothelioma 121, 131, 140, 266

metaplasia, apocrine 189

methotrexate 28, 29, 31, 37, 50, 52, 265

microdensitometry 220

mitomycin C 70

mitotic indices 157

mixed tumours of the salivary glands
276, 277

morbillivirus 63

molar neoplasia 234

morphometry 159

mucoepidermoid carcinoma 195

multinucleation, normal 22

— in pathological conditions 22

multiple sclerosis 65

mumps 63

mycosis fungoides 3, 6, 197

myeloid leukaemia, acute (AML) 229, 236,
240

— —, chronic 220, 259, 260, 280

myeloma 23, 41, 229

myxoid liposarcoma 266, 267, 277, 281

266,

NCI = nuclear contour index 159

NORs = nucleolar organiser regions 9/

naevocellular naevi 126, 127, 140

nervous system, nuclear quantitation

neurilemmoma 11

neuroblastoma 132, 236, 266, 271. 272

neuroepithelioma, peripheral 276

neurone-specific enolase 130

non-Hodgkin's lymphoma 9, 10, 72/, 160,
161, 197, 228, 243

Northern blot analysis 325

nuclear abnormalities in tumours 2

— bodies 51

— contour index (NCI) 159

— immunohistochemistry 9

nuclease 291, 315, 326

nucleolar organiser regions (NORs) 97

nucleolin (C,y3) 110, 112

nucleolonema 93

nucleolus in neoplasia 72

198

Oat cell carcinoma 121, 130
oesophagus, carcinoma 195
—, nuclear quantitation 195



342

oncogenes 3, 328
oncoproteins 10
“Orphan Annie” nuclei
orthomyxovirus 63
osteogenic sarcoma 230
osteosarcoma 199

—, parosteal 230
ovarian carcinoma /92, 229
ovary, nuclear quantitation /92

5,162

Paget’s disease 66

pancreatic carcinoma, grading 12

panencephalitis, subacute sclerosing 52, 59,
60, 61, 63, 78

papillary carcinoma of the thyroid 3,5, 8

papovavirus 52, 55, 56, 57, 59, 62

papilloma virus 62

paramyxovirus 63

—, infection 25

parathyroid adenomas 235

parosteal osteosarcoma 230

parotid acinar cell carcinoma 51

pars amorpha of nucleolus 93

parvovirus 55, 56, 59, 63

Patau’s syndrome 114

pernicious anaemia 31

Philadelphia chromosome 220

phosphoproteins pp 135 and pp 105 172

picornavirus 64

piluitary gland tumours

planimetric techniques

planimetry 159

pleomorhic salivary gland adenomas
277 i

pneumovirus 63

poliovirus 64

polyoma virus 62

polymerase chain reaction 330

polyploidy 238

polyposis, familial adenomatous (FAP) 231,
233, 240

polyps, gastric 195

progesterone 42

— receptors 227

progressive multifocal leukoencephalopathy
62

proliferation antigens 10

— indices 157

prostatic carcinoma 194, 227

prostate, nuclear quantitation /94

pseudo-inclusions 46, 48

pulmonary fibrosis, idiopathic 41

puromycin 113

235, 236
154

195,

RNase 291
RNasin = ribonuclease inhibitor 291

Subject Index

RNA polymerase 2
Reed-Sternberg cells 7, 23, 25
Reider’s cells 36, 37

— syndrome 36

renal adenocarcinoma 272

— adenoma 194, 266, 272, 276, 279
— cell carcinoma 194

— — —. grading 12

— tumours 194

reniform nuclei &8

respiratory syncytial virus 63

— tract, nuclear quantitation /96
reticulum cells, interdigitating 8
retinoblastoma 31, 266

retrovirus 55

Reye’s syndrome 52
rhabdomyosarcoma
—, alveolar 266, 271
-, embryonal 73
rheumatoid arthritis 43

ribonuclease inhibitor RNasin 291
ring chromosomes 267, 268, 269, 277
round cell tumours 27/

Rous sarcoma 240

132, 133, 271

Salivary glands, mixed tumours 266, 276,
277
— gland, nuclear quantitation 195
Sarcoidosis 41, 199

Sarcoma, osteogenic 230

sclerosing adenosis 189

seminoma 73, 194, 227, 246, 275
Sendai virus 25

Sensitivity 184

Sézary syndrome 3, 6, 34, 36

signet ring cells 4

skin, nuclear quantitation 197

slimness (SL9) 160

small cell carcinoma 196

— round cell tumours 27/

smooth muscle tumours 3, 8, 11, 12, 199
soft tissue sarcomas 265

— — tumours 230

specifity 185

stains in flow cytometry 2/9

stereology 159

steroid hormone receptors 9
Sternberg-Reed cells 126

stomach, nuclear quantitation 195
storage systems /69
streptavidin = 323

surface area measurement
synovial sarcoma 266, 270

156

T-Cell lymphoma 6, 156, 197
Tlymphocytes 3



Subject Index 343

telomeric associations 267, 268 varicella zoster virus 59
teratoma 277, 240, 275 video technology 166
testes, nuclear quantitation /94 vinblastine 37,77
testicular tumours 227 vincristine 77
thyroid, papillary carcinoma 3, 5, 8, 44, 48, viral infections 23, 47
162 virions 59
transitional cell carcinoma 193, 233, 274 virus-like particles 64
trisomies, chromosomal 113
trophoblastic disease 234, 235 Walthard cell nests 6
tuberculosis 199 Wilms’ tumour 266
tumour grading /] Wilson's discase 49
ulcerative colitis (UC) 196, 232, 240 yellow fever virus 64

uveal tract melanoma 198



Index of Volumes 78—81 Current Topics in Pathology

Volume 78: Ovarian Pathology. Edited by F. NOGALES

I. DAMJIANOV, Ovarian Tumours in Laboratory and Domestic Animals

H.-E. STEGNER, Hormonally Related Non-Neoplastic Conditions of the
Ovary

L.L. ADCOCK, L. P. DEHNER, Surgical Staging of Ovarian Tumours: The
Individual and Integrative Roles of the Oncologist and Pathologist

C. NUNEz, Cytopathology and Fine-Needle Aspiration in Ovarian
Tumours: Its Utility in Diagnosis and Management

S. G. SILVERBERG, Prognostic Significance of Pathologic Features of
Ovarian Carcinoma

H. Fox, The Concept of Borderline Malignancy in Ovarian Tumours: A
Reappraisal

E. SAKSELA, Advances in Immunohistochemistry of Ovarian Tumours

Volume 79: Cell Kinetics of the Inflammatory Reaction.
Edited by O. IVERSEN

O. H. IVerSEN, The Cell Kinetics of the Inflammatory Reaction.
Introduction and Overview

H. B. BENESTAD, O.D. LAERUM, The Neutrophilic Granulocyte

I. C. M. MACLENNAN, S. Oldfield, Y.-J. Liu, P.J. L. LANE, Regulation of
B-Cell Populations

G. JaNossy, D. CAMPANA, A. AKBAR, Kinetics of T Lymphocyte
Development

S. FossuM, The Life History of Dendritic Leucocytes (DL)

R. VAN FURTH Origin and Turnover of Monocytes and Macrophages

D.O. ApaMms, T. A. HAMILTON, The Activated Macrophage and
Granulomatous Inflammation

L. ENERBACK, K NORRBY, The Mast Cells

J.L. vaN LANCKER, Molecular Events in Liver Regeneration and Repair

Volume 80: Biological Characterization of Bone Tumors.

Edited by A. ROESSNER

G. C. STEINER, Neuroectodermal Tumor Versus Ewing’s Sarcoma —
Immunohistochemical and Electron Microscopic Observations

A. ScHULZ, G. JUNDT, Immunohistological Demonstration of Osteonectin
in Normal Bone Tissue and in Bone Tumors



J. ALTHOFF, P. QUINT, H.J. HOHLING, A. ROESSNER, E. GRUNDMANN,
Tumor Bone Formation in Different Osteosarcomas: Topological,
Biochemical, and Histochemical Analyses

E. VOLLMER, A. ROESSNER, P. WUISMAN, A. HARLE, E. GRUNDMANN,
The Proliferation Behavior of Bone Tumors Investigated with the
Monoclonal Antibody Ki-67

W. MELLIN, W. DIERSCHAUER, W. HIDDEMANN, A. ROESSNER, G. EDEL,
P. WUISMAN, A. HARLE, E. GRUNDMANN, Flow Cytometric DNA
Analysis of Bone Tumors

L. E. WoLD, T. SPELSBERG, N. JIANG, F SiM, Steroid Receptors and
Giant Cell Tumor of Bone

J.J. BROOKS, J. Q. TROJANOWSKI, V. A. LivoLsi, Chondroid Chordoma:
A Low-Grade Chondrosarcoma and Its Differential Diagnosis

V. BOUROPOULOU, A. BOSSE, A. ROESSNER, E. VOLLMER, G. EDEL, P.
WUISMAN, A. HARLE, Immunohistochemical Investigation of
Chordomas: Histogenetic and Differential Diagnostic Aspects

A. ROESSNER, E. VOLLMER G. ZwADLO, C. SORG, M. KoLvE, D.B. v.
BASSEWITZ, P. WUISMAN, A. HARLE, E. GRUNDMANN, The
Cytogenesis of Macrophages and Osteoclast-like Giant Cells in Bone
Tumors with Special Emphasis on the So-Called Fibrohistocytic Tumors

Volume 81: Gastrointestinal Pathology. Edited by G. T. WILLIAMS

M. F. DIXON, Progress in the Pathology of Gastritis and Duodenitis

F. POTET, V. DUCHATELLE, Barrett’s Oesophagus "

P. SIPPONEN, Gastric Dysplasia

A.H. QiziLBASH, Duodenal and Peri-ampullary Adenomas

C. FENGER, Intra-epithelial Neoplasia in the Anal Canal and Peri-anal
Area

M. M. MATHAN, V. 1. MATHAN, Gastrointestinal Biopsy Diagnosis in the
Tropics

D. A. LEVISON, P. A. HALL, A.J. BLACKSHAW, The Gut-Associated
Lymphoid Tissue and Its Tumours

J.M. SrLoaN, D.C. ALLEN, P. W. HAMILTON, P. C. H. WATT, The Place of
Quantitation in Diagnostic Gastrointestinal Pathology

W. V. BOoGOMOLETZ, Collagenous Colitis

A.B. PrICE, Ischaemic Colitis

P.S. TEGLBJZRG, Intestinal Spirochaetosis

PH. U. HEiTZ, P. KOMMINOTH, Biopsy Diagnosis of Hirschsprung’s
Disease and Related Disorders

P. HERMANEK, Malignant Polyps — Pathological Factors Governing
Clinical Management

J.R. JAss, Prognostic Factors in Colorectal Cancer

N. A. SHEPHERD, H.J. R. BUSSEY, Polyposis Syndromes — An Update




<<

  /ASCII85EncodePages false

  /AllowTransparency false

  /AutoPositionEPSFiles true

  /AutoRotatePages /None

  /Binding /Left

  /CalGrayProfile (Gray Gamma 2.2)

  /CalRGBProfile (sRGB IEC61966-2.1)

  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)

  /sRGBProfile (sRGB IEC61966-2.1)

  /CannotEmbedFontPolicy /Error

  /CompatibilityLevel 1.4

  /CompressObjects /Off

  /CompressPages true

  /ConvertImagesToIndexed true

  /PassThroughJPEGImages true

  /CreateJobTicket false

  /DefaultRenderingIntent /Perceptual

  /DetectBlends true

  /DetectCurves 0.1000

  /ColorConversionStrategy /sRGB

  /DoThumbnails true

  /EmbedAllFonts true

  /EmbedOpenType false

  /ParseICCProfilesInComments true

  /EmbedJobOptions false

  /DSCReportingLevel 0

  /EmitDSCWarnings false

  /EndPage -1

  /ImageMemory 1048576

  /LockDistillerParams true

  /MaxSubsetPct 100

  /Optimize true

  /OPM 1

  /ParseDSCComments true

  /ParseDSCCommentsForDocInfo true

  /PreserveCopyPage true

  /PreserveDICMYKValues true

  /PreserveEPSInfo true

  /PreserveFlatness true

  /PreserveHalftoneInfo false

  /PreserveOPIComments false

  /PreserveOverprintSettings true

  /StartPage 1

  /SubsetFonts false

  /TransferFunctionInfo /Apply

  /UCRandBGInfo /Preserve

  /UsePrologue false

  /ColorSettingsFile ()

  /AlwaysEmbed [ true

  ]

  /NeverEmbed [ true

  ]

  /AntiAliasColorImages false

  /CropColorImages true

  /ColorImageMinResolution 149

  /ColorImageMinResolutionPolicy /Warning

  /DownsampleColorImages true

  /ColorImageDownsampleType /Bicubic

  /ColorImageResolution 150

  /ColorImageDepth -1

  /ColorImageMinDownsampleDepth 1

  /ColorImageDownsampleThreshold 1.50000

  /EncodeColorImages true

  /ColorImageFilter /DCTEncode

  /AutoFilterColorImages true

  /ColorImageAutoFilterStrategy /JPEG

  /ColorACSImageDict <<

    /QFactor 0.40

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /ColorImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000ColorACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000ColorImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasGrayImages false

  /CropGrayImages true

  /GrayImageMinResolution 149

  /GrayImageMinResolutionPolicy /Warning

  /DownsampleGrayImages true

  /GrayImageDownsampleType /Bicubic

  /GrayImageResolution 150

  /GrayImageDepth -1

  /GrayImageMinDownsampleDepth 2

  /GrayImageDownsampleThreshold 1.50000

  /EncodeGrayImages true

  /GrayImageFilter /DCTEncode

  /AutoFilterGrayImages true

  /GrayImageAutoFilterStrategy /JPEG

  /GrayACSImageDict <<

    /QFactor 0.40

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /GrayImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000GrayACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000GrayImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasMonoImages false

  /CropMonoImages true

  /MonoImageMinResolution 599

  /MonoImageMinResolutionPolicy /Warning

  /DownsampleMonoImages true

  /MonoImageDownsampleType /Bicubic

  /MonoImageResolution 600

  /MonoImageDepth -1

  /MonoImageDownsampleThreshold 1.50000

  /EncodeMonoImages true

  /MonoImageFilter /CCITTFaxEncode

  /MonoImageDict <<

    /K -1

  >>

  /AllowPSXObjects false

  /CheckCompliance [

    /PDFA1B:2005

  ]

  /PDFX1aCheck false

  /PDFX3Check false

  /PDFXCompliantPDFOnly false

  /PDFXNoTrimBoxError true

  /PDFXTrimBoxToMediaBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXSetBleedBoxToMediaBox true

  /PDFXBleedBoxToTrimBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXOutputIntentProfile (sRGB IEC61966-2.1)

  /PDFXOutputConditionIdentifier ()

  /PDFXOutputCondition ()

  /PDFXRegistryName ()

  /PDFXTrapped /False



  /CreateJDFFile false

  /Description <<



    /BGR <>

    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>

    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>

    /CZE <>

    /DAN <>

    /ESP <>

    /ETI <>

    /FRA <>

    /GRE <>



    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)

    /HUN <>

    /ITA <>

    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>

    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>

    /LTH <>

    /LVI <>

    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)

    /NOR <>

    /POL <>

    /PTB <>

    /RUM <>

    /RUS <>

    /SKY <>

    /SLV <>

    /SUO <>

    /SVE <>

    /TUR <>

    /UKR <>

    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)

    /DEU <>

  >>

  /Namespace [

    (Adobe)

    (Common)

    (1.0)

  ]

  /OtherNamespaces [

    <<

      /AsReaderSpreads false

      /CropImagesToFrames true

      /ErrorControl /WarnAndContinue

      /FlattenerIgnoreSpreadOverrides false

      /IncludeGuidesGrids false

      /IncludeNonPrinting false

      /IncludeSlug false

      /Namespace [

        (Adobe)

        (InDesign)

        (4.0)

      ]

      /OmitPlacedBitmaps false

      /OmitPlacedEPS false

      /OmitPlacedPDF false

      /SimulateOverprint /Legacy

    >>

    <<

      /AddBleedMarks false

      /AddColorBars false

      /AddCropMarks false

      /AddPageInfo false

      /AddRegMarks false

      /ConvertColors /ConvertToCMYK

      /DestinationProfileName ()

      /DestinationProfileSelector /DocumentCMYK

      /Downsample16BitImages true

      /FlattenerPreset <<

        /PresetSelector /MediumResolution

      >>

      /FormElements false

      /GenerateStructure false

      /IncludeBookmarks false

      /IncludeHyperlinks false

      /IncludeInteractive false

      /IncludeLayers false

      /IncludeProfiles false

      /MultimediaHandling /UseObjectSettings

      /Namespace [

        (Adobe)

        (CreativeSuite)

        (2.0)

      ]

      /PDFXOutputIntentProfileSelector /DocumentCMYK

      /PreserveEditing true

      /UntaggedCMYKHandling /LeaveUntagged

      /UntaggedRGBHandling /UseDocumentProfile

      /UseDocumentBleed false

    >>

  ]

>> setdistillerparams

<<

  /HWResolution [2400 2400]

  /PageSize [595.276 841.890]

>> setpagedevice





