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ABSTRACT

It is essential that spontaneous tumours in rodents are accurately diagnosed and recorded in 

carcinogenicity studies, so that any response to the administered compound can be 

accurately assessed. The objective of the present research investigation was to utilize 

molecular techniques, in association with conventional histopathology, to systematically 

evaluate lung tumours in B6C3Fi mice and thyroid gland tumours in Han Wistar rats. The 

overall aim was to improve diagnostic accuracy and, if possible, determine the histogenesis 

of these lesions.

In the first part of this investigation, primary lung tumours in B6C3Fi mice revealed a high 

degree of structural and fimctional differentiation, with surfactant protein (SP) mRNAs 

being detected in the majority of alveolar/bronchiolar neoplasms. The presence of SP 

mRNAs was also observed in normal and hyperplastic alveolar type II cells but not in the 

hronchiolar epithelium. These findings provide strong support for the proposal that such 

tumours should be referred to as alveolar (not hronchiolar) adenomas and carcinomas. 

Pulmonary métastasés of hepatocellular carcinoma (HCC) were generally much less 

differentiated and exhibited a wider range of morphologies. Many of these deposits were 

anaplastic and approximately 36% showed undetectable levels of albumin mRNA.

Thyroid tumours in the Han Wistar rat were evaluated in the second part of this 

investigation, with the majority of tumours showing the differentiated features of either C- 

cell or follicular neoplasms. In general, C-cell lesions comprised well differentiated cells 

that continued to express calcitonin even after embolic spread and metastasis. The 

increased expression of somatostatin in the smaller C-cell lesions indicated a possible 

growth inhibitory effect of this peptide. Follicular lesions presented a more diverse range 

of morphological patterns but, with the exception of solid types, the production of 

thyroglobulin was a consistent feature. The absence of any tumour showing a combination 

of follicular and C-cell differentiation, would appear to lend support to the concept that 

follicular cells and C-cells originate from separate germ layers (endoderm and 

neuroectoderm) in the rat.
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Chapter 1 

INTRODUCTION

1.1 NEOPLASIA

Neoplasia occurs widely throughout both animal and plant kingdoms (Hamden and 

McGee, 1992). It is one of the most common diseases of humans and domestic animals. It 

also affects wild animals and other vertebrates such as birds, reptiles, amphibians and fish. 

There is ample evidence that cancer in man is not a recent phenomena, with the discoveries 

of tumours in the bones of early hominids (dating from 100,000 years ago), and in the 

remains of Egyptian mummies (Fomaciari, 1999).

1.1.1 Definitions

A glossary of terms used in this thesis is presented in Table 1.1. The terms 'tumour' and 

'neoplasia' are used interchangeably, and both refer to an abnormal mass of tissue, or 

accumulation of cells, caused by a growth disturbance. Tumours or neoplasms are further 

described as benign or malignant. Benign tumours may arise in any tissue, grow locally, 

and generally cause damage by local pressure or obstruction (Franks, 1997). However, an 

important feature of benign tumours is an inability to spread to distant sites. Conversely, 

malignant tumours have the specific capacity to invade and destroy adjacent and distant 

tissue. Fragments of these tumours may enter the vasculature and be carried to local lymph 

nodes or distant organs, where they may produce secondary tumours (métastasés). In some 

instances there is an orderly progression from hyperplasia to preneoplasia to benign 

tumour, and ultimately invasive malignancy. This phenomenon is referred to as tumour 

progression. 'Cancer' is essentially an imprecise clinical term that is used to describe all 

malignant tumours in human and veterinary medicine, but it is not applicable to 

investigative work in laboratory rodents, and therefore the term will not be used further in 

the present studies.
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Table 1.1: Glossary of terms

Term Definition

Anaplasia 

Benign neoplasm

Differentiation (of tumour cells)

Histogenesis

Hyperplasia

Malignant neoplasm

Metastasis

Neoplasia

Neoplasm (or tumour)

Pleomorphism

Preneoplasm

Progression

Proliferative lesion

Loss of structural differentiation in 
tumour cells

Characterised by local growth, no 
invasion of adjacent tissues and no 
spread to distant sites

The resemblance of tumour cells to 
cells of the parent tissue

The cell type, or tissue of origin, of 
a tumour

An increase in the number of 
specialized cells within a tissue

Characterised by invasion (or 
infiltration) of adjacent tissues and 
spread to distant sites

The successful growth of a tumour 
at a site distant from its primary 
location

The pathological process that results 
in the formation and growth of a 
neoplasm

An abnormal mass of tissue, the 
growth of which exceeds and is 
uncoordinated with that of normal 
tissues, and which persists in the 
same excessive manner after 
cessation of the stimulus evoking 
the change

Abnormal variation in size and 
shape of cells (including nuclei) 
within a tumour

A lesion preceding the formation of 
any neoplasm, benign or malignant

The gradual development of a 
proliferative lesion towards a more 
advanced stage

A lesion characterised by increased 
numbers of specialised cells, (i.e. 
applies to hyperplasia, benign 
tumour or malignant tumour)
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1.1.2 Tumourigenesis

The development of a tumour is usually a multistage process and may take place over 

several years (Hamden and McGee, 1992). The whole sequence of events in the process of 

tumour formation is a consequence of gene changes, although gene expression may be 

influenced by the surrounding non-neoplastic tissue (Franks, 1997). Genes implicated in 

the development of neoplasia include oncogenes, tumour suppressor genes, and other 

genes that specifically control the processes of DNA replication, repair, apoptosis and 

metastasis. Prior to the development of an overt tumour, a preneoplastic change may be 

observed in the tissue. This is the earliest recognisable phase in the development of the 

tumour and may simply comprise a focus of hyperplasia (increased cell numbers), or 

dysplasia (disordered cell maturation and organisation) (Dixon and Quirke, 1993). 

Following this preneoplastic stage, the lesion may develop into a benign tumour and then 

possibly progress to malignancy. The term ’proliferative lesion’ can be used to describe a 

lesion at any point along the multistage process, i.e. hyperplasia, benign or malignant 

tumour.

Careful studies have revealed that increasing malignancy within a particular tumour (e.g. 

accelerated growth, invasiveness, ability to form distant métastasés), is often acquired in an 

incremental fashion (Cotran et al., 1999). This biological phenomenon is related to the 

sequential appearance of subpopulations of cells that differ with respect to several 

attributes, e.g. morphology, rate of growth, invasiveness etc. Thus, despite the fact that 

most malignant tumours are monoclonal in origin, by the time they have grown to a 

substantial size, their constituent cells are extremely heterogeneous. Subclones of cells are 

generated that are subjected to various selection pressures. For example, cells that are 

highly antigenic are destroyed by host defences, whereas those with reduced growth factor 

requirements are positively selected. Therefore, a growing tumour tends to be enriched for 

those subclones that ’beat the odds’ and are adept at survival, growth, invasion and 

metastasis.

It is outside the scope of this project to investigate the reasons for the development of 

spontaneous tumours in rodents, and only a brief summary will be given here. It is 

accepted that for tumour development, initially some form of DNA damage must occur, 

followed by the influence of promoters which selectively stimulate the cell to divide at the
18



expense of the surroimdmg cells (Dixon and Quirke, 1993). Cancer-producing agents 

(carcinogens) may be chemical or physical, e.g. radiation, while experimental work has 

shown that viruses may be associated with the initiation of some cancers, mainly 

lymphomas and leukaemias (Wyke, 1997). It also appears that there is often an interaction 

between chemical carcinogens and viruses in tumour induction, e.g. hepatitis B virus and 

environmental chemicals in the development of liver cancer in humans (Wyke, 1997). 

Some genetically homogeneous, inbred strains of mice are particularly susceptible to 

tumour induction by particular viruses or chemicals; some animal species are more 

susceptible than others to particular chemicals (Tennant et al., 1997). In human 

populations some families and races are more prone to develop certain cancers (Wasan and 

Bodmer, 1997). This may be due to genetic or environmental factors. With those tumours 

known to be caused by certain carcinogens (e.g. cigarette smoke in humans, aflatoxin in 

animals), it seems that exposure to the carcinogen alone is sufficient to override such 

genetic and environmental factors. However, with the majority of spontaneous tumours, 

there are few ideas as to the relative importance of the various factors involved (Franks, 

1997).

1.1.3 Classification of tumours

Tumours are currently classified according to their behaviour and tissue of origin. On the 

basis of their behaviour they can be separated into two main groups, benign or malignant. 

The principal points of distinction between the two groups are presented in Table 1.2, but it 

should be realised that these are general points to which there are many exceptions. Only 

the presence of infiltration (invasion) or métastasés are regarded as absolute criteria for 

malignancy. The other features are not a clear and definitive means of distinguishing 

benign from malignant neoplasms. Indeed, some tumours exhibit an intermediate type of 

behaviour and cannot be allocated to either category, e.g. giant-cell tumour of bone in 

humans (Dixon and Quirke, 1993).

Benign tumours are given names that usually end with the suffix -oma, whereas malignant 

epithelial tumours are usually called -carcinoma, and malignant tumours derived from the 

mesoderm -sarcoma (Table 1.3). Once again, many exceptions exist to these rules (e.g. 

lymphomas are invariably malignant), so care is needed in this area.
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Table 1.2: Principal points of distinction between benign and malignant tumours'

Benign Malignant

Mode of growth Expansive/pushing
Circumscribed
Encapsulated

Infiltrative
Poorly defined margins 
Non-encapsulated

Rate of growth Slow and may cease Rapid

Microscopic
structure

Structurally well differentiated (i.e. 
closely resembles tissue of origin)

Varying degrees of structural 
differentiation

Cells appear uniform Cellular and nuclear pleomorphism 
(variation in size and shape)

Absent or scanty mitotic figures Increased mitoses

Necrosis and haemorrhage are 
prominent

Métastasés Absent Present

Clinical effects Mechanical or hormonal Mechanical, destructive, hormonal 
and systemic effects

Outcome Rarely fatal Usually fatal
Taken from Dixon and Quirke (1993)

Table 1.3: Nomenclature of common tumours in B6C3Fi mice and Han Wistar rats

Tissue Basic cell type Benign tumour Malignant tumour

Skin Squamous epithelium 
Fibroblast

Papilloma
Fibroma

Squamous cell carcinoma 
Fibrosarcoma

Liver Hepatocytes Hepatocellular adenoma Hepatocellular carcinoma

Thyroid Follicular cells 
C-cells

Follicular cell adenoma 
C-cell adenoma

Follicular cell carcinoma 
C-cell carcinoma

Respiratory tract Lung - alveoli 
Lung - bronchi

Alveolar adenoma 
Hronchiolar adenoma

Alveolar carcinoma 
Hronchiolar carcinoma

Pancreas Islet cells Islet cell adenoma Islet cell carcinoma

Endocrine Pituitary cells Pituitary adenoma Pituitary carcinoma

Haematopoietic Lymphocytes - Malignant lymphoma

Circulatory Blood vessels 
(endothelium)

Haemangioma Haemangiosarcoma

Mammary gland Acinar/ductular cells Mammary adenoma Mammary carcinoma

Eye Harderian gland cells Harderian gland adenoma Harderian gland carcinoma
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1.1.4 Diagnosis of proliferative lesions

To achieve a full and accurate diagnosis of a proliferative lesion, the pathologist must 

firstly determine the cell type or tissue of origin, e.g. follicular cell versus C-cell in the 

thyroid gland, alveolar/bronchiolar (A/B) cell versus hepatic cell in the lung. This is 

usually referred to as establishing the tumour 'type'. An alternative term used to describe 

the cell type or tissue of origin of a neoplasm is histogenesis. Secondly, the extent to 

which the lesion has progressed in its natural history must be established, e.g. hyperplasia, 

adenoma or carcinoma. This evaluation is known as tumour 'staging'. Finally, the degree 

of aggression shown by the tumour can also be recorded. The latter process, referred to as 

'grading', is widely practised in human and veterinary diagnostic pathology, and is 

important because two tumours at the same stage, e.g. carcinomas, may have very different 

outcomes as one may behave more aggressively than the other. The need to recognise 

whether a malignancy is 'high' or 'low' grade is important because this may influence any 

subsequent treatment, and affect the prognosis. This kind of information is not generally 

required in rodent carcinogenicity studies, and therefore the grading of tumours is not 

usually undertaken.

Although the precise diagnosis or naming of tumours may seem to be an academic 

exercise, in fact it is of great importance (Franks, 1997). In diagnostic pathology it is of 

practical value in deciding on the treatment of each individual patient. In toxicological 

pathology, accurate diagnoses are equally critical in order to ensure the sensitivity of the 

carcinogenicity assay and accurate risk assessment (Mastorides and Maronpot, 2001). . 

Accordingly, it is important for each pathologist to use the same name for the same type of 

tumour and in this regard the introduction and use of standardised diagnostic nomenclature 

has been of great benefit (Deschl et al., 2002) (Section 1.3.1).

1.1.4.1 Differentiation and anaplasia

As previously discussed, the recognition of the cell of origin of a tumour enables the 

correct diagnosis of tumour type. Deduction of histogenesis essentially relies on: 1), the 

location of small early tumours relative to that of the parent tissue, or cells; 2), the 

microscopic continuity of the tumour with parent tissue through transitional forms and 3),

21



the resemblance of the tumour tissue to the parent tissue (degree of differentiation) 

(Hughesdon, 1982).

The precise determination of tumour histogenesis is relatively easy to achieve when the 

cells are well-differentiated, i.e. closely resembling those of the tissue of origin. In 

general, benign tumours are well-differentiated (Table 1.2); the neoplastic cell in a benign 

hepatocellular tumour (adenoma), so closely resembles the normal cell as to make it 

impossible to recognise it as a tumour cell in isolation on high power microscopic 

examination. Only the massing of these cells into a nodule discloses the tumorous nature 

of the lesion. On the other hand, determining the cell of origin is considerably more 

difficult when the cells have lost almost all the normal properties of the cells from which 

they have arisen. This loss of differentiation is the hallmark of many (but not all) malignant 

cells and is also referred to as anaplasia. Literally, anaplasia means 'to form backward' 

(Cotran et al., 1999), implying a reversion from a high level of differentiation to a lower 

level. There is ample evidence, however, that neoplasms arise from stem cells present in 

all specialized tissues (Graham, 1992). The ‘well-differentiated’ tumour evolves from 

maturation or specialization of undifferentiated cells as they proliferate, whereas the 

‘undifferentiated’ malignant neoplasm derives from proliferation without maturation of the 

transformed cells. Lack of differentiation then is not the consequence of dedifferentiation.

Lack of differentiation, or anaplasia, is marked by a number of morphological changes 

(Cotran et al., 1999). Typically, both the cells and the nuclei show marked variation in size 

and shape, this is known as pleomorphism. Cells may be found that are many times larger 

than their neighbours, and other cells may be extremely small and appear primitive. 

Characteristically, the nuclei contain an abundance of DNA and are extremely dark 

staining (hyperchromatic). The nuclei are disproportionately large for the cell, and the 

nuclear to cytoplasmic ratio may approach 1:1 instead of the normal 1:4 or 1:6. The 

nuclear shape is usually extremely variable, and the chromatin is often coarsely clumped 

and distributed along the nuclear membrane. Large nucleoli are usually present in these 

nuclei. As compared with benign tumours, and some well-differentiated malignant 

neoplasms, undifferentiated tumours usually possess large numbers of mitoses, reflecting 

the higher proliferative activity of the constituent cells. The presence of mitoses alone.
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however, does not necessarily indicate that a tumour is malignant, or that the tissue is 

neoplastic. Many normal tissues exhibiting rapid turnover, e.g. bone marrow, have 

numerous mitoses, and non-neoplastic proliferations, such as hyperplasias, may contain 

many cells in mitosis. More important, as a morphological feature of malignant neoplasia, 

is the presence of atypical, bizarre mitotic figures sometimes producing tripolar, 

quadripolar, or multipolar spindles. In addition to the cytological abnormalities described 

here, the orientation of anaplastic epithelial cells is often markedly disturbed, i.e. they lose 

normal polarity. Sheets or large masses of these tumour cells grow in an anarchic, 

disorganized fashion. Although these growing cells obviously require a blood supply, 

often the vascular stroma is scant, and in many anaplastic tumours, large areas undergo 

ischaemic necrosis.

The differentiation of normal cell populations takes place on two levels, namely that of 

structure and function (Alberts et al, 1994; Greaves, 1997). Structural differentiation in 

tumours (as discussed above), has been studied for over 150 years (Franks, 1997). In the 

last 20 years, however, routine morphological examination has been extended by the 

application of biochemical, immunohistochemical, and nucleic acid techniques which have 

facilitated the study of the functional properties of tumour cells.

It is usually the case that the better the morphological differentiation of the cell, the more 

completely it retains the functional capabilities of its normal counterparts. Thus, benign 

neoplasms and well-differentiated carcinomas of endocrine glands fi’equently elaborate the 

hormones characteristic of their origin. Highly anaplastic, undifferentiated cells, whatever 

their tissue of origin, come to resemble each other, more than the normal cells firom which 

they have arisen. In rare instances, however, unanticipated functions emerge. Some 

tumours may elaborate foetal proteins (antigens) not produced by the comparable cells of 

the adult, e.g. alpha-foetoprotein (AFP) production in hepatocellular carcinoma (HCC). 

Analogously, carcinomas of non-endocrine origin may assume hormone synthesis to 

produce so called ectopic hormones, e.g. parathyroid hormone production in squamous cell 

carcinoma of the lung in humans (Baylin, 1975).

In adult tissues, the mature structural features of the cells (phenotype) are determined by 

the expression of specific sets of genes in individual cells. These genes are transcribed in a
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tissue-restricted and time-dependent fashion, and depend on the presence of specialized 

transcription factors (Traber, 1997). It appears that genes involved in differentiation 

encode a wide variety of proteins including nuclear transcription factors (e.g. Box), 

secreted factors (e.g. Transforming Growth Factor-p) and cell surface receptors (Mansouri 

et al., 1999; Taipale and Beachy, 2001). However, a link between the processes of 

terminal differentiation and cell-cycle is apparent because differentiation entails a 

definitive withdrawal from the cell-cycle. Therefore it seems that the two processes 

(terminal differentiation and the cell-cycle), are on opposite sides of the biological coin, as 

a cell that cannot undergo growth arrest will not be able to differentiate. This has opened 

up possibilities for therapeutic intervention by administering agents that will promote 

differentiation of the tumour, and at the same time block the growth pathways. For 

example, retinoids are effective differentiation agents and are being extensively 

investigated as primary treatments for some cancers (including non-small cell lung cancer 

in humans), and as chemopreventative agents (Hansen et al., 2000).

1.1.4.2 Staging o f proliferative lesions

The essence of the staging process, as shown in the present studies, is the separation of 

hyperplasia from adenoma, and the distinguishing of benign from malignant. In many 

cases these judgements can be made morphologically with considerable certainty; 

sometimes, however, a lesion defies categorization. Certain histological features may 

suggest innocence, whereas others point toward malignant potential. Ultimately, all 

morphological diagnosis is subjective and constitutes a prediction of the future course of a 

neoplasm. In other words, the pathologist is using the histological appearance to predict 

behaviour, but occasionally a marked discrepancy may appear between the two: 'an 

innocent face may mask an ugly nature' (Cotran et al., 1999).

As absolute criteria exist for malignant behaviour, i.e. local invasiveness and metastasis, 

there is usually little difficulty in obtaining consistent agreement among pathologists that 

when these features are present, a lesion should be diagnosed as malignant. More serious 

problems arise with tumours not exhibiting these two features, particularly when the lesion 

is small. With small lesions (e.g. up to 100 cells), very little tissue mass is available to 

examine for those characteristic features that form the basis of diagnosis. Such a lesion
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could be a preneoplastic change, or a benign or malignant lesion that has just commenced 

growth. At this small size, even a true malignancy may not demonstrate features of local 

invasiveness and therefore the name given to the lesion becomes largely a matter of 

judgement by the pathologist. One of the dogmas of diagnostic pathology (diagnostic or 

toxicological) is that size should not be a criterion for the diagnosis of neoplasia 

(Mastorides and Maronpot, 2001). This is based upon the premise that size alone does not 

give an accurate indication of behaviour. Essentially this appears to be true, for example, 

slow growing benign lesions can grow to a very large size, e.g. thyroid follicular (cystic) 

adenoma. Nevertheless, a natural inclination among pathologists is to incline towards a 

diagnosis of malignant for a large lesion, and benign for a small one. However, despite 

these rules, size is used for staging specific proliferative lesions in rodents, in the absence 

of other suitable criteria. In these situations, absolute dimensions are not used, rather the 

size of the lesion is compared with that of adjacent structures. For example, when a 

hyperplastic nodule of interstitial (Leydig) cells in the rat testis reaches a size equal to that 

of an adjacent seminiferous tubule, it is classified as interstitial cell adenoma (McConnell 

et al., 1995). Similar principles are used for the diagnosis of C-cell lesions in rats (Section 

1.5.3) (Botts et al., 1991).

1.1.5 Local invasion and metastasis

Nearly all benign tumours grow as cohesive expansile masses that remain localised to their 

site of origin and do not have the capacity to infiltrate, invade or metastasize to distant 

sites, as do malignant tumours (Cotran et al., 1999). As benign lesions grow and expand 

slowly, they usually develop a rim of compressed connective tissue, sometimes called a 

fibrous capsule, that separates them from the host tissue. This capsule is largely derived 

from the stroma of the native tissue as the cells atrophy under the pressure of the 

expanding tumour (Table 1.2).

The growth of malignant tumours is accompanied by progressive infiltration, invasion and 

destruction of the surrounding tissue. In general, these lesions are poorly demarcated from 

the surrounding normal tissue. Most malignant tumours are obviously invasive and will 

penetrate the wall of a hollow viscus, or fungate through the surface of the skin. They 

recognise no normal anatomical boundaries. Next to the development of métastasés, local
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invasiveness is the most reliable feature that differentiates malignant from benign tumours.

Métastasés are tumour implants discontinuous with the primary tumour. Metastasis 

unequivocally marks a tumour as malignant because benign neoplasms do not metastasize. 

The invasiveness of malignant tumours permits them to penetrate into blood vessels, 

lymphatics and body cavities, providing the opportunity to spread. With few exceptions, 

all invasive neoplasms can metastasize. These exceptions include malignant neoplasms of 

glial cells in the central nervous system (gliomas), and basal cell carcinomas of the skin, 

which are both highly invasive forms of neoplasia, but do not appear to possess metastatic 

ability. It is evident then that the properties of invasion and metastasis are separable. In 

general, the more aggressive, the more rapidly growing, and the larger the primary 

neoplasm, the greater the likelihood that it will metastasize. There are sometimes 

exceptions, however. Small, well-differentiated, slowly growing lesions sometimes 

metastasize widely (e.g. neuroendocrine cell tumours in rodents), and conversely, some 

rapidly growing lesions remain localised for years (e.g. dermal sarcomas in dogs). 

Therefore, it is difficult to make a judgement on the probability of metastasis from the 

histological appearance of the primary tumour. Dissemination of malignancies may occur 

through one of three pathways: 1), direct seeding of body cavities or surfaces; 2), 

lymphatic spread and 3), haematogenous spread (Tarin, 1997).

Seeding of body cavities and surfaces may occur whenever a malignant neoplasm 

penetrates into a natural 'open field'. Most often involved is the peritoneal cavity and such 

seeding is particularly characteristic of carcinomas arising in the ovaries, when frequently 

all peritoneal surfaces become coated with tumour deposits. Transport through the 

lymphatics is the most common pathway for the initial dissemination of carcinoma, but 

sarcomas may also use this route. The historical emphasis on lymphatic spread for 

carcinomas, and haematogenous spread for sarcomas, is misleading because ultimately 

there are numerous interconnections between the vascular and lymphatic systems. The 

pattern of lymph node involvement follows the natural route of drainage, e.g. métastasés of 

thyroid tumours in rodents usually appear in the deep cervical lymph node, as this is 

known to be the main drainage node of the gland. In many cases, the regional nodes serve 

as effective barriers to further dissemination of the tumour, at least for a time. 

Enlargement of nodes may be caused by the spread and growth of the tumour cells and, or,
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reactive hyperplasia of lymphocytes. Therefore, nodal enlargement in proximity to a 

malignant tumour does not necessarily mean dissemination of the primary lesion (Tarin, 

1997). Haematogenous spread is typical of sarcomas, but is also used by carcinomas. 

Arteries possess thicker walls and are less readily penetrated than are veins. With venous 

invasion, the neoplastic cells follow the venous flow draining the site of the neoplasm. 

Understandably, the liver and lungs are most frequently involved secondarily in such 

haematogenous distribution as all portal blood (from the alimentary region) flows to the 

liver, and all caval blood flows to the lungs. Certain malignancies have a propensity for 

the invasion of veins. HCCs often penetrate portal and hepatic radicules to grow within 

them into the main venous channels. Remarkably, such intravenous growth may not be 

accompanied by widespread dissemination. Microscopic evidence of penetration of small 

vessels at the site of the primary neoplasm is obviously an ominous feature. However, 

such features must be viewed guardedly as they do not necessarily indicate the inevitable 

development of métastasés.

1.2 USE OF IMMUNOHISTOCHEMISTRY AND IN SITU

HYBRIDIZATION IN TUMOUR DIAGNOSIS

Molecular procedures have been used widely over the past two decades in the study of 

neoplasia (Lemoine and Stamp, 1997). The essence of these techniques is that they allow 

the functional differentiation of tumour cells to be evaluated. Of the various procedures, 

immunohistochemistry and in situ hybridization are of most value in diagnostic pathology, 

as they facilitate the specific cellular localization of proteins and nucleic acids, respectively 

(Bussolati et al., 2001).

1.2.1 Immunohistochemistry

Immunohistochemistry (IHC) is a technique that allows the the recognition of individual

antigens on proteins and peptides in tissues and cells. In principle, sections are treated

with an antibody, and the sites of antibody binding are identified by a marker, e.g.

fluorescent dye or enzyme. Although other techniques (e.g. enzyme-linked

immunosorbent assay) could be used to demonstrate specific proteins in tissues, such

procedures demonstrate the mere presence of these proteins (e.g. bands on an

electrophoresis gel) and provide no spatial information. IHC is a morphological tool, it is
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performed on tissue sections and allows the precise localization of proteins, either intra- or 

extra-cellular, which may be fundamental in making accurate diagnoses. IHC techniques 

permit the localization of hormones and their precursors, hormone receptors, structural 

proteins, growth factors, oncogenes and other constituents at the cellular level. In recent 

years, antibodies have also been developed for the detection of proliferative activity (e.g. 

Ki-67), and these markers can provide information about the behaviour of tumours, leading 

to more accurate diagnoses and prognoses for subsequent therapies.

1.2.1.1 Antibodies

An antibody is a molecule having the property of combining specifically with its antigen. 

IHC procedures use polyclonal and monoclonal antibodies. Polyclonals are produced by 

immunizing an animal with a particular antigen; as this involves a natural immune 

response, many antibody clones are generated, each one recognising a different epitope in 

the target molecule. As a result, a polyclonal antibody will bind to multiple epitopes in the 

target protein (Lemoine and Stamp, 1997). A monoclonal antibody is the product of a 

clone of plasma cells and is chemically a homogeneous immunoglobulin. Monoclonals 

from a given clone are immunochemically identical and react with a single epitope on the 

antigen against which they are raised (Kohler and Milstein, 1975). The advantage of 

monoclonal antibodies over polyclonals lies mainly in their ability to distinguish minimally 

different antigens. However, because a polyclonal will bind to multiple epitopes, such an 

antibody raised against a human peptide, e.g. calcitonin (CT), will often recognise the 

same peptide in animals, due to the extensive interspecies homology that exists with many 

proteins. Monoclonals frequently fail to cross-react in this way as the epitope is missing. 

As many commercially available antibodies are raised against human proteins, the ability 

of polyclonals to cross-react is of great practical benefit to pathologists working with 

animal tissues. This explains the use of polyclonal antibodies in the present studies, as 

most were raised against the human peptides (Sections 4.2.4 and 5.2.1.3).

1.2.1.2 Tissue preparation, fixation and antigen retrieval

IHC can be applied to many kinds of specimens, including smears, cell cultures and frozen 

sections. Some antibodies can only be applied to frozen sections, as the antigens in 

question are insufficiently stable to survive fixation and tissue processing. Obviously this 

is impracticable for diagnostic pathology, where a decision to use IHC procedures is
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usually taken retrospectively. Therefore, for diagnostic use it is essential that the chosen 

IHC procedures can be performed with formalin fixed, paraffin-wax embedded tissues. 

Indeed, fixation is one of the most critical aspects of the procedure and should preserve 

sufficient morphological detail as well as the integrity of the tissue antigens. Although it is 

possible to utilize a number of different fixatives (Sanno and Osamura, 2000), only 

formalin is routinely used in diagnostic and toxicological pathology, and therefore targeted 

antigens must be stable in this type of fixative.

In order to carry out IHC procedures on routinely fixed and processed tissues, it is 

sometimes necessary to undertake additional steps known as antigen retrieval (AR). These 

steps ’unmask' or 'retrieve' the effects of formalin fixation, as the latter induces chemical 

links (bridges) between proteins that probably block the access of antibodies to their target 

epitopes. AR methods can be divided into heat-based or enzyme-based techniques (Table 

1.4). Heat induced AR has been applied to improve the sensitivity of IHC for many 

antigens (Shi et al, 1991). For heat treatment, the use of microwaves, hot plates, dry ovens, 

autoclaves and pressure cookers have been recommended (Lemoine and Stamp, 1997). 

However, the microwaving of tissues (in citrate buffer) is very popular, mainly because of 

its convenience. The duration of microwave heating may vary fi*om two or three, 3-6 

minute (min.) cycles, to one cycle of 15-20 min. Prolonged heat treatment may diminish 

antigenicity, and be detrimental to the morphology (Sanno and Osamura, 2000). Enzyme- 

based AR methods have also increased the range of applications of IHC methods for many 

antigens (Ezaki, 2000). The choice of protease (e.g. trypsin, pronase) and the conditions 

(enzyme concentration, duration, temperature, pH etc.) are highly variable. Recently boric 

acid has been used as part of AR protocols with certain antibodies (Wester et al., 2000). 

Although the use of boric acid does not actually constitute enzymatic AR, it is presumed 

the acid in some way digests the protein cross-linking around the antigen in a similar way, 

without destroying the morphology of the tissue. It must be stressed that not all IHC 

applications, in routinely fixed and processed tissues, require AR for a successful outcome. 

Whether AR is necessary is largely dependent on the particular antibody-antigen in 

question, and is usually determined empirically. In the present studies, AR was used for 

the localisation of neurofilaments (microwave) and somatostatin (boric acid) in rat thyroid 

tissues (Chapter 4).
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Table 1.4: Examples of antigen retrieval methods for selected antigens'

Method Period Conditions Antigens

Pronase enzyme 
(4 i.u. mg/solid 
powder)

30 min 25“C;
0.2% in 0.0 IM PBS; 
pH 7.4

CD3
Collagen type IV 
Factor VIII

Trypsin enzyme 
(5000 i.u. 
mg/protein)

5-10 min 37°C;
0.1% in 0.0 IM PBS; 
pH 7.6

CD15
Pan-cytokeratin 
Neutrophil elastase

Heat induced 10 min 120°C (autoclave) or 
90-100°C (microwave) 
0.0IM citrate; pH 6.0

CD20
Oestrogen receptor 
Neurofilaments

Based on Sanno and Osamura, (2000)

1,2.13 Immunohistochemistry methods

The first ICH techniques were the immunofluorescence procedures introduced by Coons et 

al. (1942). These early studies used direct labelling, where the primary antibody was 

conjugated directly to the fluorochrome. Such techniques were technically cumbersome, 

insensitive and difficult to interpret due to the dark background. The development of 

indirect immunoenzyme methods in the 1970s and 80s allowed the wider application of 

IHC in morphological studies. These techniques are based on the principle that enzymes 

are attached indirectly to the primary antibody, either via secondary antibodies or protein 

complexes, and the sites of binding can be demonstrated by the addition of an appropriate 

enzyme substrate.

Of these techniques, perhaps the most sensitive application, and the one used in the present 

studies, is the avidin-biotin-peroxidase complex (ABC) method developed by Hsu et al. 

(1981) (Fig. 1.1). Here the application of the first (primary) antibody is followed by a 

biotin labelled secondary antibody, and then the ABC complex is added. The popularity of 

these reagents is due to the fact that they possess strong covalent binding capacity and can 

be conjugated to a variety of molecules without significant loss in biological activity. 

Avidin, which is a basic glycoprotein, has four binding sites for biotin. The avidin-biotin 

interaction is utilised in a number of IHC procedures. The ABC method provides high 

sensitivity because of the multiple peroxidase molecules in the final product. Recently 

streptavidin has been used in place of avidin because it is less likely to engage in ionic
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interactions with the tissues that result in non-specific staining (Sanno and Osamura,

2000). Diaminobenzidine (DAB) is usually the preferred chromogen for the horseradish 

peroxidase enzyme, since the brown reaction product is not soluble in alcohol, and a wide 

range of counterstains and mounting media can be applied.

D A B / H 2 0 2

B r o w n  r e a c t i o n  

p r o  d u c t

S e c o n d a r y  

a n t i b o  dy

P r i m a r y  

a n t i b o  dy

Tissue  s e c t i o n

= b i o t i nA = a v i d i n  P = p e r o x i d a s e

Fig. 1.1: Avidin-biotin-peroxidase complex (ABC) method for IHC. The primary 
antibody is applied and binds with the tissue epitope. This is followed by a 
biotin labelled secondary antibody and then ABC complex is added. The 
ABC complex contains many molecules of horseradish peroxidase enzyme, 
which, in the presence of H2O2, is able to convert Diaminobenzidine (DAB) 
into a brown reaction product.
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1.2.2 In situ hybridization

In situ hybridization (ISH) is a technique that allows the localisation of specific messenger 

RNA (mRNA) or DNA sequences, at the microscopic level, in individual cells or tissues. 

In this way it is complementary to IHC, which provides spatial information on specific 

proteins. The practical value of ISH in tumour diagnosis is that it enables the identification 

of neoplastic cells based on the presence of specific gene transcripts (Terenghi and Fallon, 

1990). Other molecular biology techniques, e.g. Northern blots, are useful for the sensitive 

detection of specific mRNA sequences in tissue samples, but provide no information as to 

the precise cell types involved.

1.2.2.1 Probes and probe labels

A hybridization reaction involves the hydrogen bonding between complementary 

nucleotides of two single stranded nucleic acid molecules (Hankin and Lloyd, 1989). For 

the detection of specific mRNAs, it is possible to use one of several types of probe system 

(Table 1.5). Initially, ISH procedures were almost universally undertaken using probes 

labelled with radioisotopes (Terenghi and Fallon, 1990). These radioactive systems 

afforded a high degree of sensitivity and were referred to as 'isotopic ISH'. However, in 

recent years radioisotopes have been replaced by non-radioactive labels (Leitch et al., 

1994; Hougaard et al., 1997). In general, non-radioactive probes are safer and therefore 

specialized designated laboratories are not needed. Non-radioactively labelled probes can 

be stored for long periods without loss of activity, and the hybridization sites can be 

detected quickly in hours rather than days or weeks. Nevertheless, the use of isotopic ISH 

is still popular in those experimental studies where high sensitivity is required for the 

detection of low copy transcripts. A range of non-radioactive labels can be incorporated 

into nucleic acids; perhaps the most commonly used is the naturally occurring plant 

steroid, digoxigenin. For diagnostic pathology, digoxigenin labelled oligonucleotide 

probes are currently the system of choice (Harper et al., 1997) and were used in the present 

studies. These probes can be chemically synthesized and labelled within 1-2 days, the ISH 

procedure is relatively quick and reliable, and virtually no background staining is 

produced.
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Table 1.5: Advantages and disadvantages of RNA and DNA probes'

Advantages Disadvantages

1 .Riboprobes Probe free of vector sequences Sequence must be subcloned into suitable
(Single-stranded RNA transcription vector
probes; typically 100-500
bases) Post hybridization RNase A treatment can remove RNA is extremely labile, requiring special

unhybridized single-stranded RNA, thereby 
reducing non-specific background staining

precautions to be taken

RNAiRNA hybrid is very stable RNA probes are 'stickier' than DNA probes, which 
may result in higher background staining

2. DNA probes
i) Cloned DNA probes No subcloning required Probe dénaturation required
(Typically 100-500 bases)

Easy to handle and store DNAiDNA and DNA:RNA hybrids are less stable 
than RNA:RNA hybrids

ii) Synthetic oligonucleotide Probe can be specifically designed Oligonucleotide synthesizer required
probes

(Typically 20-50 bases) Small size of probe gives good tissue penetration Small size limits amount of label that can be 
incorporated

Easy to handle and store A few mismatched nucleotide pairs can greatly 
affect stability of the hybrid

Taken from Leitch et al. (1994)
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The main disadvantage of oligonucleotide probes is a lack of sensitivity, due to the limited 

amount of label that can be incorporated, which can result in the negative staining of cells 

with low amounts of target mRNA. However the sensitivity of oligonucleotides can be 

increased by: 1), double labelling, (instead of single labelling) each probe with 

digoxigenin; 2), designing each probe against a consensus sequence so that the probe will 

bind more than once to the target mRNA and 3), using a cocktail of at least three non

overlapping probes against each target mRNA species (Fig. 1.2).

1.2,2.2 Tissue preparation

ISH can be performed on intact cells in suspension, smears, frozen sections and paraffin 

sections. Although frozen sections are widely used in many experimental applications, 

once again for diagnostic purposes, it is imperative that good results can be obtained with 

routinely fixed, paraffin embedded material. Most authorities recommend immediate 

fixation of tissue samples in 10% neutral buffered formalin (NBF) for 6-18h at 4°C. It is 

also suggested that longer fixation is not recommended as this may lead to extensive 

degradation of the RNA and reduction of the ISH signal (Wilcox, 1993). This last point 

was deemed worthy of further investigation in the present studies (Chapter 5). Irrespective 

of the duration of fixation, it is essential to permeabilise the tissues with proteinase K (PK) 

digestion to allow penetration of the probe. (Mild proteinase digestion is even required for 

frozen sections.) This is a critical step in the ISH procedure; insufficient tissue digestion is 

one of the more common reasons for failure to obtain a signal. It is customary to optimise 

the PK conditions (concentration of PK and time of treatment) for each tissue/probe 

combination prior to commencing any investigation.

L2.2.3 In situ hybridization methods

The contents of the hybridization solution include the labelled probe, salmon testes DNA 

to reduce non-specific binding of the probe, and other bioactive polymers such as 

polyvinylpyrrolidone that enhance binding and reduce non-specific background effects 

(Leitch et al., 1994). Conventionally, ISH buffers have also contained formamide because 

it has been shown, in classic molecular biology, that it reduces the temperature required for 

the specific annealing of probes to their target sequences. However, Thomas et al. (1993) 

demonstrated that the abolition of formamide from the ISH protocol makes the technique
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safer, cheaper, faster and more suitable for routine diagnostic use. Therefore, it was 

omitted from the hybridization solution in the present studies. Hybridization is usually 

carried out in a moist chamber overnight at a temperature of 37-42°C.

After hybridization, sections are washed in graded salt solutions (stringency washes) to 

remove inappropriately bound probe. Detection of the probe usually takes place with the 

application of an anti-digoxigenin antibody, conjugated with alkaline phosphatase (AP) 

(Fig. 1.2). The AP/probe complex is then incubated with a substrate, namely nitroblue 

tétrazolium chloride (NET) and 5-bromo-4-chloro-3-indolyl phosphate (BCIP). The latter 

is converted by AP activity to a stable dark blue/purple precipitate (diformazan).

5"
?

BCIP/NBT

s u b s t r a t e

I  I  I  I  I
 ( 0)
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Dark  b lue  

/ p u r p l e  
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3'

Fig. 1.2: Detection of mRNA by non-isotopic in situ hybridization. A cocktail of three 
non-overlapping oligonucleotide probes (D-D in blue) are binding to a single 
molecule of target mRNA. A digoxigenin label is attached at each end of the 
three probes. In this way, a total of six sites are available for binding with 
anti-digoxigenin antibodies. This substantially improves sensitivity in 
comparison with the use of a single probe. Finally, BCIP/NBT substrate is 
applied which reacts with the bound alkaline phosphatase to produce a dark 
blue/purple reaction product.
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1.2.3 Control procedures for in situ hybridization and immunohistochemistry

In order that false positive or false negative results can be recognised, with both ISH and 

IHC procedures, appropriate controls are required. For the present studies, these are listed 

in detail in Sections 2.4.3 and 2.5.3.

1.2.4 The advantages of using combined ISH and IHC

It can be seen from the above discussion, that similarities exist between these two 

techniques: IHC is used to localise specific proteins, and ISH is used to localise mRNAs. 

Furthermore, for a particular marker, the presence of either the mRNA or protein could be 

used to confirm the lineage of a poorly differentiated tumour cell. Therefore, what is the 

purpose of running both these techniques in tandem? The answer is, simply, that only by 

using both ISH and IHC for a particular marker can a picture be established of the 

functional status of the cell (Sanno and Osamura, 2000), as a 1:1 relationship between the 

protein and mRNA may not always exist.

Usually, the intensity of hybridization signal for a certain mRNA reflects the level of gene 

transcription of the encoding gene. In other words, positive staining demonstrates that the 

protein is being produced at the time of investigation. A positive IHC signal for the same 

protein confirms that it is being stored. However, there may be discrepancies between the 

protein content detected by IHC, and the amount of gene transcripts demonstrated by ISH 

in any cell population. Possible reasons for these discrepancies are presented in Table 1.6. 

Such differences in staining have been observed in tumour cells, particularly those of 

endocrine origin. For example, it is known that poorly differentiated neoplastic cells have 

less ability to store peptides, yet apparently can continue synthesis (Neonakis et al., 1994). 

Human pituitary adenomas have been shown to contain cells that are positive for prolactin 

mRNA but negative for prolactin peptides (Horvath and Kovacs, 1974). This phenomenon 

was described as 'misplaced exocytosis' and patients with these tumours frequently 

developed clinical signs consistent with hyperprolactinaemia. Conversely, cells in other 

tumours have stained negatively for mRNA but positively for peptides. Alpem (1992), 

demonstrated thyroglobulin (TG) uptake by the cells of a renal cell carcinoma that had 

metastasized to the thyroid gland. In this work, the combination of ISH and IHC allowed 

the nonspecific uptake of TG to be distinguished from production and storage. Numerous
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other examples exist, confirming the value of the "belt and braces' approach of performing 

both ISH and IHC procedures for tumour diagnosis (Neonakis et al., 1994). Generally, 

both ISH and IHC techniques can be used on archival, formalin fixed material and both are 

capable of generating good results in this way, but IHC is less costly and less technically 

demanding. Finally, the relative sensitivities of ISH and IHC methods must always be 

borne in mind. Both of these procedures have a threshold of sensitivity below which 

mRNA and protein may be present in the cell but not detectable. Therefore, negative 

results may need to be viewed with caution.

Table 1.6: Interpretation of combined staining patterns with in situ hybridization and 
immunohistochemistry

Staining pattern with a specific marker Possible interpretations

Positive for mRNA (ISH positive) 
Positive for protein (IHC positive) _J

1. Cell is producing and storing the peptide

Positive for mRNA (ISH positive) 
Negative for protein (IHC negative)_J

1. Protein is produced and rapidly broken down
2. Protein is produced and immediately secreted
3. mRNA is produced but not translated

Negative for mRNA (ISH negative)”^  
Positive for protein (IHC positive) h"

1. Protein is not produced but sequestered from other cells
2. Only small amount of mRNA produced, but protein is 

stored, i.e. there is slow protein turnover

Negative for mRNA (ISH negative)"! 
Negative for protein (IHC negative)_J

1. Cell is neither producing nor storing the peptide

1.3 RODENT CARCINOGENICITY STUDIES

The current strategy for identifying the potential carcinogenicity of a chemical or medicine 

involves the chronic, systemic exposure of rats and mice, of both sexes, to various doses 

over a two year period. At the end of two years, the carcinogenicity of the chemical is 

assessed by: 1), measuring increased numbers of neoplasms above background levels 

(against concurrent and historical controls); 2), documenting the occurrence of rare 

neoplasms with negligible background levels, or 3), demonstrating a reduced latency in 

neoplasm development in exposed animals versus controls.
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To date, although subjected to many criticisms, the 2-year carcinogenicity study appears to 

be the single best system for identifying carcinogenic potential (Maronpot, 1998). Not 

only has the rodent carcinogenicity test been sufficiently sensitive in identifying known 

human carcinogens, it has also identified carcinogens such as aflatoxin, diethyl-stilboestrol 

and vinyl chloride prior to discovery of their carcinogenicity in humans. Disadvantages of 

the chronic rodent carcinogenicity test relate primarily to the high cost of each study and to 

the long time interval required to obtain results. The high costs make the studies too 

expensive to repeat, thereby obviating the principle of reproducibility demanded by good 

science. The identification of rodent carcinogens on the basis of repeated exposure to high 

doses of chemical has been criticised as not being realistic with respect to human exposure 

situations. While cost and lack of evidence of reproducibility remain valid criticisms of 

the chronic rodent carcinogenicity test, it still remains the best system for definitively 

identifying potential human carcinogens (Maronpot, 1998). However, in recent years, 

modifications to the carcinogenicity study have been pioneered by the National Toxicology 

Program (NT?), in order to more fully characterise the toxicity of chemicals. Interim 

sacrifices and 'stop studies' are incorporated into the design of many studies to better define 

the pathogenesis and biological relevance of the response (Mastorides and Maronpot,

2001). Stop studies have proved invaluable in understanding the biology of liver nodules. 

In a typical study of this kind, the test compound is continuously administered to two 

groups of animals for 78 weeks, at which time one group is killed and the other allowed to 

‘recover’ without treatment for a further 26 weeks. A comparison can then be made 

between the numbers and appearances of liver nodules between the two timepoints. If 

lesions observed at 78 weeks appear to progress, they are regarded as neoplastic rather than 

hyperplastic, and therefore may be of higher significance in terms of the potential 

carcinogenicity of the test compound.

1.3.1 Standardized nomenclature and historical tumour data bases

Rodent carcinogenicity studies are conducted to evaluate the carcinogenic risk of

xenobiotics to man by comparing the incidence of neoplastic and preneoplastic lesions in

the treated groups, with those in the concurrent controls (Deschl et al., 2002). Regulatory

agencies often base their decisions, regarding the potential carcinogenicity of a test

substance, primarily on increases in site-specific effects in animal studies. Thus reliable

pathology data, incorporating accurately diagnosed tumours, are essential for the
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interpretation of the chemical effects, and for understanding the biological mechanisms, by 

which chemically induced lesions develop (Herbert et al., 2002). Because 

histopathological diagnoses are based on subjective observations, the terminology used to 

classify lesions is crucial for the analysis and interpretation of data derived from 

carcinogenicity studies. Errors, or inconsistencies, in the diagnostic terminology could 

affect risk assessment considerably. Diagnostic terminology should therefore be precise 

and unambiguous, and convey a clear picture of the important morphological changes. 

Over the past 10-15 years, steps have been taken to harmonize diagnostic terminology by 

developing an internationally recognised standardised system of nomenclature, and 

diagnostic criteria, for lesions of laboratory animals. The programme is a co-operative 

effort between the Society of Toxicologic Pathologists (STP; USA) and other domestic 

societies. From these efforts, guides of standardised diagnostic terms for each organ 

system have been gradually developed and published. At the time of the commencement 

of the present studies, STP guidelines were available for rodent thyroid tumours (Botts et 

al., 1991) but not mouse lung tumours. Therefore, for mouse tumours, historical control 

data for neoplastic lesions in B6C3F1 mice, generated by the NTP, were used (Dixon and 

Maronpot, 1991).

Historical control tumour data are usually important in the interpretation of chronic rodent 

carcinogenicity studies. Due to the high degree of comparability with dosed animals, the 

concurrent control group is considered to be the most critical control (Deschl et al., 2002). 

Nevertheless, in cases of atypical frequencies of neoplastic, or pre-neoplastic lesions, there 

are certain limitations of the concurrent control. A lower than normal tumour frequency in 

the concurrent control animals may lead to a statistically significant increased incidence of 

lesions in the dose groups. Conversely, a higher than normal tumour frequency in the 

concurrent control group might mask a carcinogenic response in the treated animals. In 

such cases historical control data may support substantially the assessment of a potential 

carcinogenic risk. However, the major difficulty in using historical control data is the 

comparability with the study under evaluation concerning the major sources of variability, 

e.g. animal room environment, dietary factors, age of animals at termination of study, 

numbers of tissue samples taken for histopathogical examination and diagnostic criteria 

(Rittinghausen et al., 1996). Therefore, extensive background information, regarding these 

variables, on any study entered into a database is usually required.
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1.3.2 Rodent strains used in carcinogenicity studies

Any laboratory routinely performing carcinogenicity studies usually employs two species 

of rodent, one mouse and one rat. The selection of rodent strains is usually a matter of 

personal choice, moderated both by current industry standards and acceptability to the 

regulatory agencies. A decision to change a particular rodent strain is not taken lightly, 

because a considerable amount of in-house experience will exist with the use of the current 

strain, and also because a large historical control data-set will have accumulated. All this

will be lost with a change of strains. However, sometimes a change must take place, e.g. if

the rodent strain in current use is no longer acceptable to the regulatory agencies. When 

this occurs it is customary for a laboratory to set up a background spontaneous 

carcinogenicity study, using the new strain, to generate a range of data, including a profile 

of spontaneous tumours under in-house conditions. The present investigation, utilises 

material from two such background carcinogenicity studies, one in B6C3Fi mice, and one 

in Han Wistar rats, that were performed at Glaxo Group Research in the mid 1990s. Both 

of these strains had previously been widely used by other institutes for carcinogenicity 

bioassays.

1,3.2,1 Spontaneous tumours in B6C3Fj mice

The B6C3Fi mouse is a hybrid of two well established inbred strains: the C57BL/6 and the 

C3H. It is a first generation hybrid produced by mating a C57BL/6 female with a C3H 

male (Staats, 1985). The parental lineage can be traced back to the early 1900s. The 

B6C3Fi hybrid is one of the most commonly used mice for toxicity and carcinogenicity 

studies (Rao and Boorman, 1999).

The most frequently occurring tumours in untreated male and female B6C3Fi mice, in the 

NTP historical control database (Haseman et al., 1999) are presented in Table 1.7. 

Hepatocellular adenoma/carcinoma and alveolar/bronchiolar (AB) adenoma are the most 

common lesions in males, while in females, malignant lymphoma, hepatocellular adenoma 

(HA) and pituitary adenoma are the most frequent tumours.
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LS.2.2 Spontaneous tumours in Han Wistar rats

The Han Wistar is an outbred strain, originally developed at the Wistar Institute in 1920. 

This subline was used by ICI, and in 1989 was supplied to the Zentralinstitut fur 

Versuchstierzucht (ZFV) in Hannover. The Han Wistar is noted for its longevity and low 

spontaneous tumour profile, making it a useful model for carcinogenicity studies 

(Kaspareit-Rittinghausen et al., 1987).

The most frequently occurring tumours in untreated male and female Han Wistar rats, in 

the Hoechst data base, are presented in Table 1.8. Pituitary adenoma, thyroid follicular cell 

adenoma, thyroid C-cell adenoma and pancreatic islet cell adenoma are the most common 

lesions in males, while in females, pituitary adenoma, mammary adenoma/fibroadenoma 

and thyroid C-cell adenoma are the most frequent tumours.

Interestingly, the incidence of thyroid follicular tumours would appear to be particularly 

high in Han Wistar rats, as compared with other strains (Gopinath C, personal 

communication). Generally, spontaneous neoplasms of thyroid follicular cells are regarded 

as rare in this species. In keeping with this assertion, the incidence of follicular cell 

adenomas in male Osboume-Mendel and Fischer rats is quoted as 2.9% and 1%, 

respectively (Thomas and Williams, 1994). However, the incidence of follicular cell 

adenomas in male Han Wistars, in the Hoechst data base, is 9.2% and in the studies of 

Kaspareit-Rittinghausen et al. (1990), 4%. The comparatively high incidence of follicular 

tumours in Han Wistar rats (Table 1.8) certainly appears to be confirmed in the present 

studies.
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Table 1.7: Incidences^ of the most commonly occurring tumours in control (untreated) B6C3Fi mice

Males Females
Mice with Rate' (%) Range (%) 
tumours'’

Mice with Rate (%) Range (%) 
tumours'’

Liver
Hepatocellular adenoma 
Hepatocellular carcinoma

Lung
A/B adenoma 
A/B carcinoma

Haematopoetic system 
Malignant lymphoma

Circulatory system 
Haemangiosarcoma

Special senses 
Harderian gland adenoma

Endocrine system
Pituitary (pars distalis) adenoma
Pituitary (pars distalis) carcinoma

397(1350) 29.4
241 (1350) 17.9

217(1354) 16.0
69(1354) 5.1

113 (1355)

5(1265) 
0(1265)

8.3

5.473(1355)

64 (1355) 4.7

0.4
0.0

4-60 234 (1350) 17.3
6-29 113(1350) 8.4

4-30 80 (1352) 5.9
0-14 32 (1352) 2.4

2-20 283 (1353) 20.9

0-12 37 (1353) 2.7

0-18 45(1353) 3.3

0-6 185 (1290) 14.3
6(1290) 0.5

2-50
0-20

0-24
0-8

6-42

0-8

0-10

0-36
0-4

® Data from NTP carcinogenicity studies between 1992-1997 (Haseman et al., 1999) 
Number in parentheses is the number of animals/tissues examined 

'  Percentage of animals with tumours
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Table 1.8: Incidences* of the most commonly occurring tumours in control (untreated) Han Wistar rats

Males Females
Rats with 
tumours**

Rate' (%) Range (%) Rats with 
tumours'*

Rate' (%) Range (%)

Endocrine system
Pituitary: Pars distalis adenoma 169 (987) 17.1 12-21 396 (996) 39.8 26-44
Thyroid: Follicular cell adenoma 91 (987) 9.2 6-13 34 (996) 3.4 1-7
Thyroid: Follicular cell carcinoma 15 (987) 1.5 1-2 5(996) 0.5 0-2
Thyroid: C-cell adenoma 85 (987) 8.6 2-27 94 (996) 9.4 4-22
Thyroid: C-cell carcinoma 16 (987 1.6 0-13 9(996) 0.9 0-4
Pancreas: Islet cell adenoma 82 (987) 8.3 1-11 48(996) 4.8 0-6

Haematopoetic system
Malignant lymphoma 35 (985) 3.5 0-4 50 (996) 5.0 0-6

Reproductive system
Mammary adenoma/fibroadenoma -(987) 97 (989) 9.8 6-17

Taken from the tumour data base, Hoechst AG, Frankfurt 
Number in parentheses is the number of animals/tissues examined 
Percentage of animals with tumours
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1.4 BACKGROUND TO PROLIFERATIVE LESIONS OF THE LUNG IN

B6C3Fi MICE

The lung is a dynamic organ involved primarily in the exchange of gases between the 

pulmonary vasculature and the external air. The lung parenchyma is composed of several 

differentiated cell types that form the conducting airways and the alveolar regions 

(Kaspareit-Rittinghausen et al., 1990). These cell types differ in their morphology, and 

include cells that are non-ciliated and dome shaped (Clara cells), foamy and polyhedral 

(type II pneumocytes), flattened (type I pneumocytes) and ciliated cells. The specialised 

activities of the epithelial cells are important in maintaining normal lung function and 

architecture (Dixon et al., 1999). The lung epithelia is responsible for the production of 

surfactant, lysozyme, complement proteins, prostaglandins and many other substances. 

Over recent years, the toxicity and carcinogenicity of many chemicals have been 

investigated via the inhalation route. Additionally, much emphasis has been placed on 

determining the histogenesis of mouse lung tumours, although as yet this has not been 

resolved.

1.4.1 Embryological development of the lung

The lung primordium originates from a diverticulum of primitive foregut endoderm (Ten 

Have-Opbroek, 1991). This primordial system develops into the prospective bronchial and 

respiratory (pulmonary acinus) systems. The epithelium of the prospective bronchial 

system is columnar, while that of the respiratory system is low columnar to cuboidal. The 

latter epithelium is composed of type II precursor cells, which have precursor structures 

that eventually develop into the mature lamellar bodies associated with surfactant 

production. It is approximated that surfactant production does not occur earlier than 18 

days of gestation in the mouse (Ten Have-Opbroek et al., 1997). The type II cell of the 

acinar system, and the bronchiolar non-ciliated Clara cell, are stem cells that give rise to 

the alveolar type I cell and bronchiolar ciliated cells, respectively (Ten Have-Opbroek, 

1991; Foster, 1998). Neither cell type is terminally differentiated and both are capable of 

undergoing division. Clara cells are recognisable in terminal bronchioles by the presence 

of apical cytoplasmic blebs.
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1.4.2 Structure and function of the lung

The lung is a paired organ located in the thoracic cavity. In the mouse, the left lung is not 

divided whereas the right is divided into four lobes: the cranial, middle, caudal and 

accessory. The trachea terminates at a main bifurcation (the carina) and gives rise to two 

main bronchi that enter the lung and undergo further branching. The epithelia of these 

large bronchi and bronchioles comprise ciliated cells, Clara cells and the occasional 

neuroendocrine cell (Gould et al., 1983). Mucous or goblet cells are not seen in these large 

airways. Extending into the terminal bronchioles the epithelium changes fi*om columnar to 

cuboidal. The predominant cell type in these smaller airways is also the Clara cell, which 

comprises 50-60% of the cells in the murine airway, and is interspersed with small 

numbers of ciliated cells (Dixon et al., 1999). Ultrastructurally, the Clara cell is 

characterised by abundant amounts of smooth endoplasmic reticulum and numerous 

electron-dense secretory granules. Ciliated cells are terminally differentiated and do not 

divide; they are derived fi’om non-terminally differentiated Clara cells.

The gas-exchange unit of the lung consists principally of the alveoli which are lined by an 

epithelium composed of alveolar type I and type II cells. Type I cells comprise 93-97% of 

the alveolar surface, with the remaining 3-5% occupied by the type II cells. Type I cells 

are flattened (squamous) cells, with few organelles and no capacity for repair, i.e. they are 

incapable of mitotic division (Dixon et al., 1999). Type II cells are located in the niches or 

the recesses of the alveoli, and possess abundant finely granular cytoplasm which 

ultrastructurally contains many multilamellar bodies. These lamellar bodies are rich in the 

phospholipids found in surfactant, which is needed for lowering the surface tension in the 

alveolus at the air/fluid interface. Type II cells are capable of undergoing cellular division 

and are the proposed progenitors for type I cells (Ten Have-Opbroek et al., 1997).

Pulmonary surfactant plays a crucial role in lung function (Bourbon and Rieutort, 1987). 

Surfactant proteins (SPs) constitute approximately 10% of the total surfactant mixture, 

with phospholipids comprising the predominant component. To date, two classes of 

proteins have been identified in humans and other species, including mice. SP-B and SP-C 

comprise one class, and are hydrophobic proteins that help facilitate the spreading and 

stability of the surfactant film. The second class includes SP-A and SP-D which are 

structurally related hydrophilic collagenous glycoproteins. It is believed that SP-A is
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involved in the regulation of surfactant secretion and clearance, but the role of SP-D has 

not been established. It is also suggested that SPs A and D may be involved in pulmonary 

defence mechanisms such as opsonization (Weaver and Whitsett; 1988; Wong et al., 

1996). All four SPs (A, B, C and D) are reported to be synthesized by alveolar type U cells 

and bronchiolar cells in most species (Korfhagen et al., 1992; Wong et al., 1996; Daly et 

al., 1997). A description of SP types identified in the murine lung to date, and cell types 

responsible for their production, is contained in Section 3.1.

1.4.3 Proliferative lesions of the lung

Primary neoplasms of the lung are common in aged animals of most strains of laboratory 

mice. Although these tumours can occasionally be found in animals younger than 12 

months, most are observed in mice older than 18 months. The most common primary 

tumours are the bronchoalveolar neoplasms that arise in the distal lung parenchyma. 

Spontaneous squamous cell and adenosquamous carcinomas, as seen in humans, are 

extremely rare in mice (Stewart et al., 1979). Proliferative lesions of the murine lung are 

termed: alveolar epithelial hyperplasia (AEH), alveolar/bronchiolar (A/B) adenoma and 

A/B carcinoma. The diagnostic criteria for these lesions are presented in Table 1.9. 

Typically, spontaneous A/B tumours in mice have solid, papillary or mixed (combination 

of solid and papillary) histological growth patterns (Dixon and Maronpot, 1991). The 

histogenesis of primary lung tumours in mice has been the subject of much debate, as to 

whether they arise from type II alveolar cells or bronchiolar (Clara) cells (Boorman and 

Dixon, 1991). Since the cell(s) of origin is debatable, the NTP classifies adenomas or 

carcinomas originating in the lung with the prefix ‘alveolar/bronchiolar’ (A/B) (Dixon and 

Maronpot, 1991). Currently this situation seems to be unresolved.

Métastasés to the lung, from primary neoplasms located elsewhere, is a common event in 

many mouse strains. These metastatic deposits may be present in the lung at greater 

incidence than that of primary pulmonary tumours (Rittinghausen et al., 1996). 

Histologically, metastatic tumours usually resemble the primary lesions, although they can 

be more or less well-differentiated. In contrast to primary tumours, metastatic deposits are 

often perivascular and multifocal, although diagnostic confusion may be caused by the 

presence of multifocal A/B carcinomas. Such tumours can spread in the lung via alveolar 

spaces and therefore may also exhibit a multifocal appearance.
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Table 1.9: Nomenclature and diagnostic terminology" for the principal primary 
lung tumours in mice

Diagnosis Histopathological features
Alveolar epithelial • Localised or diffuse
hyperplasia • Alveolar architecture retained

• Alveolar septae line by cuboidal cells
• Lack of cellular or nuclear anaplasia

Alveolar/Bronchiolar • Alveolar spaces filled by proliferating epithelial cells
adenoma • Solid, tubulopapillary or mixed patterns

• Cells are cuboidal to columnar, with low nuclear to 
cytoplasmic ratio

• Compression of adjacent tissue, or edge of lesion may be 
irregular with extension (not invasion) into adjacent 
airways.

Alveolar/Bronchiolar • Cellular and nuclear pleomorphism, increased numbers of
carcinoma mitotic figures

• Usually tubulopapillary pattern
• Increased nuclear to cytoplasmic ratio
• Invasion of airways, blood vessels or pleural surfaces
• Extension throughout mediastinum or pleural cavity; 

distant métastasés.

“ Taken from Dixon and Maronpot (1991)

The types of metastatic deposit most fi'equently observed in the lung are dependent on the 

particular strain of mice, and are usually a reflection of the most commonly occurring 

malignancy in that strain. In BALB/c mice, malignant lymphomas and histiocytic 

sarcomas metastasize to the lung relatively frequently (Sheldon and Greenman, 1979). In 

several mouse strains, e.g. BALB/cfC3H, and C3H strains, pulmonary métastasés from 

mammary gland carcinomas are common (Sass and Liebelt, 1985). In the B6C3Fi strain, 

HCC is the most common malignancy (Table 1.7), and as would be expected, pulmonary 

métastasés are frequently present (Fig. 1.3). Three major histological growth patterns are 

observed in HCC, namely: 1), trabecular/adenoid; 2), acinar/tubular and 3), poorly 

differentiated (anaplastic). Usually, there is no sharp boundary between these 

morphologies. For example, the solid/trabecular pattern is usually well-differentiated, and 

resembles normal hepatic architecture, however acinar structures may also be present. 

Although these growth patterns have been widely reported in primary HCC (Maronpot et 

al., 1987), as yet no descriptions appear to have been made of the morphologies typically 

present in the metastatic deposits of these tumours.
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Fig. 1.3: Macroscopic appearance of hepatocellular carcinoma in the mouse.

(a) Liver; primary tumour. Irregular, nodular mass in right lobe (A).

(b) Lung; secondary tumours. Multiple, pale nodules (arrow) in lung parenchyma.
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1.5 BACKGROUND TO PROLIFERATIVE LESIONS OF THE THYROID

GLAND IN THE HAN WISTAR RAT

The thyroid gland has a central role in maintaining the optimal function of virtually all 

other organs. It consists of two endocrine cell populations: follicular cells and C-cells 

(parafollicular cells). The follicular cells are responsible for the synthesis, storage and 

secretion of thyroid hormones (T3 and T4 ), which regulate the basal metabolic rate and the 

processes of growth and tissue differentiation (Hardisty and Boorman, 1990). Secretion of 

these hormones is under feedback control by the pituitary gland. Prolonged stimulation of 

the follicular cells by thyroid stimulating hormone (TSH), produced by the pituitary, can 

lead to diffuse hyperplasia and neoplasia. C-cells were so named when their responsibility 

for calcitonin (CT) secretion was discovered in the 1960s (Pearse and Carvalheira, 1967). 

Before this, they were known as parafollicular cells because of their anatomical position. 

The role of CT in higher mammals is not clear (Williams ED, personal communication). 

Although CT is known to help regulate serum calcium and phosphate levels, this function 

is not essential, as no replacement therapy is required following total thyroidectomy.

1.5.1 Embryological development of thyroid gland and origin of C-cells

The main epithelial component of the thyroid, the follicular cell, is of endodermal origin 

and is a derivative of the primitive buccopharyngeal cavity (Thomas and Williams, 1994). 

The thyroid gland begins as a median, ventral downgrowth in the region of the first 

pharyngeal (branchial) pouch (Fig. 1.4). It is attached to the pharyngeal pouch epithelium 

by a stalk, the thyroglossal duct. As the thyroid gland develops, it separates from the floor 

of the mouth cavity by involution of the thyroglossal duct and migrates caudally into the 

neck.

The ultimobranchial body develops from the caudal surface of the third pharyngeal pouch 

in the rat (Rogers, 1927). It loses its connection with the endodermal surface and becomes 

embedded in the thyroid lobes. The ultimobranchial bodies contain the precursors of the 

C-cells. These cells are thought to originate from the primordial cells of the neural crest 

ectoderm before infiltrating the ultimobranchial bodies (Pearse and Polak, 1976). Thus, 

the concept has arisen that follicular cells and C-cells of the thyroid gland are derived from
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different germ layers: namely endoderm and neuroectoderm respectively. This is also 

believed to be true in the human thyroid gland.
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Fig. 1.4: Embryology of the thyroid gland and ultimobranchlal body in relation to 
the primitive pharyngeal pouches (labelled I, II and III) in the rat. (Based 
on Capen, 1985.)

1.5.2 Structure and function of the thyroid gland

The follicular cells of the thyroid gland are arranged in closed, epithelial-lined spherical 

structures known as follicles (Fig. 1.5). The follicles are lined by a single layer of 

epithelial cells and possess a central lumen that contains colloid material (Thomas and 

Williams, 1994). There is considerable variation in follicular size within the normal rat 

thyroid gland. Typically, small follicles lined by tall cuboidal cells are present in the 

central areas, and large follicles lined by flattened epithelium are seen at the periphery.
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This height variation in follicular cells is dependent on the activity of the gland, as taller 

cells are usually engaged in active hormone synthesis (Hardisty and Boorman, 1990). 

Formation of thyroid hormones depends on the exogenous supply of iodide, and involves a 

number of complex events. The thyroid specific protein, thyroglobulin (TG), is 

synthesised by the follicular epithelium and, following iodination catalysed by thyroid 

peroxidase (TPO), is stored in the lumen of the follicle as a proteinaceous colloid. During 

the secretory phase, droplets of colloid are resorbed into the follicular cell by endocytosis 

(Thomas and Williams, 1994). Once within the follicular cell cytoplasm, the colloid 

droplet fuses with a lysosome. TG is then broken down to release the active hormones (T3 

and T4 ) which are then released into the circulation. Thyroid function is regulated by TSH, 

which increases transcription of both the TG and TPO genes, and by increasing the uptake 

of iodide into the follicular cell.

C-cell

Follicular cell

Colloid

Fig. 1.5; Normal arrangement of follicles and C-cells in the thyroid gland of the 
young adult rat. The C-cells are parafollicular in location and lie between 
the follicular cells and the basement membrane of the follicle. They are not 
in contact with the lumenal colloid.
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In the rat, C-cells are not distributed uniformly throughout the thyroid gland but tend to be 

concentrated in the central part of each lobe apposed to the smaller follicles. C-cells are 

located within the follicle between the epithelium and the basement membrane and occur 

singly or clustered in small groups (Biddinger and Ray, 1993). In haematoxylin and eosin 

(H&E) stained sections, most C-cells have a polygonal or spindle shape, with pale granular 

cytoplasm and centrally placed nuclei that are slightly larger than the nuclei of adjacent 

follicular cells (DeLellis, 1994).

C-cells are classified as part of the diffuse neuroendocrine system, along with others such 

as pancreatic islet cells, pituitary cells and gastroenteric endocrine cells (Sano, 2000). All 

these cells express biosynthetic functions characteristic of neurones and classic endocrine 

cells. CT is the major secretory product of the normal C-cell. Cloning of the CT gene has 

led to the discovery and characterization of several other related peptides including 

calcitonin gene-related peptide (CGRP). CGRP is produced by alternative splicing of the 

primary RNA transcript of the CT gene (Rosenfeld et al., 1983). The process is tissue- 

specific such that normal C-cells splice the primary transcript to produce CT mRNA 

primarily, whereas neural cells use the same transcript to produce CGRP. Both CT and 

CGRP mRNA transcripts are produced in normal C-cells at a ratio of about 95:1. A 

variety of other peptides has been localised in rat C-cells by IHC, including somatostatin 

(SS), gastrin-releasing peptide (GRP) and thyrotropin-releasing hormone (TRH) (Zabel et 

al., 1987; DeLellis, 1994). However, a degree of heterogeneity within the C-cell 

population appears to exist as only a small subset of C-cells are capable of producing and 

storing SS (Thomas et al., 1994).

The interaction between C-cells and follicular cells has long been of interest to workers in

the field, and the storage of regulatory peptides by C-cells would support the existence of a

paracrine relationship. Further evidence is provided by ultrastructural observations where

C-cells form specific structural complexes with follicular cells, and the two cell types

appear to adhere tightly to each other (Sawicki, 1995). The exact role of many of the

regulatory peptides still remains uncertain, however SS is of particular interest because it

has been shown to regulate follicular cell secretion and growth in vitro (Sawicki, 1995).

This last effect is due to the ability of SS to inhibit TSH drive on follicular cells, and also it

is believed that SS can exert this cytostatic effect on follicular cells in vivo (Medina et al.,
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1999). This has led to the use of SS analogues in the treatment of thyroid tumours in 

humans, where they have been shown to have a beneficial effect on prognosis in some 

cases.

1.5.3 Proliferative lesions of the thyroid gland

Spontaneous proliferative lesions of the thyroid gland are more common in rats than in 

other rodent species (Botts et al., 1991). The most common neoplasms are derived from C- 

cells and follicular cells (Table 1.8; Fig. 1.6). These changes may involve the thyroid 

gland unilaterally or bilaterally.

C-cell carcinoma has been recognised in humans for many years, and is traditionally 

referred to as medullary thyroid carcinoma (MTC) (Horn, 1951). It was Williams (1966) 

who first established that the frequently occurring 'solid carcinomas' in the rat thyroid 

gland were derived from the parafollicular and not the follicular cell. Despite the high 

frequency of C-cell lesions in this species, their pathogenesis, classification, and biological 

significance remain subjects of controversy. A gradual, age-related, increase in the 

number of C-cells in the thyroid gland has been observed in Fisher 344 and Wistar strains. 

This increase appears to be particularly pronounced in the period immediately after the 

first year of age (Zabel et al., 1987). Accordingly, C-cell hyperplasia is a frequent 

diagnosis in rats over one year old, with 100% of animals being affected in some strains.

The diagnosis of proliferative C-cell lesions in the laboratory rat is challenging, as 

generally they lack those morphological features that would normally allow staging to take 

place, i.e. differentiation between hyperplasia, adenoma etc. The diagnostic criteria for 

proliferative C-cell lesions are presented in Table 1.10.
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Table 1.10: Nomenclature and diagnostic terminology" for proliferative C-cell
lesions in the rat

Diagnosis Histopathological features

C-cell hyperplasia Focal or diffuse, unilateral or bilateral 
Increased numbers of C-cells present in clusters less than 
five average follicular diameters or scattered in 
interfollicular space
Minimal compression or distortion of thyroid follicles 
C-cells large and round to polyhedral with abundant pale 
eosinophilic cytoplasm and centrally located round nuclei 
Diffuse lesions surround follicles resembling increasesd 
interfollicular tissue

C-cell adenoma Single or multiple, unilateral or bilateral 
Discrete mass greater than five average follicular 
diameters
Noninvasive, rarely encapsulated, scant stroma, may 
contain scattered follicles, amyloid present rarely 
Solid sheets of round to oval to fusiform cells with pale 
eosinophilic cytoplasm or, infrequently, basophilic 
cytoplasm, and round to oval centrally located nuclei

C-cell carcinoma Unilateral or bilateral
Solid sheets or irregular nests of cells separated by 
fibrovascular stroma, necrosis may be present, amyloid 
present rarely
Cells vary from round to polygonal, with abundant pale 
eosinophilic cytoplasm and round to oval nuclei; to 
markedly pleomorphic, highly fusiform basophilic cells 
with high mitotic index
Penetration of thyroid gland capsule, local invasion of 
adjacent tissues and/or vessels, and metastasis

Taken from Botts et al. (1991)
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Fig. 1.6: Macroscopic appearance of thyroid neoplasia in the rat.

(a) Follicular adenoma. Dark, spherical mass adjacent to larynx (arrow).

(b) C-cell carcinoma. Pale, irregular mass (arrow) compressing the trachea.
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Because of these difficulties, current diagnostic guidelines, e.g. STP (Botts et al, 1991), 

advocate the use of size as a criterion for differentiation. These guidelines state that ‘C- 

cells forming hyperplastic foci are morphologically indistinguishable from normal C-cells 

and these foci do not exceed five average follicular diameters’. Accordingly, ‘C-cell 

masses greater than five average follicular diameters have been designated adenomas’. 

Likewise, tumours that are so large as to cause 'penetration of the thyroid gland capsule' 

should be diagnosed as carcinomas. These recommendations have been criticised by those 

who maintain that size does not give a reliable indication of behaviour, i.e. upon which to 

make a diagnosis (Mastorides and Maronpot, 2001). However, in the absence of other 

suitable, morphological, features there seems to be little alternative but to comply with 

these guidelines.

Generally, spontaneous tumours derived fi*om follicular cells are uncommon in most rat 

strains, although the incidence in the Han Wistar is relatively high (Section 1.3.2.2). In 

contrast to C-cells, proliferative disturbances of the follicular architecture are usually easier 

to stage. The diagnostic criteria for these lesions are given in Table 1.11. Four growth 

patterns have been identified in both follicular cell adenomas (FCA) and carcinomas 

(FCC), namely cystic, follicular, papillary or solid. Frequently, a mixed pattern is 

observed in these tumours consisting of a combination of two or more patterns. 

Interestingly, in the rat there is no convincing evidence of different patterns of behaviour 

that are associated with these histological patterns. This is unlike the situation in humans, 

where FCCs are divided into three types, papillary, follicular and undifferentiated, all of 

which are regarded as different biological entities with different cytology, method of 

invasion, pattern of oncogenic involvement, and relationship to dietary iodide intake 

(Thomas and Williams, 1994). In particular, one of the distinct differences in humans, the 

encapsulation of follicular tumours (with invasion occurring by breach of the capsule), and 

the lack of encapsulation of papillary carcinomas, does not seem to occur in rats. The main 

evidence for malignancy in rat follicular tumours is invasion of adjacent tissue, the 

presence of tumour emboli in vessels, and métastasés. Also in humans, there is good 

evidence that undifferentiated carcinoma arises fi*om pre-existing, more differentiated 

carcinoma, although similar conclusions do not appear to have been drawn fi-om rat 

tumours (Thomas and Williams, 1994). The undifferentiated form of follicular tumours in 

humans is possibly analogous to the solid histological pattern observed in rats. The latter
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pattern causes considerable diagnostic problems in this species because it is similar to the 

solid architecture typically exhibited by the commonly occurring C-cell tumour.

The low incidence of follicular cell tumours in rats makes the species an ideal model for 

the study of mechanisms of thyroid tumourigenesis. The spontaneous increase with age in 

the incidence of thyroid tumours is influenced by a wide variety of factors. The level of 

iodide in the diet can vary widely, as can the level of naturally occurring goitrogenic 

substances. Goodman et al. (1980), reported an increase in thyroid follicular tumours in 

male Osboume-Mendel rats given com oil (used as a vehicle for the administration of test 

substances) in the feed or by gavage. This illustrates the importance attached to 

consideration of diet when studying thyroid neoplasia in rats. Administration of 

substances in the diet that affect thyroid hormone production, or removal of hormone from 

plasma, can lead initially to goitre formation and follicular cell hyperplasia (FCH), due to 

stimulation of the negative feedback loop between the thyroid and pituitary glands. These 

are known as goitrogenic substances. ‘Goitre’ is a term referring to chronic enlargement of 

the thyroid gland, not due to neoplasia, and is usually characterised at the microscopic 

level by follicular cell hypertrophy. It can also be induced by an iodine deficient diet.

Numerous reports exist describing the occurrence of mixed (C-cell and follicular) thyroid 

carcinomas in humans (Albores-Saavedra et al., 1985; Papotti et al., 2000), although this 

entity does not to date appear to have been described in rats, or any other species. The 

diagnosis of mixed tumours is based on the unequivocal demonstration of both C-cell and 

follicular markers in tumour cells, by ISH or IHC. Such a demonstration, of dual 

differentiation, is fraught with interpretative difficulties, e.g. follicular stmctures 

expressing TG, within an otherwise C-cell mass, may be normal trapped follicles and not 

neoplastic structures. Indeed, the presence of mixed tumours in man is somewhat 

controversial and initially some authors refused to accept their existence (Papotti et al.,

2000), although the introduction of ISH seems to have substantiated their presence. It is 

not clear why mixed tumours have not been reported in rats, certainly many thyroid 

tumours have been studied in this species during the course of toxicological investigations. 

The likely answer, is that a diagnosis of 'mixed' can only be achieved with the use of ISH 

or IHC staining for the appropriate lineage markers, and this has been rarely, if ever, 

performed.
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Table 1.11: Nomenclature and diagnostic terminology* for proliferative follicular 
lesions in the rat

Diagnosis Histopathological features

Follicular hyperplasia Focal or diffuse, unilateral or bilateral 
Noninvasive, nonencapsulated, noncompressive and 
poorly demarcated
Follicle size variable, enlarged follicles may cause 
compression
Increased numbers of cuboidal to colunmar, 
hyperchromatic to vacuolated epithelial cells, sometimes 
with papillary infolding or slight stratification 
Increased vascularity

Follicular adenoma Single or multiple, unilateral or bilateral 
Well-demarcated, non- or minimally encapsulated, 
compression of adjacent follicles 
Cystic, follicular, papillary or solid patterns (often with 
mixture of two or more patterns)
Cells cuboidal to columnar with eosinophilic to 
basophilic cytoplasm, low mitotic index, increased 
nuclear to cytoplasmic ratio, nuclear hyperchromasia 
and/or crowding sometimes present

Follicular cell 
carcinoma

Unilateral or bilateral
Cystic, follicular, papillary or solid patterns (often with 
mixture of two or more patterns)
Cells may form multiple layers, solid nests and/or sheets 
Minimal to marked cellular pleomorphism, usually a high 
mitotic index, prominent vascularity, necrosis and 
mineralization may be present 
Fibroplasia, penetration of thyroid gland capsule, local 
invasion of adjacent tissues and/or vessels, and metastasis

Taken fi’om Botts et al. (1991)
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1.6 OBJECTIVES OF THE PRESENT STUDIES

The primary objective of the present research investigation was to improve the accuracy of 

diagnosis of spontaneous tumours in the lung of B6C3Fi mice and thyroid gland of Han 

Wistar rats. Problems with differential diagnosis occur at both of these sites, as more than 

one type of tumour may be present and multiple tumours often co-exist. These difficulties 

are compounded in the lung by the frequent presence of metastatic deposits from distant 

primary tumours.

A series of proliferative lesions from the murine lung and rat thyroid gland, representative 

of the range of spontaneous lesions that are normally present, were selected for the 

investigation. Lesions or tissues from other sites were also examined to complete the 

investigation, e.g. primary tumours suspected of giving rise to pulmonary metastatic 

deposits. Firstly, lesions were subjected to detailed histopathological examination and 

classified according to their histological growth patterns. Secondly, ISH and IHC staining, 

for selected markers of lineage were performed and these results correlated with the 

histology. In this way, each proliferative lesion was classified based on the degree of 

structural and functional differentiation. An important aim was to generate information on 

morphological features, and lineage markers, that could be used subsequently to facilitate 

more accurate diagnoses of these lesions in carcinogenicity studies. This would give rise 

to an increase in the sensitivity of the carcinogenicity bioassay and allow more meaningful 

risk assessment.

An additional aim of the present studies was to investigate the histogenesis of spontaneous 

tumours. Firstly, by using markers specific either for alveolar type II cells or bronchiolar 

cells, the cell type responsible for the origin of alveolar/bronchiolar tumours in B6C3Fi 

mice could be determined. Secondly, the confirmation that 'mixed' thyroid tumours 

(showing evidence of both follicular and C-cell differentiation) occur in rats would cast 

doubt on the current assumption that follicular and C-cells arise from separate germ layers 

(endoderm and neuroectoderm) in this species.

59



Chapter 2 

MATERIALS AND METHODS

2.1 ANIMALS

B6C3Fi mice and Han Wistar rats were used by Glaxo Group Research to assess the 

carcinogenic potential of new pharmaceuticals. To interpret data from such 

carcinogenicity studies, information was required as to the incidence and nature of 

spontaneous tumours in these rodents, under in-house laboratory conditions. 

Consequently, two background spontaneous carcinogenicity studies, one for each species, 

were initiated.

2.1.1 Spontaneous carcinogenicity study in B6C3F] mice

B6C3Fi mice were derived using Charles River C57BL6 females and C3H males. 410 

male and 410 female B6C3Fi mice (Charles River, Margate, Kent), 3-4 weeks old, were 

housed in groups of 5 of the same sex, bedded on wood shavings, and given food (Rat and 

Mouse No. 1, SDS Ltd., Witham, Essex) and water ad libitum. A temperature of 

22°C+1°C was maintained, with a relative humidity of 45-70% and a 12:12h light: dark 

cycle (lights on at 0600h). Animals were observed daily for signs of ill health. Mice were 

scheduled to be killed as follows: groups of 20 male and 20 females at 1,3 and 6 months; 

50 males and 50 females at 9 months; 100 males and 100 females at 12, 18 and 24 months.

2.1.2 Spontaneous carcinogenicity study in Han Wistar rats

280 male and 280 female rats (Small Animal Breeding Unit, Glaxo Group Research, Ware, 

Herts.), 4-5 weeks old, were housed in groups of 4 of the same sex, bedded on wood 

shavings, and given food (Rat and Mouse No. 1, SDS Ltd.) and water ad libitum. A 

temperature of 22°C+1°C was maintained, with a relative humidity of 45-70% and a 

12:12h light: dark cycle (lights on at 0600h). Animals were observed daily for signs of ill 

health. Rats were scheduled to be killed as follows: groups of 30 males and 30 females at 

12 months; 50 males and 50 females at 18 months; 100 males and 100 females at 24 and 30 

months.
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2.2 TERMINATION PROCEDURES, NECROPSIES AND TISSUE 

PROCESSING

Mice, in extremis and those surviving to the scheduled autopsy date, were killed by 

inhalation of carbon dioxide. Rats, in extremis and those surviving to autopsy, were killed 

by withdrawal of blood from the abdominal aorta under isoflurane anaesthesia. Rats in 

extremis, which could not be exsanguinated, were killed using carbon dioxide.

All animals were subjected to a full post-mortem examination, with samples of major 

organs being retained and immersion fixed in 10% NBF. The latter included the lung 

which was not inflated with NBF, but simply immersion fixed. All tissues remained in 

fixative for varying periods (a few days up to several months), before being dehydrated 

through graded ethanol and xylene and embedded in paraffin wax.

2.3 PRELIMINARY SCREEN OF TISSUES AND STAINING 

PROCEDURES

3pm sections were cut from all tissues and stained with H&E. A histopathological 

evaluation of all tissues was performed by Dr RM Lightfoot and data recorded on the 

PLACES computer programme (Instem, Stone, Staffs.). Using these preliminary data, 

animals and tissues were selected in accordance with the requirements of the particular 

investigation (Sections 3.2.1 and 4.2.1.2) to give a balance of the appropriate lesions and 

normal tissues for fiirther investigation. None of the tissues selected came from 

intercurrent death (ICD) animals that were found dead, i.e. in all instances the post-mortem 

interval (FMI) was short, as it was considered that autolysis may adversely affect ISH and 

IHC procedures.

In the first instance, from each block, 20 serial sections were cut onto pre-coated silanized 

slides (Superfrost, Shandon, Runcorn), and numbered for ISH or IHC procedures.
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2.4 IN SITU HYBRIDIZATION

2.4.1 Probe design and production

All cDNA oligonucleotide probes used in the present studies were synthesized by Oswell 

DNA Service, (Southampton), (Applied Biosystems, 1991). The probes were purified by 

high pressure liquid chromatography and labelled at both the 5’ and 3’ end with a single 

molecule of digoxigenin (Boehringer, Bracknell, Berks.).

ISH probes, used in the current investigations for the detection of CT, TG and SS, were 

designed and validated elsewhere (Section 4.2.2.). Probes for the localisation of SP and 

albumin mRNAs were designed specifically for use in the present studies. The strategy for 

designing these probes was based on that described in the literature (Lewis et al. 1985; 

Emson, 1993). Initially the mRNA sequence for each species/target was identified, both in 

the literature and on the GenBank database (National Center for Biotechnology 

Information, 2002). Probes were designed specifically against the exons (coding regions) 

of the relevant mRNA sequence. 30 base-length (30-mer) probes were chosen, as probes 

of this size are known to have better tissue penetration (Stahl et al., 1993). The total G and 

C nucleotide content of each probe was 50-60% of the probe's base content, as higher GC 

levels require undesirably high temperatures for stringency washes (Lewis et al., 1985). 

Sequences containing polyG (more than GGG in a row) were avoided as they favour the 

formation of probe tetramers (Sen and Gilbert, 1988). For albumin detection, a cocktail of 

three probes was designed of similar length (30-mer), and GC content, but targeted to 

different, non-overlapping, sequences on the same mRNA molecule for improved 

sensitivity. Additionally, each albumin probe had a similar Tm value to simplify the 

stringency washes (Stahl et al., 1993). (The Tm of the probe indicates the stability of the 

hybrids and is the temperature at which one-half of the hybrid molecules become 

dissociated into single strands). A similar cocktail of probes was used for the detection of 

CT in rat tissues, although as mentioned above, this had been designed elsewhere.

2.4.2 Technical procedure

The protocol used for ISH, in the present studies, was based on that used by Farquharson et 

al. (1990). Sections were dewaxed in two changes each of xylene, industrial alcohol, and 

methylated spirits and then rinsed in phosphate buffered saline (PBS). After rehydration.
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sections were pre-treated in PK (2 sections in duplicate, 1 pg/ml for 40 min. and 50 min., 

both at 37°C) and then post-fixed in 4% paraformaldehyde in PBS for 5 min., then finally 

in 0.25% acetic anhydride in 0.1 M triethanolamine (pH 7.5) for 10 min. The slides were

rinsed in PBS between each pretreatment and all procedures were carried out at room

temperature unless otherwise stated. Sections were then placed in a non-formamide- 

containing prehybridization buffer for 1 hour (h) at 42°C. This buffer was made up in the 

following ratio (to make 2.4ml total volume):

1.0ml Commercial buffer (P1415; Sigma-Aldrich, Poole, Dorset) (= 0.02% ficoll 400, 

0.02% bovine serum albumin, 0.02% polyvinylpyrrolidone, 0.08% salmon testes 

DNA)

0.1ml 4X standard saline citrate (SSC) (IX SSC = 0.15M sodium chloride, 0.015M 

sodium citrate)

0.2ml O.OIM tris-HCl

0.2ml sodium pyrophosphate (4 mg/ml)

0.9ml diethylpyrocarbonate water (1 ml/L)

The hybridization was carried out with the probe(s) diluted in this buffer overnight in a 

moist chamber at 42°C. (The concentrations of the probes in the hybridization buffer are 

contained in Sections 3.2.3 and 4.2.3.) Coverslips were removed in 4X SSC and the 

sections washed. The post-hybridization washes were: two changes of 2X SSC, 10 min. 

each at room temperature; two changes of O.IX SSC, 20 min. each at 42°C and finally, one 

change of O.IX SSC at room temperature.

Before detection, sections were washed once for 5 min. in buffer 1 (O.IM tris-HCl, 0.15M 

sodium chloride, pH 7.5) and bound probe was then localized with alkaline phosphatase- 

linked anti-digoxigenin antibody (Boehringer; 1:500 dilution) for Ih. Unbound conjugate 

was removed by washing in two changes of buffer 1 (15 min. each) followed by one wash 

in buffer 2 (O.IM tris-HCl, O.IM sodium chloride, 0.05M magnesium chloride 

hexahydrate, pH 9.5). The final detection step was carried out overnight using NBT and 

BCIP as substrates. After dehydration and mounting, slides were examined using a Zeiss
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Axioskop microscope. A positive signal was demonstrated by the presence of dark blue, or 

purple, diformazan cytoplasmic reaction product.

2.4.3 Standard controls

Positive and negative controls were used in each ISH procedure. These are listed, together 

with the expected results in Table 2.1. The details of the negative controls were: a), pre

treatment with RNAse A (100 pg/ml) before hybridization with labelled probes; b), 

hybridization with irrelevant probes of similar length and C:G ratio (three 30-mer oligo- 

probe cocktail against cytosine deaminase of E. Coli; R&D Ltd, Abingdon, Oxford) and c), 

hybridization in the absence of labelled probes.

Table 2.1: Outline of protocol, with standard controls, for each ISH procedure 
(use of probes for albumin mRNA included as an example)

ISH Procedure Tissue(s) Result anticipated

Test system Use relevant probes (i.e. 
albumin)

Lesion under investigation ?

Positive Control Use relevant probes (i.e. 
albumin)

Cells/tissues where mRNA 
is known to be expressed 

(i.e. normal liver)

Positive staining

Negative Controls Use relevant probes (i.e. 
albumin)

Cells/tissues where mRNA 
is not expressed 

(e.g. normal brain, heart)

Negative staining

ISH procedure modified as 
follows:
• RNase pretreatment
• Omit probes (i.e. 

albumin)
•  Irrelevant probes {i.e. 

Cytosine deaminase)

Use in tissues where 
putative positive staining 

occurs
(i.e. normal liver and some 

tumours)

Negative staining 
in all cases

2.4.4 Optimisation of in situ hybridization procedures

Prior to commencement of the present investigations, the probe concentrations and the PK 

concentrations/times were established for each application using the positive control 

material.
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2.5 IMMUNOHISTOCHEMISTRY

2.5.1 Source of antibodies

All antibodies used in the IHC procedures in the present studies were obtained from 

commercial suppliers. Details of these primary antibodies, including concentrations, are 

contained in Sections 4.2.4 and 5.2.1.3.

2.5.2 Technical procedure

The method used for IHC in the present studies has been published elsewhere (Pilling et 

al., 2002). Firstly, the sections were dewaxed and incubated with 0.5% hydrogen peroxide 

in methanol to inhibit endogenous peroxidases. Either one of the following procedures 

was then performed depending on the nature of the primary antibody: rabbit polyclonal or 

mouse monoclonal.

2.5.2.1 Rabbit polyclonals used as primary antibodies

Firstly, non-specific protein binding was blocked using normal swine serum diluted 1:5 in 

tris buffered saline (buffer 1 as in Section 2.4.2). The primary antibody was diluted in 

normal swine serum and applied to the sections overnight at 4°C in a humidity chamber. 

After washing in buffer 1, biotinylated swine anti-rabbit immunoglobulins (1:100; 

DakoCytomation, Ely, Cambs.) were applied for 30 min.

2.5.2.2 Mouse monoclonals used as primary antibodies

Firstly non-specific protein binding was blocked using normal rabbit serum diluted 1:5 in 

buffer 1 (Section 2.4.2). The primary antibody was diluted in normal rabbit serum and 

applied to the sections overnight at 4°C in a humidity chamber. After washing in buffer 1, 

biotinylated rabbit anti-mouse immunoglobulins (1:100; DakoCytomation) were applied 

for 30 min.

2.5.2.3 Detection of bound antibodies

Finally, for both types of primary antibody, the sections were incubated with 

StreptABComplex/HRP (DakoCytomation) for 30 min., developed in freshly prepared 

diaminobenzidine (DAB) solution and counterstained with Mayers hematoxylin. A 

positive signal was demonstrated by the presence of a brown reaction product.
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2.5 2.4 Antigen retrieval

Antigen retrieval, using boric acid, was performed as part of the IHC procedure for the 

localisation of SS peptides (Chapter 4). Slides were placed in 0.2M boric acid (pH 7.0) in 

an incubator at 60°C overnight. For the detection of neurofilaments (Chapter 4) the slides 

were placed in a plastic rack and heated to 95°C for 10 min. in a commercial antigen 

retrieval (citrate) buffer (Vector, Peterborough). Antigen retrieval steps were performed 

immediately after the initial blocking step with normal swine serum.

2.5.3 Standard controls

Positive and negative controls were used in each IHC procedure. These are listed, together 

with the expected results in Table 2.2. The details of the negative controls were: a), 

omission of the primary antibody from the procedure and b), replacement of the primary 

antibody with an isotype (irrelevant) matched control; isotype controls used for rabbit 

polyclonals were normal rabbit immunoglobulin fraction (DakoCytomation), and for 

mouse monoclonals, mouse IgGl (DakoCytomation).

Table 2.2: Outline of protocol, with standard controls, for each IHC procedure 
(immunostaining for calcitonin peptides included as an example)

IHC Procedure Tissue(s) Result anticipated

Test system
Use relevant antibody 
(i.e. CT)

Lesion under investigation ?

Positive Control Use relevant antibody 
(i.e. CT)

Cells/tissues where peptide 
is known to be present (i.e. 

C-cells in young adult)

Positive staining

Negative Controls Use relevant antibody 
(i.e. CT)

Cells/tissues where peptide 
is not expressed 

(e.g. normal brain, heart)

Negative staining

IHC procedure modified as 
follows:
• Omit primary antibody
• Isotype control (i.e. 

rabbit immunoglobulins)

Use in tissues where 
putative positive staining 

occurs 
(i.e. young adult thyroid 
gland and some tumours)

Negative staining 
in all cases
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2.5.4 Optimisation of immunohistochemistry procedures

Prior to commencement of the present investigations, the antibody concentrations, 

conditions for antigen retrieval and other aspects of the procedures were established for 

each application using the positive control material.

2.6 GOOD LABORATORY PRACTICE

Recording of all data in these studies was performed in accordance with Good Laboratory 

Practice (OLP). An individual form was maintained for each animal detailing all clinical 

observations and post-mortem (PM) findings. Additionally, a study file was kept in the 

animal room in which any findings pertinent to the conduct of the study were entered (e.g. 

deviations from the protocol, such as fluctuations in room temperature etc.). All computer 

systems used for data capture, including the PLACES system for histopathology, were 

OLP accredited. Finally all paperwork, fixed tissue, slides and electronic data were 

archived for long term storage.
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Chapter 3

PROLIFERATIVE LESIONS OF THE LUNG IN THE B6C3Fi MOUSE

3.1 INTRODUCTION

Alveolar/bronchiolar (A/B) adenomas and carcinomas are commonly occurring 

spontaneous tumours of the lung in B6C3Fi mice (Dixon and Maronpot, 1991). The lung 

is also one of the most frequent sites for the presence of metastatic deposits from extra- 

thoracic neoplasms, in particular hepatocellular carcinoma (HCC) (Vesselinovitch, 1987). 

HCC is the most common malignancy in the B6C3Fi strain and pulmonary métastasés are 

sometimes difficult to distinguish from primary lung tumours on routine histological 

examination (Rittinghausen et al., 1996).

The histogenesis of spontaneous murine pulmonary tumours has been the subject of much 

debate, as to whether they arise from type II alveolar cells or from bronchiolar cells 

(Boorman and Dixon, 1991). Currently it is considered that the tumours can arise from 

either of these cell types. (Rehm et al., 1988; Boorman and Dixon, 1991, Dixon et al., 

1999). Four surfactant proteins (SPs A, B, C and D) are reported to be synthesized by 

alveolar type II cells and bronchiolar cells in most species (Korfhagen et al., 1992; Wong 

et al., 1996; Daly et al., 1997). The specific bronchiolar cell type responsible for their 

production is thought to be the Clara cell (Motwani et al., 1995), although recently this has 

been questioned in the case of SP-A synthesis (Ten Have-Opbroek; 1993). ISH studies, 

utilizing isotopic techniques in normal mice, have confirmed the presence of mRNA for 

SPs A, C and D in type II cells, and mRNA for SPs A and D in bronchiolar epithelium 

(Korfhagen et al., 1992; Wong et al., 1996; Daly et al., 1997; Mason et al., 2000). 

Recently SP expression has been studied in human diagnostic pathology. SPs A and B 

were demonstrated by ISH in human lung adenocarcinomas and the authors stated that the 

procedure may facilitate the differentiation of primary lung neoplasms from metastatic 

tumours or mesothelioma. (Broers et al., 1992; Khoor et al., 1997). In addition, reverse 

transcriptase-polymerase chain reaction (RT-PCR) was used to detect SP mRNAs in 

human metastatic pulmonary carcinomas (Betz et al., 1995). As yet, no attempts appear to 

have been made in mice, or in other species, to utilise the presence of SP mRNAs to assist
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either in the differential diagnosis of primary lung tumours, or to help determine their 

histogenesis.

The majority of hepatic tumours in B6C3Fi mice are composed of well-differentiated cells, 

resembling mature hepatocytes, and are classified as adenomas. However, a significant 

number of cases show atypical cellular features in association with invasive behaviour, and 

on this basis are usually diagnosed as HCC. The differential diagnosis of primary hepatic 

neoplasia in the mouse presents relatively few problems, but the recognition of hepatocyte 

differentiation in extra-hepatic métastasés is often more challenging. Métastasés 

containing morphologically normal cells may be problematic in addition to those with 

atypical histological structures, e.g. tubular or anaplastic patterns. Well-differentiated 

tumours frequently contain acinar arrangements, and if small and single may be difficult to 

distinguish from primary A/B neoplasms. To date, the absence of specific expression 

markers has hampered attempts to study the differentiation and structure of hepatocellular 

tumours. IHC procedures to detect albumin protein, a major secretory product of 

hepatocytes, have been used on hepatic tumours in various species with limited success 

(Nayak and Mital, 1977; Kojiro et al., 1981; Nonoyama et al., 1988; Moorman et al., 

1990). Generally, these failures were due to excessive background staining caused by the 

ubiquitous nature of albumin in the tissues, resulting in interpretative difficulties. To date, 

no reports appear to have been published on the utilisation of albumin mRNA expression 

in the study of hepatocellular neoplasms in animals.

In the present investigation, oligonucleotide probes were designed against murine SP and 

albumin mRNAs, and used in ISH procedures in lung, liver and other tumour-bearing sites 

in B6C3Fi mice. Firstly, the morphologies of the proliferative lesions in the lung, liver and 

at other sites were reviewed, and the expression of SP and albumin mRNAs correlated with 

these features. Secondly, SP and albumin expression in the proliferative lesions was 

compared to that seen in normal liver and lung. The aim of this work was to study the 

patterns of differentiation in pulmonary and hepatocellular tumours to facilitate more 

accurate diagnoses of these lesions, particularly the differentiation of primary lung tumours 

from metastatic HCCs. An additional purpose was to utilise the expression of SP mRNAs 

to determine the histogenesis of A/B neoplasms in B6C3Fi mice.
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3.2 MATERIALS AND METHODS

3.2.1 Tissues

The tissues investigated came from a background carcinogenicity study involving 

untreated B6C3Fi mice (Section 2.1.1). All organs and tissues from these mice had been 

subjected to a preliminary histological evaluation, using H&E stained sections. Fifty male 

animals were selected for the present investigation, of which the lungs were known to 

contain approximately equal numbers of primary lung tumours and metastatic deposits. 

Over 50% of these mice had survived the two year study period, with the remainder being 

killed for humane reasons at ages ranging between 12 and 23 months. The lung, liver and 

metastatic deposits from all mice were stained by ISH for albumin and SP (A-D) mRNAs.

3.2.2 Probes for in situ hybridization

cDNA oligonucleotide probes, complimentary to murine albumin and SP mRNA 

sequences, were synthesized (Oswell DNA Service, Southampton, UK) and purified by 

high pressure liquid chromatography (Table 3.1). The probes were labelled at both the 5’ 

and 3’ ends with a single molecule of digoxigenin (Boehringer).

Table 3.1: Sequences of probes used in ISH procedures to detect
albumin and surfactant protein mRNAs in murine tissue

Target (mRNA) Probe Sequence

Albumin 5’-CT TCI GGC AAC TTC ATG CAA ATA GTG TCC CA-3’ 
5’-CT TGG CCT GAG CAT AGT TCT TGC ACA CTT CA-3’ 
5 -AC TTG GTG CCC ACT CTT CCT AGG TTT CTT GA-3’

SP-A
SP-B
SP-C
SP-D Probe 1 
SP-D Probe 2

5 -GCTGAGGACTCCCATTGTTTGCAGAATCTG-3 ’
5 -GGACAATATCCTCACACTCTTGGCACAGGT-3’
5 -AAAGCCTCAAGACTAGGGATGCTCTCTGGA-3’ 
5’-TGCCCACATCTGTCATACTCAGGAAAGCAG-3’
5 -AGGGGCTGTACAAGCAAGACAAGCATGGAG-3’
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3.2.2.1 Probes for surfactant protein mRNA

One 30-base probe was designed and produced for each of the murine SPs A, B and C 

(Glasser et al., 1990; Korfhagen et al., 1992; Bruno et al., 1995) while two probes were 

synthesized for SP-D (Motwani et al., 1995).

3.2.2.2 Probes for albumin mRNA

A cocktail of three 31-base cDNA oligonucleotide probes were designed and produced for 

murine albumin (Minghetti et al., 1985).

3.2.3 In situ hybridization procedure

The method used for ISH is described in full In Section 2.4.2. Each SP probe was used at a 

concentration of 0.3 ng/pl in the hybridisation buffer. The albumin probe cocktail was 

used at a concentration of 0.1 ng/pl. Standard negative controls were used as detailed in 

Section 2.4.3.

3.2.4 Light microscopic examinations

The diagnostic criteria used for hepatic and pulmonary proliferative lesions were based on 

the nomenclature used in The National Toxicology Program (Maronpot et al., 1987; Dixon 

and Maronpot, 1991). For each ISH staining procedure an assessment was made, firstly of 

the number of cells in the relevant population that were staining positively (1-5 scale), and 

secondly, of the overall staining intensity (weak, moderate or strong).
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3.3 RESULTS

Individual animal histopathology data are contained in Table 3.2.

3.3.1 Morphologies of proliferative lesions

Proliferative lesions identified in the lung and liver are listed in Tables 3.3 and 3.4 

respectively. These lesions were classified according to morphological features present in 

the H&E stained sections.

3.3.1.1 Alveolar epithelial hyperplasia

Only 6 lesions were classified as AEH in the present study (Table 3.3; Fig. 3.1a). These 

lesions comprised discrete, well localised areas of the lung where the alveolar septae were 

lined by polyhedral cells with overall retention of the alveolar architecture (alveolar 

pattern). No cellular or nuclear atypia was present.

3.3.1.2 Alveolar/Bronchiolar adenoma and carcinoma

Eighteen lesions were graded as A/B adenomas and a further seven as A/B carcinomas 

(Table 3.3). These were located randomly within the lung parenchyma in both 

peribronchiolar and peripheral regions. Adenomas were discrete lesions composed of 

solid, tubulopapillary or mixed (combination of both) histological patterns (Figs. 3.1c; 3.2a 

and c), whereas carcinomas were predominantly tubulopapillary (Fig. 3.4a and c). Some 

of the A/B carcinomas contained areas of anaplastic cells, comprising sheets of small 

pleomorphic cells with indistinct cell boundaries (Fig. 3.5c). Mitotic figures were common 

in these anaplastic areas, but less prominent in well differentiated regions. In other 

carcinomas the overall structure resembled an adenoma, but a diagnosis of malignancy was 

made on the evidence of invasion of adjacent tissues such as blood vessels, airways and 

pleural surfaces. In these cases, the invasive areas were often small in relation to the 

overall size of the lesion. Occasionally, the carcinomas were invading bronchiolar walls 

and extending into bronchiolar lumina (Fig. 3.5a), however there was no morphological 

evidence that such tumours had arisen directly within the bronchioles. In particular, in no 

animal was there clear evidence of preneoplastic (dysplastic) or early neoplastic epithelial 

changes contiguous with, or extending fi*om, the adjacent normal bronchiolar epithelium.
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3.3.1.3 Metastatic tumour deposits in the lung

In the lung of 22 mice, proliferative lesions were present with different morphological 

features to those described above, and these could not be included in the above categories 

of primary lung tumours. The lesions were of variable size and usually single and nodular, 

but on some occasions they were multiple and randomly distributed throughout the lung 

parenchyma. On this basis, these lesions were regarded as being of probable metastatic 

origin.

Generally, three histological patterns could be identified in these lesions: 

trabecular/adenoid, acinar/tubular and anaplastic (Table 3.3). The trabecular and acinar 

categories were of approximate equal frequency, whereas a lower incidence of the 

anaplastic pattern was observed. Trabecular/adenoid lesions were well-differentiated 

structures composed of trabeculae or clusters of polygonal cells, with centrally placed 

nuclei and moderate amounts of cytoplasm (Figs. 3.6a; 3.7c). Occasionally, small acinar 

structures were present, with the cells in each acinus lining a central empty space (Fig. 

3.6c). Lipid vacuolation of the cells was a prominent feature. In the acinar/tubular lesions 

the epithelial lining of the glandular structures comprised hyperchromatic, cuboidal or 

columnar cells with frequent mitoses (Fig. 3.8a). Secretory material was usually absent in 

these acinar structures. Anaplastic lesions were composed of pleomorphic cells, either as 

closely packed solid sheets or as fusiform cells forming sarcomatous-like structures (Figs. 

3.7a; 3.8c). Mitotic figures were a common feature of the anaplastic pattern but were far 

less conspicuous in the other histological forms.

3.3.1.4 Metastatic tumour deposits in tissues outside the lung

14 lesions were identified in a total of seven mice. These were sited in a variety of tissues, 

including kidney, pancreas, heart, mesenteric lymph nodes (MLN), and trachea (Table 

3.4b; Figs. 3.9a and c; 3.10a and c). In all cases a lung deposit was present in the same 

animal. The lesions were usually discrete, of variable size and appeared to be positioned 

randomly within the relevant tissue. The same histological patterns were present as were 

noted in the metastatic deposits in the lung, although outside the lung the anaplastic forms 

were more frequent. Again, on a strictly morphological basis, these tumours were regarded 

as being of probable metastatic origin.
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3.3.1.5 Hepatocellular adenoma

HA was observed in the liver of 11 mice in the present study, the morphology of these 

lesions being typical of this type of tumour (Table 3.4a). Without exception, HAs were 

discrete tumours compressing the adjacent parenchyma and composed of either 

eosinophilic or vacuolated, well-differentiated cells (Fig. 3.1 la  and c).

3.3.1.6 Hepatocellular carcinoma

The appearance of the 22 cases of HCC identified in the present study was highly variable 

(Table 3.4b). Generally, these lesions could be divided into the same three categories that 

were present in the metastatic lung deposits, based upon the predominant histological 

pattern present. However, many of these primary carcinomas were much larger than the 

deposits present in the lung, and more heterogeneous in terms of structure. In some cases 

several different histological patterns were present in close proximity within the same 

tumour (Figs. 3.12a and c; 3.13a and c). Also large areas of necrosis were present in many 

of the tumours. Small numbers of mitotic figures were present in trabecular and acinar 

patterns, with many more being observed in anaplastic areas. These tumours were 

diagnosed as malignant based upon the presence of poorly differentiated cells and invasion 

of the surrounding parenchyma. The presence, or absence, of mitoses was found to be of 

little value for diagnostic purposes.

3.3.2 In situ hybridization staining for mRNAs

3.3.2.1 Surfactant protein mRNA expression

SP mRNAs were consistently present in normal lung in scattered individual cells whose 

number, distribution and morphology identified them as alveolar type II cells. In 46/50 

(92%) of mice, the type II cells stained positively for mRNA for SPs A, B and C (Table 

3.5a; Fig. 3.14a-c). Although inter-animal variation was observed in the staining intensity 

of the cells with each probe, generally the strongest staining was for SP-C mRNA. No 

signals for SP-D were noted in any of the lungs examined and therefore a second probe 

was designed and tested, however this also gave completely negative results (Fig. 3.14d). 

No staining of bronchi or bronchioles was observed with probes for SPs A, B C or D. 

Other alveolar cells, including macrophages, were also negative.
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All cases of AEH stained positively for SP mRNAs (Table 3.3; Fig. 3.1b). Although SP-A 

and SP-C mRNAs were present in all these lesions, SP-B transcripts were seen in only 4/6. 

The number of cells staining positively for SP-C mRNA was greater than for the other 

transcripts. No staining for SP-D mRNA was noted in the hyperplasias.

SP mRNAs were expressed in all lesions graded as A/B adenomas and A/B carcinomas 

(Table 3.3) with SPs A, B and C being co-expressed in 16/18 (89%) of adenomas (Figs. 

3.Id; 3.2b and d; 3.3d), and 5/7 (71%) of carcinomas in both solid and tubulopapillary 

areas (Figs. 3.4b and d; 3.5b and d). Anaplastic areas of A/B carcinomas were 

occasionally weakly stained but more commonly showed a complete absence of signals. 

As with normal type II cells, inter-animal variation in the staining of tumour cells with the 

same probe was observed. Generally, the number of cells staining positively for SP-C 

mRNA was greater than for the other transcripts in both solid and tubulopapillary areas 

(Fig. 3.3b and c). No differences in staining pattern were noted between neoplasms in 

peribronchiolar regions and distal airways. No relationship appeared to exist between the 

expression of a particular SP mRNA and any specific stage or morphology of lung tumour. 

SP-D mRNA was not observed in any of the primary lung tumours (Table 3.3).

No positive staining for SP mRNAs was observed in normal livers, primary hepatic 

tumours or any of the metastatic deposits (in the lung or at non-pulmonary sites). No 

signals were observed in other normal tissues examined (usually attached to a metastatic 

deposit), these included kidney, heart, pancreas, aorta, trachea, MLN and salivary glands. 

In addition, no positive staining was observed with the other negative controls (Fig. 3.16a- 

d).

3.3.2.2 Albumin mRNA expression

Positive signals for albumin mRNA were present in sections of normal liver from all mice

in the present study (Table 3.5b). A marked zonal variation in staining pattern was

observed within the liver lobule with the periportal areas staining the most strongly (Fig.

3.17a and b). The intensity of staining also varied between animals so that in some cases

the signals were very weak or non existent in the centrilobular zones. In general, the

staining intensities and numbers of positive cells were greater in peripheral than in central

areas of a liver lobe. This was present in an extreme form, in a few animals, where
75



subcapsular areas exhibited very strong signals, while central areas were virtually 

unstained (Fig. 3.17c and d). Staining for albumin was noted in the normal liver 

immediately adjacent to a neoplasm as well as in non-tumour bearing lobes. No signals 

were observed in other liver cells such as Kupffer cells, mesenchymal cells or bile duct 

epithelium.

All hepatic adenomas (HA) in the present investigation stained positively for albumin 

mRNA (Table 3.4a). The majority of these tumours were uniformly positive with a strong 

intensity of hybridization signal (Fig. 3.1 Id). The strength of positive staining in benign 

neoplasms was a striking feature and was often greater than that observed in the adjacent 

normal liver parenchyma (Fig. 3.11b). Albumin expression was also observed in all of the 

primary HCCs, but the strength of hybridization signal both between animals and within 

individual tumours was much more variable than in benign neoplasms. Most HCCs 

contained several well-defined zones of strong, weak or negatively stained cells with the 

strength of staining related to the histological pattern (Fig. 3.12b and d). Well- 

differentiated cells in trabecular or adenoid structures showed strong signals for albumin 

mRNA (Figs. 3.12d; 3.13b), whereas the staining in acinar or tubular patterns was weaker 

and more focal (Fig. 3.13b). In most cases anaplastic regions showed very weak or 

negative staining (Figs. 3.12d; 3.13d). Small numbers of oval cells were present in only 

one case of HCC and these gave a negative hybridization signal. In large tumours, the 

degree of staining for albumin mRNA was greater in peripheral than in central areas, while 

necrotic or haemorrhagic areas were invariably negatively stained (Fig. 3.12b).

Albumin mRNA was detected in 14/22 (64%) of pulmonary tumour deposits and 6/14 

(43%) of deposits at other sites (Tables 3.3 and 3.4b). Again, the degree of positive 

staining was dependent on the histological pattern, and in broad terms was similar to that 

observed in primary HCCs. Well-differentiated cells, showing a trabecular/adenoid 

structure generally stained the most strongly (Figs. 3.6b and d; 3.7d), although exceptions 

did exist as a few tumours were completely negative. In acinar/tubular areas the staining 

was less extensive with positive cells being sparse and scattered (Figs. 3.8b; 3.9b). 

Positive staining was usually weak or non-existent in anaplastic regions (Figs. 3.7b; 3.8d; 

3.10d).
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No positive staining for albumin mRNAs was observed in normal lung, primary lung 

tumours or in other normal tissues examined (usually attached to a metastatic deposit), 

these included kidney, heart, pancreas, aorta, trachea, MLN and salivary glands (Figs. 3.9b 

and d; 3.10b). In addition, no positive staining was observed with the other negative 

controls (Fig. 3.15a-d).
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Table 3.2: Individual animal histopathology data: proliferative lesions identified in B6C3Fi mice

Case No. Age
(months)

Tissue/Lesion Morphology*’

1 25 Lung - AEH Alveolar

2 25 Lung - AEH Alveolar

3 25 Lung - AEH Alveolar

4 25 Lung - AEH Alveolar

5 12̂ Lung - A/B adenoma Solid

6 25 Lung - A/B adenoma Solid

7 21“ Lung - A/B adenoma Mixed

8 25 Lung - A/B adenoma Solid

9 25 Lung - A/B adenoma Solid

10 25 Lung - A/B adenoma Mixed

11 25 Lung - A/B adenoma Tubulopapillary

12 23“ Lung - A/B adenoma Solid

13 25 Lung - A/B adenoma Mixed

14 25 Lung - A/B adenoma Tubulopapillary
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Table 3.2: Individual animal histopathology data: proliferative lesions identified in B6C3Fi mice (continued)

Case No. Age
(months)

Tissue/Lesion Morphology*’

15 25 Lung - A/B adenoma Tubulopapillary
Lung - metastatic tumour deposits Acinar/tubular
MLN - metastatic tumour deposits Acinar/tubular
Liver - HCC Acinar/tubular

16 25 Lung - A/B adenoma Tubulopapillary

17 18* Lung - A/B carcinoma Tubulopapillary

18 14* Lung - A/B carcinoma Tubulopapillary

19 21* Lung - A/B carcinoma Tubulopapillary

20 21* Lung - A/B carcinoma Tubulopapillary

21 25 Lung - A/B carcinoma Tubulopapillary

22 25 Lung - metastatic tumour deposits Acinar/tubular
Kidney - metastatic tumour deposits Acinar/tubular
Pancreas - metastatic tumour deposits T rabecular/adenoid
Salivary gland - metastatic tumour deposits Acinar/tubular
MLN - metastatic tumour deposits Acinar/tubular
Liver - HA
Liver - HCC Acinar/tubular
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Table 3.2: Individual animal histopathology data: proliferative lesions identified in B6C3Fi mice (continued)

Case No. Age
(months)

Tissue/Lesion Morphology*’

23 17® Lung - metastatic tumour deposits Acinar/tubular
Heart - metastatic tumour deposits Acinar/tubular
Liver - HA
Liver - HCC Acinar/tubular

24 20^ Lung - metastatic tumour deposits Anaplastic
Kidney - metastatic tumour deposits Anaplastic
MLN - metastatic tumour deposits Anaplastic
Liver-HCC Anaplastic

25 25 Lung - metastatic tumour deposits Acinar/tubular
Liver - HCC Acinar/tubular

26 19» Lung - metastatic tumour deposits T rabecular/adenoid
Trachea - HCC (metastatic deposits) Anaplastic
Aorta - HCC (metastatic deposits) Anaplastic
Liver - HCC T rabecular/adenoid

27 20® Lung - metastatic tumour deposits Anaplastic
Aorta - metastatic tumour deposits Anaplastic
MLN - metastatic tumour deposits Anaplastic
Pancreas - metastatic tumour deposits Anaplastic
Liver - HA
Liver - HCC Anaplastic

28 21® Lung - metastatic tumour deposits T rabecular/adenoid
Liver - HA
Liver - HCC T rabecular/adenoid
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Table 3.2: Individual animal histopathology data: proliferative lesions identified in B6C3Fi mice (continued)

Case No. Age
(months)

Tissue/Lesion Morphology*’

29 25 Lung - metastatic tumour deposits T rabecular/adenoid
Liver - HCC T rabecular/adenoid

30 18* Lung - metastatic tumour deposits Anaplastic
Liver - HCC Acinar/tubular

31 18* Lung - metastatic tumour deposits T rabecular/adenoid
Liver - HA
Liver - HCC T rabecular/adenoid

32 21* Lung - metastatic tumour deposits Acinar/tubular
Liver - HA
Liver-HCC Acinar/tubular

33 25 Lung - metastatic tumour deposits Trabecular/adenoid
Liver - HCC T rabecular/adenoid

34 18* Lung - metastatic tumour deposits T rabecular/adenoid
Liver - HCC T rabecular/adenoid

35 25 Lung - metastatic tumour deposits T rabecular/adenoid
Liver - HCC T rabecular/adenoid

36 19* Lung - metastatic tumour deposits Acinar/tubular
Liver - HCC Acinar/tubular
Mammary gland - adenocarcinoma
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Table 3.2: Individual animal histopathology data: proliferative lesions identified in B6C3Fi mice (continued)

Case No. Age
(months)

Tissue/Lesion Morphology

37 25 Lung - AEH Alveolar
Liver - HA

38 25 Lung - AEH Aveolar
Liver - HA

39 25 Lung - A/B adenoma Solid
Liver - HA

40 25 Lung - A/B adenoma Mixed
Liver - HA

41 25 Lung - A/B adenoma Solid
Liver - HA

42 25 Lung - A/B adenoma Tubulopapillary

43 25 Lung - A/B adenoma Tubulopapillary

44 19^ Lung - A/B adenoma Mixed
Lung - metastatic tumour deposits Acinar/tubular
Liver - HCC T rabecular/adenoid

45 25 Lung - A/B carcinoma Tubulopapillary
Lung - metastatic tumour deposits Acinar/tubular
Liver - HCC Acinar/tubular

46 i t Lung - A/B carcinoma Tubulopapillary
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Table 3.2: Individual animal histopathology data: proliferative lesions identified in B6C3Fi mice (continued)

Case No. Age
(months)

Tissue/Lesion Morphology^

47 25 Lung - metastatic tumour deposits Anaplastic
Liver - HCC Anaplastic

48 23^ Lung - metastatic tumour deposits Anaplastic
Liver - HCC Anaplastic

49 19̂ Lung - metastatic tumour deposits T rabecular/adenoid
MLN - metastatic tumour deposits Anaplastic
Liver - HCC T rabecular/adenoid

50 22*̂ Lung - metastatic tumour deposits T rabecular/adenoid
Liver - HCC T rabecular/adenoid

® = ICD (sick killed)
 ̂= predominant histological pattern
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Table 3.3; Staining properties of lung tumours in B6C3Fi mice
Age

(months)
Case No. Morphology

Albumin
Numbers of positively stained cells

SP-A SP-B SP-C SP-D

AEH
25 Alveolar + + + -H -+

25 Alveolar
25 Alveolar
25 Alveolar
25 37' Alveolar
25 38' Alveolar I I I I

A/B adenomas
\T Solid I I I I I M ++

19" 44' Mixed ++++

21* Mixed

23* 12 Solid
25 Solid
25 Solid ++++
25 Solid
25 10 Mixed
25 11 Tubulopapillary +
25 13 Mixed
25 14 Tubulopapillary t +++->
25 15' Tubulopapillary
25 16 Tubulopapillary
25 39' Solid +++-H - +++++

25 40' Mixed
25 41' Solid +++++

25 42 Tubulopapillary
25 43 Tubulopapillary
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Table 3.3: Staining properties of lung tumours in B6C3Fi mice (continued)

Age
(months)

Case No. c
Morphology Numbers of positively stained cells

Albumin SP-A SP-B SP-C SP-D

A/B carcinomas
14“ 18 Tubulopapillary - - + + -

18“ 17 Tubulopapillary - + + + + -H-+ -

2 l“ 19 Tubulopapillary - ++ -H- -H -H - -

21“ 20 Tubulopapillary - +++ -H- -H -H - -

22“ 46 Tubulopapillary - +++ ++ +++ -

25 21 Tubulopapillary - + ++ +-H- -

25 45*̂ Tubulopapillary - - + +++ -

Metastatic
deposits
17“ 23*’ Acinar/tubular + - - - -

18“ 30*’ Acinar/tubular - - - - -

18“ 31*’ Trabecular/adenoid - - - - -

18“ 34*’ T rabecular/adenoid + - - - -

19“ 26*’ T rabecular/adenoid + H  1 - - - -

19“ 36*’ Acinar/tubular - - - - -

19“ 44*’ Acinar/tubular + - - - -

19“ 49*’ T rabecular/adenoid +-H- - - - -

20“ 24*’ Anaplastic - - - - -

20“ 27*’ Anaplastic + - - - -

21“ 28*’ T rabecular/adenoid ++++ - - - -
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Table 3.3: Staining properties of lung tumours in B6C3Fi mice (continued)

Age
(months)

Case No. c
Morphology Numbers of positively stained ceils

Albumin SP-A SP-B SP-C SP-D

Metastatic 
deposits (cant.)
i f 32^ Acinar/tubular ++ - - - -

i t 50^ Trabecular/adenoid -H- - - - -

i t 48^ Anaplastic - - - - -
25 15** Acinar/tubular -H- - - - -
25 22^ Acinar/tubular -H- - - - -
25 25^ Acinar/tubular + - - - -
25 i t T rabecular/adenoid - - - - -
25 33*" T rabecular/adenoid - - - - -
25 35^ T rabecular/adenoid ++ - - - -
25 45*’ Acinar/tubular + - - - -
25 47*’ Anaplastic - - - - -

- = negative staining; + = less than 20% positive cells; ++ = 20-40% positive cells; 
I I I I = 60-80% positive cells; = more than 80% positive cells

= 40-60% positive cells;

 ̂= sick killed
 ̂= liver tumour also identified in this animal 

^ = predominant histological pattern

86



Table 3.4: Expression of albumin mRNA in hepatocellular tumours and métastasés in B6C3Fi mice 

(a): Hepatic adenomas

Age
(months)

Case No. Hepatic adenoma 
(No. positive cells)

17" 23 I I \ 1 +

18" 31 I+++

20 27
21 ‘ 28
21 ' 32 I I+++

25 22 I I I I I
25 37 I I I I I
25 38
25
25
25

39
40
41
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(b); Hepatocellular carcinomas and métastasés (non-pulmonary)
Age

(months)
Case No. Primary HCC

Morphology No. of positive cells
Métastasés (non-pulmonary)

Tissue Morphology No. of positive cells
17 23 Acinar/tubular Heart Acinar/tubular
18“ 30 Acinar/tubular NP NP NP
18“ 31 T rabecular/adenoid NP NP NP
18“ 34 T rabecular/adenoid NP NP NP
19“ 26 T rabecular/adenoid I t + + + Trachea

Aorta
Anaplastic
Anaplastic

19“ 36 Acinar/tubular + NP NP NP
19“ 44 T rabecular/adenoid -H -H - NP NP NP
19“ 49 Trabecular/adenoid -H -H - MLN Anaplastic
20 24 Anaplastic + Kidney

MLN
Pancreas

Anaplastic
Anaplastic
Anaplastic

20 27 Anaplastic Aorta
MLN

Anaplastic
Anaplastic

21 ‘ 28 T rabecular/adenoid NP NP NP

21 ‘ 32 Acinar/tubular NP NP NP
22 50 T rabecular/adenoid NP NP NP

23 48 Anaplastic NP NP NP
25 15 Acinar/tubular MLN Acinar/tubular
25 22 Acinar/tubular Kidney 

Pancreas 
Salivary gland 

MLN

Acinar/tubular
Trabecular/adenoid

Acinar/tubular
Acinar/tubular

25 25 Acinar/tubular NP NP NP
25 29 T rabecular/adenoid NP NP NP
25 33 T rabecular/adenoid NP NP NP
25 35 T rabecular/adenoid NP NP NP
25 45 Acinar/tubular NP NP NP
25 47 Anaplastic NP NP NP

- = negative staining; + = less than 20% positive cells; ++ = 20-40% positive cells;
+++ = 40-60% positive cells; ++++ = 60-80% positive cells; +-i i i  ̂ = more than 80% positive cells 
 ̂= sick killed; = predominant histological pattern; NP = lesion not present



Table 3.5: Staining properties of normal lung and liver in B6C3Fi mice

Age
(months)

Case No. SP-A SP-B SP-C SP-D Albumin

12® 5 -f-H- + 4-4- - -
14® 18 - + 4- - -
17® 23 -H-+ + 4-4-4- - -
18® 17 ++ + 4-4-4- - -
18® 30 + ++ 4-4-4- - -
18® 31 + + 4-4- - -
18® 34 + ++ 4-4-4- - -

19® 26 + + 4- - -
19® 36 - + 4- - -
19® 44 + + 4-4- - -
19® 49 ++ 44- 4-4-4- - -

20® 24 + 4- 4-4-4- - -

20® 27 +++ 4- 4-4- - -
21® 7 +-H- 4- 4-4-4- - -

21® 19 ++ 44- 4-4-4- - -

21® 20 + 4- 4-4- - -

21® 28 -H- 4-4- 4-4-4- - -

21® 32 + 4- 4- - -

22® 46 -H- 4-4- 4-H - - -

22® 50 + 4- 4-4- - -
23® 12 -H- 4-4- 4-4- - -
23® 48 4- 4-4- 4-4- - -
25 1 + 4-4- 4-4-4- - -
25 2 + 4- 4-H - - -
25 3 + 4- 4-4- - -
25 4 + 4-4- 4-4-4- - -
25 6 ++ 4- 4-4- - -
25 8 + 4- 4-4- - -
25 9 + 4- 4- - -
25 10 - - 4- - -
25 11 + 4- 4-4- - -

25 13 + 4-4- 4-4- - -

25 14 -H- 4- 4-H- - -
25 15 ++ 4-4- 4-4-4- - -
25 16 + 4-4- 4-4- - -
25 21 ++ 4-4- -H-4- - -
25 22 ++ 4- 4-4- - -

25 25 + 4- ++ - -
25 29 + 4- 4-4- - -

25 33 +-H- 4- 4-4- - -

25 35 ++ 4- 4-4-4- - -

25 37 - - 4- - -
25 38 + 4- ++ - -

25 39 ++ 4-4- 4-4- - -

25 40 + 44- 4-4- - -

25 41 ++ 4- 4-H - - -

25 42 + 44- 4-H - - -
25 43 -H- 4-4- 4-H - - -

25 45 + 44- 4-4- - -
25 47 + 4- 4-4-4- - -

+ = weakly positive; moderately positive; +++ = strongly positive “ = sick killed 
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(b); Numbers of hépatocytes staining positively for SPs and albumin mRNAs
Age

(months)
Case No. SP-A SP-B SP-C SP-D Albumin

12̂ 5 - - - - +++

14" 18 - - - - +++

17̂ 23 - - - - 4-H -

18® 17 - - - - +++

18® 30 - - - - +++

18® 31 - - - - +++

18® 34 - - - - +++

19® 26 - - - - +-H-

19® 36 - - - - +++

19® 44 - - - - +++

19® 49 - - - - +-H-

20® 24 - - - - +++

20® 27 - - - - +++

21® 7 - - - - +-H-

21® 19 - - - - +-H-

21® 20 - - - - ++

21® 28 - - - - -H-+

21® 32 - - - - +++

22® 46 - - - - +++

22® 50 - - - - -H-+

23® 12 - - - - -l-H-

23® 48 - - - - +++
25 1 - - - - +-H-

25 2 - - - - -H-
25 3 - - - - -H-+
25 4 - - - - -H -H -
25 6 - - - - +++
25 8 - - - - +++
25 9 - - - - +++
25 10 - - - - +++
25 11 - - - - +-H-
25 13 - - - - -H-+
25 14 - - - - +++
25 15 - - - - +++
25 16 - - - - ++++
25 21 - - - - -H-++

25 22 - - - - +++
25 25 - - - - ++
25 29 - - - - -m -

25 33 - - - - -H -H -

25 35 - - - - 4-H -
25 37 - - - - -H-+

25 38 - - - - -H -f
25 39 - - - - -H-+
25 40 - - - - + + + +

25 41 - - - - ++
25 42 - - - - +++
25 43 - - - - -t-H-

25 45 - - - - +++
25 47 - - - - -H-+

- = negative staining; + = less than 20% positive cells; ++ = 20-40% positive cells; 
positive cells; ++++ = 60-80% positive cells; “ = sick killed

=  40-60%
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(C) (d)

Fig. 3.1: Expression of SP mRNAs in AEH and A/B adenoma.

(a) H&E. AEH. Proliferating cells confined to alveolar walls. xlOO (OM).

(b) SP-C ISH. Close section to to (a) above. Cells staining strongly for SP-C mRNA. 
xlOO (OM).

(c) H&E. A/B adenoma; tubulopapillary pattern. x50 (OM).

(d) SP-C ISH. Serial to (c) above. Strong, uniform staining for SP-C mRNA in 
adenoma and type II cells in normal lung. xSO (OM).
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Fig. 3.2: Expression of SP mRNAs in A/B adenomas. All xlOO (OM).

(a) H&E. A/B adenoma; solid pattern. Irregular margin of tumour with extension 
into adjacent alveolar spaces (non-invasion).

(b) SP-A ISH. Serial to (a) above. Relatively strong staining for SP-A mRNA.

(c) H&E. A/B adenoma; mixed pattern. Solid area (A) apposed to tubular area (B).

(d) SP-C ISH. Close section to (c) above. Moderately strong staining of tubular area 
for SP-C mRNA (B). Weak staining of solid area (A) for SP-C mRNA.
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Fig. 3.3: Expression of SP mRNAs in A/B adenoma.

(a) H&E. A/B adenoma, mixed pattern. x25 (OM).

(b) SP-C ISH. Serial to (a) above. Strong uniform staining of adenoma for SP-A 
mRNA. Also strong positivity of alveolar type II cells in adjacent lung. x25 (OM).

(c) SP-B ISH. Serial to (b) above. Weaker staining of adenoma and adjacent type II 
cells for SP-B mRNA. x25 (OM).

(d) SP-C ISH. Margin of A/B adenoma; tubular pattern. Strong staining of tumour 
cells for SP-C mRNA. Type II cells in adjacent lung also staining strongly and 
appear crowded (arrow) due to compression by the tumour. xlOO (OM).
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Fig. 3.4: Expression of SP mRNAs in A/B carcinoma.

(a) H&E. Carcinoma with tubular pattern. Irregular border of tumour with 
deposits of tumour cells away from the main mass (arrows). x25 (OM).

(b) SP-C ISH. Close section to (a) above. Main body of carcinoma showing varying 
intensity of staining for SP-C mRNA. Deposits of tumour cells are also staining 
strongly (arrows). x25 (OM).

(c) H&E. Carcinoma with tubulopapillary pattern. x50 (OM).

(d) SP-A ISH. Serial to (c) above. Relatively uniform staining for SP-A mRNA. 
x50 (OM).
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Fig. 3.5: Expression of SP mRNAs in A/B carcinoma. Ail xlOO (OM).

(a) H&E. A/B carcinoma showing invasion of bronchiolar lumen (A).

(b) SP-C ISH. Serial to (a) above. Patchy staining of neoplastic cells for SP-C mRNA 
within bronchiolar lumen (A).

(c) H&E. A/B carcinoma showingcentral anaplastic area (A) surrounded by a 
tubular arrangement of cells (B).

(d) SP-A ISH. Strong staining of tubular area (B) for SP-A mRNA. Anaplastic area 
(A) shows negative staining.
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Fig. 3.6: Expression of albumin mRNA in pulmonary métastasés of HCC.

(a) H&E. Well circumscribed metastatic deposit, adjacent to a bronchiole (A). 
x25 (OM).

(b) Albumin ISH. Serial to (a) above. Uniform, strong staining of deposit for 
albumin mRNA. No staining of normal lung or bronchiole (A). x25 (OM).

(c) H&E. Higher magnification of (a) above. Tumour contains irregular nests of 
cells with acinar formation (yellow arrow). Bronchiolar epithelium denoted by 
black arrow. xIOO (OM).

(d) Albumin ISH. Close section to (c) above. Strong, uniform staining of cells and 
acini (yellow arrow) for albumin mRNA. No staining of bronchiolar epithelium 
(black arrow). xlOO (OM).
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Fig. 3.7: Expression of albumin mRNA in pulmonary métastasés of HCC.
All x200 (OM).

(a) H&E. Deposit of anaplastic HCC (yellow arrow) close to a bronchiole (black 
arrow).

(b) Albumin ISH. Close section to (a) above. Negative staining for albumin mRNA.

(c) H&E. Perivascular accumulation of cells within poorly inflated lung parenchyma.

(d) Albumin ISH. Serial to (c) above. Strong staining for albumin mRNA in 
perivascular cells.
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Fig. 3.8: Expression of albumin mRNA in pulmonary métastasés of HCC.
All XlOO (OM).

(a) H&E. Deposit of HCC showing tubular pattern.

(b) Albumin ISH. Close section to (a) above. Strong staining of scattered cells for 
albumin mRNA.

(c) H&E. Deposit of anaplastic HCC close to a bronchiole (A).

(d) Albumin ISH. Close section to (c) above. Focus of cells staining strongly for 
albumin mRNA (arrow), in an otherwise negative cell population.
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Fig. 3.9: Albumin expression in metastatic deposits of HCC. All xlOO (OM).

(a) H&E. Deposit of HCC, showing tubular morphology, in renal cortex (arrows 
denote margin of tumour).

(b) Albumin ISH. Close section to (a) above. Scattered cells within tumour deposit 
staining strongly for albumin mRNA. No staining of adjacent cortical tissue and 
glomeruli.

(c) H&E. Small deposit of HCC (arrow) adjacent to pancreatic islet.

(d) Albumin ISH. Close section to (c) above. Scattered cells within tumour deposit 
(arrow) staining strongly for albumin mRNA. No staining of normal pancreatic 
islet and glandular tissue.
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Fig. 3.10: Albumin expression in a metastatic deposit of HCC adjacent to trachea.

(a) H&E. Low magnification of anaplastic HCC deposit. Arrow denotes tracheal 
epithelium. x25 (OM).

(b) Albumin ISH. Serial to (a) above. Scattered cells staining strongly for albumin 
mRNA. x25(OM).

(c) H&E. Higher magnification of (a) above. Foci of well differentiated cells, with 
hepatocyte-like morphology (arrow), within an otherwise anaplastic tumour. 
xlOO (OM).

(d) Albumin ISH. Serial to (c) above. Strong staining of well differentiated cells for 
albumin mRNA. Anaplastic cells staining negatively. xlOO (OM).
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Fig. 3.11: Expression of albumin mRNA in hepatic adenoma.

(a) H&E. Poorly demarcated adenoma (A). Arrows denote boundary of lesion. 
x25 (OM).

(b) Albumin ISH. Serial to (a) above. Adenoma shows strong uniform staining for 
albumin mRNA (A). Staining intensity of tumour is greater than in adjacent 
normal tissue. x25 (OM).

(c) H&E. Adenoma comprises well differentiated cells, many of which contain lipid 
vacuoles. xlOO (OM).

(d) Albumin ISH. Serial to (c) above. Tumour cells show uniform strong staining for 
albumin mRNA. xlOO (OM).
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Fig. 3.12: Expression of albumin mRNA in primary HCC.

(a) H&E. Low magnification of HCC to show well defined zones of: trabecular (A), 
anaplastic (B), and necrotic (C) cells. x25 (OM).

(b) Albumin ISH. Serial to (a) above. Strong to moderate staining for albumin 
mRNA in trabecular areas (A). Anaplastic (B) and necrotic (C) areas are staining 
negatively. x25 (OM).

(c) H&E. Higher magnification of (a) above to show boundary between trabecular 
(A) and anaplastic (B) areas. xlOO (OM).

(d) Albumin ISH. Serial to (c) above. Strong staining for albumin mRNA in 
trabecular area (A). Anaplastic area (B) is staining negatively. xlOO (OM).
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Fig. 3.13: Expression of albumin mRNA in HCC. All xlOO (OM).

(a) H&E. HCC showing trabecular pattern (A) and tubular pattern (B).

(b) Albumin ISH. Serial to (a) above. Strong staining of trabecular area (A) for 
albumin mRNA. Only occasional cells staining in tubular area (B).

(c) H&E. Area of well differentiated cells, with hepatocyte-like morphology (arrow), 
within an otherwise anaplastic HCC, comprising mostly fusiform cells (A).

(d) Albumin ISH. Serial to (c) above. Strong staining of well differentiated cells 
(arrow). Anaplastic cells staining negatively (A).
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Fig. 3.14: Expression of SP mRNAs in normal murine lung. All xlOO (OM).

(a) SP-A ISH. Moderate staining of alveolar type II cells for SP-A mRNA only.

(b) SP-B ISH. Weak staining of alveolar type II cells for SP-B mRNA only.

(c) SP-C ISH. Strong staining of alveolar type II cells for SP-C mRNA only.

(d) SP-D ISH. No staining of lung tissue.
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Fig. 3.15: Negative controls for ISH procedures with liver tumours. All x50 (OM).

(a) Albumin ISH. Hepatic adenoma staining strongly for albumin mRNA (A). 
Adjacent liver staining weakly (B).

(b) Albumin ISH. Close section to (a) above. Marked reduction of signal following 
pre-treatment with RNase A.

(c) Albumin ISH. Hepatic adenoma staining strongly for albumin mRNA (C).

(d) ISH with cytosine deaminase probes. Serial to (c) above. Negative staining.
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Fig. 3.16: Negative controls for ISH procedures in lung.

(a) SP-C ISH. Normal, non-inflated lung Strong staining of alveolar type II cells for 
SP-C mRNA. XlOO (OM).

(b) ISH; omit probe control. Close section to (a) above. No staining of tissue. 
xlOO(OM).

(c) SP-A ISH. A/B adenoma. Uniform strong staining for SP-A mRNA. x50 (OM).

(d) SP-A ISH. Close section to (c) above. No staining of tissue following pre
treatment with RNase A. x50 (OM).
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Fig. 3.17: Expression of albumin mRNA in normal mouse liver. All x25 (OM).

(a) H&E. Normal appearance of liver.

(b) Albumin ISH. Serial to (a) above. Zonal variation in albumin expression with 
strongest staining in periportal areas.

(c) H&E. Normal appearance of liver.

(d) Albumin ISH. Serial to (c) above. Lobules at periphery of lobe (subcapsular) are 
staining strongly for albumin mRNA while central area is virtually unstained (A).
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Fig. 3.18; ISH staining of pulmonary metastatic tumour deposit. All x50 (OM).

(a) H&E. Margin of tumour and adjacent lung parenchyma.

(b) SP-A,B»C,D ISH. Serial to (a) above. Negative staining of tumour. Alveolar type 
II cells both adjacent to the mass, and entrapped at the edge of the tumour 
(arrow), are staining strongly for SP mRNAs.

(c) Albumin ISH. Close section to (b) above. Relatively strong staining of tumour for 
albumin mRNA. Adjacent lung staining negatively.
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3.4 DISCUSSION

Of the proliferative changes present in the lung of mice in the present investigation, 31/53 

(58%) were confirmed as being of primary pulmonary origin on the basis of morphology 

and expression of SP mRNAs (Table 3.3). No positivity for albumin mRNA was present 

in these lesions. The observed histological patterns for AEH, A/B adenoma and A/B 

carcinoma were consistent with those described in the literature for such lesions (Dixon 

and Maronpot, 1991). SP mRNAs were observed in all tumours but no correlation 

appeared to exist between the histological pattern and the type of SP expressed. Anaplastic 

areas within A/B carcinomas consistently gave negative signals for SP mRNAs.

Although other proteins expressed by alveolar and bronchiolar cells were considered as 

alternative markers of lineage to SPs, most were regarded as unsuitable because of lack of 

specificity. The only exception to this was the use of Clara cell antigen (CCA) which other 

workers have detected by IHC in the normal murine lung and in murine tumours (Singh et 

al., 1985; Ward et al., 1985; Rehm et al., 1988). However, the antibody used in these early 

reports could not be obtained for the present studies, either fi"om commercial suppliers or 

through other sources. Additionally, the mRNA sequence for CCA was not present on the 

GenBank database, thereby precluding the design of oligonucleotide probes for use in ISH 

procedures.

In the normal murine lung, SP expression was detected in all animals studied, and in all

cases the mRNA was confined to cells with the morphology and distribution of alveolar

type II cells. SP-C mRNA was identified in all animals and, in the majority of cases, gave

stronger staining than SP-A or B which were present in 46/50 and 48/50 animals,

respectively. The present study appears to be the first occasion that the production of SP-B

proteins, and its localisation to type II cells, has been observed in the lung of the mouse.

No SP-D mRNA was observed in any animal. In general, the staining intensity of type II

cells with the SP-A, B and C probes varied considerably between animals. The reasons for

this are unclear but may be due to the effects of peri-mortem factors, e.g. the storage period

of the sections (Chapter 5), rather than to true inter-animal variation. The possibility that

the absence of staining for SP-D was a technical failure was considered and therefore a

second probe was designed. This also gave entirely negative results, suggesting that the

levels of mRNA were below detectable levels with the ISH method used. It is therefore
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concluded that the main source of SPs in the normal murine lung is the type II cell and that 

SPs A, B and C are present in the great majority of these cells. It also appears that SP-D 

mRNA is either not produced, or produced at low and undetectable levels.

The absence of staining for SP mRNAs in normal bronchiolar cells in the present study 

would appear to conflict with published reports of the presence of SPs A, B and D in the 

bronchiolar eithelium (Korfhagen et al., 1992; Wong et al., 1996; Mason et al., 2000). The 

most likely explanation for this discrepancy is the marked difference in sensitivity between 

the non-isotopic technique with oligonucleotide probes employed in the current study, and 

the isotopic procedures with riboprobes used by other authors. It is accepted that 

radioactive ISH procedures are considerably more sensitive (Section 1.2.2.1), and therefore 

it is considered that any SP transcripts in the bronchioles were probably at levels below the 

detection threshold of the ISH procedure used in the present investigation. However, it 

must be stated that few figures exist in the publications of the above authors that 

unequivocally demonstrate the precise localization of SP mRNAs in bronchiolar cells. 

Consequently, in the opinion of the present author the evidence that SPs are expressed by 

the bronchiolar epithelium is somewhat unconvincing and in need of further ratification.

The findings in the present investigation that the cells, in the normal lung, responsible for 

expressing high levels of SP mRNAs were the type II cells, and that the cells of AEHs, 

A/B adenomas and A/B carcinomas all expressed SP mRNA, demonstrates that the lesions 

are showing a type II cell pattern of differentiation, and supports the view that these lesions 

originated from type II cells or from a type II precursor cell. The fact that the tumours 

showed a very similar pattern of distribution of the different SP types is also in keeping 

with this view. Therefore, it is considered that these lesions are not derived from 

bronchiolar cells, and should be referred to as alveolar adenomas and carcinomas. Another 

important observation, confounding a bronchiolar origin for these tumours, was the 

complete absence of preneoplastic or hyperplastic epithelial changes in the bronchiolar 

epithelium, analogous to the situation with type II cells (AEH). The similar pattern of 

expression of the different types of SPs in the adenomas and carcinomas is consistent with 

suggestions that the carcinomas are derived by progression from the adenomas (Rehm et 

al., 1988), but does not exclude a separate origin.
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ISH and IHC are regarded as complimentary techniques, identifying the site of synthesis 

and storage of a peptide, respectively (Section 1.2.4). Other workers have performed IHC 

to localize SPs and CCA in murine lung tumours (Rehm et al., 1988; Ward et al., 1985). 

These earlier studies were carried out using a general antiserum to surfactant apoproteins 

and so individual SPs could not be discriminated. Such studies failed to demonstrate 

CCAs but did reveal SPs in the tumours. Therefore, both SP mRNAs and peptides have 

now been demonstrated in normal type II cells and the tumours, confirming the view that 

they are alveolar in origin.

The essence of a diagnostic histopathological marker is that it should be expressed in the 

disease process with a high degree of specificity. There do not appear to be any reports of 

the demonstration of mRNAs for SPs A, B and C in normal murine extra-pulmonary 

tissues using molecular assays. However, RT-PCR and Northern blot analysis showed that 

the SP-D gene is expressed in murine heart, stomach and kidney, in addition to lung 

(Motwani et al., 1995). Also, in one study of metastatic human tumours, although SP-A 

and SP-C were restricted to métastasés of lung origin, SP-D was found in a small number 

of métastasés of non-pulmonary adenocarcinomas using RT-PCR (Betz et al., 1995). RT- 

PCR is a technique of great sensitivity, and it is considered that these published results do 

not affect the validity of the conclusions from the present study on the histogenesis of these 

lesions. However, it does suggest that it would be prudent not to utilize SP-D as a a 

marker of pulmonary differentiation in tumours. In the present investigation, no SP signals 

were observed in the normal non-pulmonary tissues examined.

Of the remaining 22 lung tumours (those not shown to be of primary pulmonary origin), 14

were confirmed as metastatic deposits of HCC on the basis of morphological appearance,

the production of albumin mRNA and lack of SP expression (Table 3.3). The degree of

positive staining for albumin mRNA in these deposits was related to the morphology, with

generally the highest numbers of positive cells being observed in the trabecular/adenoid

and acinar/tubular patterns, while anaplastic regions stained poorly or not at all. In all of

these cases, where a pulmonary metastasis of HCC was identified, a primary HCC showing

a similar histological appearance and also expressing albumin mRNA, was present in the

liver. 8/53 (15%) pulmonary tumours remained completely unstained for SP or albumin

mRNAs. It is concluded that the majority of these lesions were metastatic deposits of HCC
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based on: a), the range of morphologies exhibited, which was similar to that seen in other 

pulmonary deposits expressing albumin mRNA; b), the identification of a primary HCC in 

the liver each case; and c), the presence in one case (No. 24), of a tumour with similar 

morphology (anaplastic) in the pancreas which stained positively for albumin mRNA. 

However, it is not possible to definitively prove a hepatocellular origin in all these cases. 

Despite the presence of a primary HCC in the liver of each animal, it is not likely that 

every such tumour will metastasize. In particular, the acinar/tubular and anaplastic 

morphologies may well be demonstrated by other non-hepatocellular malignancies that 

have metastasized to the lung, e.g. mammary adenocarcinoma which is a relatively 

common malignancy in the B6C3Fi mouse (Dixon et al., 1999).

Tumour deposits were present in non-pulmonary sites in a small number of cases in the 

present study. The morphologies of these lesions were similar to those seen in pulmonary 

metastatic deposits and primary HCCs, with most being of anaplastic appearance. 6/14 of 

these deposits stained positively for albumin mRNAs thereby confirming their 

hepatocellular origin. Of the remainder, the majority were considered to be HCC 

métastasés, as several of these lesions were accompanied by a metastatic deposit in a 

separate tissue, expressing albumin mRNA. However, again this cannot be definitively 

proven for each tumour.

In the present investigation, the conferment of histological type upon a particular HCC was

based on the predominant morphological pattern, in fact considerable structural

heterogeneity was frequently observed, with more than one histological pattern being

present within a tumour. Phenotypic heterogeneity is well recognised in HCCs in mice,

and other species, and is associated with the development of subclones of cells with growth

advantage and altered metastatic potential (Fidler, 1978). Indeed some HCCs appear to

arise within adenomas (Maronpot et al., 1987). In the current study, all three major

histological patterns were present with approximate equal frequency in primary HCCs and

metastatic deposits, indicating that the metastatic potential was not related to morphology.

Overall, the degree of albumin expression in the primary HCCs was greater than in the

métastasés due to the increased numbers of less differentiated (e.g. anaplastic) cells in the

latter. The range of morphologies exhibited by malignant liver tumours (HCC) was greater

than that shown by malignant tumours originating in the lung (A/B carcinoma). The latter
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were generally well-differentiated and presented as tumours of uniform tubulopapillary 

appearance with occasional areas of anaplasia. Additionally, the aggressiveness and 

metastatic ability of HCCs was greater than A/B carcinomas, indeed no cases of extra- 

thoracic métastasés were confirmed for the malignant lung tumours.

The differentiation of primary lung tumours from metastatic deposits of HCC can often 

cause diagnostic problems. In the author's experience, it is not solely the poorly 

differentiated métastasés of HCC with anaplastic or pleomorphic histological patterns that 

cause diagnostic difficulties but also on occasions A/B adenomas with a solid appearance 

may be difficult to distingush from trabecular HCC. Also, HCC métastasés may be small 

and easily missed in a routine single section of lung or other tissue (Maronpot et al., 1987). 

It has been shown, in the present investigation, that the use of ISH for albumin mRNA, in 

combination with morphological examination, will allow a definitive diagnosis to be made 

in the large majority of these cases. As regards the HCC métastasés, again these tumours 

contained many anaplastic cells, but in most cases a sufficient number of functionally 

differentiated cells remained to allow positive identification of histogenesis on the basis of 

albumin expression. It is interesting to note that a weak signal for albumin mRNA has 

been reported in even the most anaplastic cases of HCC in humans with non-isotopic ISH 

when applied to fine needle aspiration specimens (Papotti et al., 1994). The presence of 

albumin mRNA also proved useful in enabling very small deposits within the lung 

parenchyma to be identified as métastasés of HCC. The deposits were often centred 

around small blood vessels and may have represented the initial growth of tumour 

following embolic entrapment in the lung. The expression of SPs could be used to confirm 

A/B differentiation in all primary lung tumours. Although several carcinomas contained 

areas of anaplasia, usually these were present only in a small proportion of the overall 

tumour. For diagnostic purposes, a cocktail of probes against SPs A, B and C has 

subsequently given excellent results in this laboratory (Fig. 3.18a-c), and will be a useful 

marker of the alveolar differentiation of tumours particularly when combined with albumin 

probes to establish hepatic origin. SP staining may also be of value in the study of alveolar 

injury and repair.

The distribution of albumin gene transcripts in the normal mouse liver does not appear to

have been previously demonstrated by ISH. The observations presented here on albumin
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expression in the mouse, agree with those made by others in the rat where essentially 

albumin mRNA is present across the entire lobule but the intensity of signal diminishes 

moving from the periportal (centro-acinar) to the centrilobular area (Schwarz et al., 1986; 

Evarts et al., 1987; Moorman et al., 1990). Furthermore, the periportal localization of 

albumin mRNA broadly agrees with the demonstration of albumin peptide in the mouse in 

the same zone by IHC (Tuczek et al., 1985).

Few specific markers are available to assist in the recognition of hepatocyte differentiation

in malignant disease (HCC), with albumin and AFP being the most frequently used in

human diagnostic pathology. AFP is expressed in large quantities in the foetal liver but

this drops to very low levels soon after birth (Gorin et al., 1981). However, increased

expression may again occur in postnatal life in association with the regenerative

proliferation or neoplastic transformation of hepatocytes (Nayak and Mital, 1977; Gorin

and Tilghman 1980: Petropoulos et al., 1983). In the latter case this has led to AFP being

described as an oncofoetal marker. The immunolocalization of AFP has been reported in

hepatic adenomas and HCCs in 2-acetyl-aminofluorine treated B6C3Fi mice (Nonoyama et

al., 1988), but the extent of AFP expression following the spontaneous transformation of

murine hepatocytes, and hence its reliability as a marker of hepatic differentiation, is

unknown. In addition, non-specificity is indicated by the expression of AFP in most

epithelial cells lining the intestinal villi of the foetal gut, and in neuroendocrine cells of the

gastrointestinal tract in the adult mouse (Tyner et al., 1990). In human pathology,

immunocytochemical assays for AFP protein have been described as of limited value, as

the protein is expressed in only 17% of primary HCCs and 7% of metastatic HCCs (Ganjei

et al., 1988). Also AFP can be used as a marker of other neoplasms, particularly for germ

cell tumours (Law and Dugaiczyk, 1981). In the light of this information it was decided to

use albumin production as a marker of hepatocellular differentiation. Albumin production

is generally regarded as a marker of the differentiated state of adult hepatocytes (Bemuau

and Feldmann, 1990) although it would also appear that the expression of albumin is not

the exclusive hallmark of this cell type. Earlier reports have stated that albumin mRNA is

produced only in the liver (Yamaguchi et al., 1993), but a review of the literature has

revealed that this is not strictly the case. The developmental expression of albumin has

been shown in kidney, pancreas, heart and lung of foetal and/or new-born rats using dot

blot and Northern blot assays (Nahon et al., 1988). Also very low levels of the albumin
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sequence have been revealed in adult kidney and pancreas, in rats, using sensitive RNA- 

cDNA solution hybridization assays. Furthermore transgenic mice, carrying the albumin 

promoter linked to a mutated H-ras gene, develop a high frequency of primary lung 

tumours (Maronpot et al., 1991), implying that albumin expression is not limited to murine 

hepatocytes. However, in the present study no positive ISH signals for albumin mRNA 

were observed in primary lung tumours (confirmed by positive SP expression), normal 

lung or normal non-hepatic tissues. Therefore, the results presented here, of positive 

albumin expression, may not equate with absolute lack of expression but do give some 

assurance that cells showing a positive ISH signal for albumin mRNA are most likely to be 

of hepatocyte origin.

All hepatic adenomas and primary HCCs in the present study showed significant staining 

by ISH for albumin mRNA. A surprising feature in many of these cases was the pattern of 

strong expression, which was uniform in benign tumours, more patchy in distribution in 

malignant neoplasms and frequently stronger than in the adjacent normal tissue. The 

reasons for the increased staining intensity of hepatic tumours are unclear. Although 

technical explanations must be considered, e.g. variations in the rate of fixation, it is 

difficult to attribute this finding to such causes as, in most instances, the staining of 

adjacent hepatic tissue was perfectly adequate (Fig. 3.1 lb). Another possibility is that the 

enhanced staining was caused by an increase in intracellular albumin mRNA content which 

may reflect increased transcription of the albumin gene and/or increased stabilization of the 

transcript. It is known that in normal hepatocytes the expression of albumin and the 

closely related AFP gene is controlled at the transcriptional level although the two genes 

appear to be independently regulated (Tilghman and Belayew, 1982). As the expression of 

AFP is upregulated in liver neoplasia it is possible to speculate that such an upregulation 

could also occur with albumin transcription giving rise to increased levels of mRNA. 

Alternatively, a prolonged half-life of albumin mRNA may be associated with the failure 

of post transcriptional processes which are thought to play an important role in the 

regulation of this transcript (Satyabhama et al., 1986). This would lead to increased steady 

state levels of albumin mRNA and cause an appreciable increase in signal strength in the 

hepatic tumours. Increased stability of mRNA species in neoplasms of various origin has 

been reported with transcripts of oncoproteins such as myc (Bonnieu et al., 1988; Krystal
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et al., 1988), and cytokines such as fibroblast growth factor (Murphy et al., 1990), although 

it does not appear to have been reported for proteins such as albumin, which are not 

recognised as having a growth function. Alternatively it is possible that the strength of 

signal in some of the tumours may have been relative to a reduced degree of staining in the 

normal adjacent liver. A number of the mice were in a mild cachectic state, with a 

significant reduction in body weight, when killed on humane grounds prior to scheduled 

termination. Other authors have shown that tumour necrosis factor-a (TNFa), a product of 

monocytes/macrophages, is elevated in cachexia-associated diseases and selectively 

inhibits the genetic expression of albumin. In their murine cachexia model, a low level of 

albumin gene expression was revealed by ISH throughout the hepatic lobule (Brenner et 

al., 1990). Although increased levels of TNFa could account for reduced levels of 

albumin mRNA in normal liver, this hypothesis would be dependent upon the neoplastic 

cells being refractory to the effects of TNFa, so leading to the apparent strength of staining 

in the tumours. Unfortunately it was not possible to correlate the degree of albumin 

production in the livers with the serum albumin levels as the latter were not determined in 

the present study.

The observation that the degree of staining for albumin mRNA was frequently stronger in 

peripheral than central areas, both in normal liver and in large HCCs is probably an 

artefactual effect of fixation with NBF. This fixative penetrates slowly into large lesions 

and so the peripheral tissues tend to be more efficiently fixed than the central regions. The 

better preservation of tissue integrity at the periphery results in more efficient staining.

The literature is somewhat conflicting with reference to albumin expression in 

experimental hepatocarcinogenesis. Increased levels of albumin mRNA in preneoplastic 

hepatocytes have been reported in rats following the administration of 4- 

dimethylaminoazobenzene (Scoazec et al., 1989), and also with feeding ethionine in a 

choline deficient diet (Petropoulos et al., 1983). However, the findings in the present 

investigation are inconsistent with those authors who found a lack of or decreased albumin 

expression in liver nodules in rats with diethylnitrosamine administration (Evarts et al., 

1987; Schwarz et al., 1986). These differences may be partially accounted for by the wide 

variations in experimental protocols used to induce hepatic neoplasia in the rats as opposed
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to the spontaneous development of tumours in mice. In terms of experimentally induced 

lung tumours, SP expression could be used to determine histogenesis, in a similar way to 

that used in the present investigation for spontaneous neoplasms. Indeed, in a recent 

publication by Mason et al. (2000), the production of SP mRNAs was used to demonstrate 

the alveolar type II cell origin of lung adenomas induced by urethane in mice, following 

the techniques described by Pilling et al. (1999). SP probes could also possibly be used to 

differentiate treatment-related from spontaneous lung neoplasms although further work is 

needed on the pattern of SP expression following tumour induction.

The present investigation is the first to use ISH procedures to systematically evaluate 

spontaneous pulmonary and hepatic tumours in mice. These procedures utilized the 

cellular expression of SP and albumin mRNAs in order to differentiate primary tumours 

from HCC métastasés. The results revealed that primary lung tumours retained a high 

degree of structural and functional differentiation. SP mRNAs were present in all of these 

tumours, with SPs A, B and C being coexpressed in the majority of A/B adenomas and 

carcinomas in both solid and tubulopapillary areas. Conversely, malignant hepatocellular 

tumours were generally much less differentiated. Metastatic deposits of HCC in the lung, 

exhibited a wider range of morphologies and many were anaplastic. Of these, 

approximately 36% showed undetectable levels of albumin mRNA. Albumin expression 

was also detected in a small proportion of HCC métastasés at sites outside the lung. 

Finally, the production of SPs was also observed in normal and hyperplastic alveolar type 

II cells but not in the bronchiolar epithelium. This work provides strong support for the 

proposal that spontaneous lung tumours, in B6C3Fi mice, are of alveolar, not bronchiolar 

origin, and consistently show type II cell differentiation. It is proposed that such tumours 

should be referred to as alveolar adenomas and carcinomas.
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Chapter 4

PROLIFERATIVE LESIONS OF THE THYROID GLAND IN THE

HAN WISTAR RAT

4.1 INTRODUCTION

Thyroid gland tumours are among the most common spontaneous neoplasms of the Han 

Wistar rat (Section 1.3.2.2) and the majority of these are classified as either C-cell or 

follicular tumours (Hardisty and Boorman, 1990). Certain similarities exist between the 

thyroid gland of the Han Wistar rat and the lung of the B6C3Fi mouse, in that more than 

one type of tumour may be present, and multiple tumours frequently co-exist either of 

similar, or dissimilar types, making the process of differential diagnosis challenging. An 

additional difficulty exists with C-cell lesions as, generally, they lack those morphological 

features that would normally allow differentiation between the stages of the proliferative 

process, i.e. hyperplasia, adenoma or carcinoma (Section 1.5.3).

Following the study of pulmonary neoplasia in mice (Chapter 4), it was decided to 

investigate spontaneous thyroid gland tumours in the rat. Firstly, a thorough review of the 

morphological features that characterise thyroid tumours in the Han Wistar was 

undertaken. Secondly, the expression of specific cellular products of follicular and C-cells 

was examined, namely thyroglobulin (TG) and calcitonin (CT), and these findings were 

correlated with the morphological features. The major aim of this work was to generate 

information on the structural and functional differentiation of thyroid tumours that would 

subsequently allow the accurate diagnosis of tumour type and, in the case of C-cell lesions, 

allow the appropriate stage of the proliferative process to be determined. A further aim 

was to determine whether 'mixed or biphasic' tumours were present in the sample of 

thyroid glands investigated, as such lesions do not appear to have been previously reported 

in the rat. The finding of mixed tumours may cast doubt on the current assumption that 

follicular and C-cells are derived from separate germ layers in this species (Pearse and 

Carvalheira, 1967).

In the light of the work of Thomas et al. (1994), who showed that only a small proportion 

of normal C-cells in the rat were capable of producing and storing somatostatin (SS), it was
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decided, additionally, to examine the expression of SS in C-cell tumours. The presence of 

SS immunopositive cells has been reported in C-cell tumours in rats (Deftos et al., 1980; 

Zabel et al., 1987; Ouazzani et al., 1994), but as yet the systematic study of SS expression 

in a range of proliferative C-cell lesions does not appear to have been undertaken. The 

purpose of this part of the investigation was to determine the proportion of C-cell tumours 

that expressed SS peptides, and whether this information was of value in the differential 

diagnosis of these tumours. Also, as the role of SS in growth control is well established, at 

least in vitro (Robbins, 1996; Medina et al., 1999), it was hoped to examine the 

relationship between the expression of this peptide and the size and metastatic behaviour of 

the lesions.
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4.2 MATERIALS AND METHODS

4.2.1 Tissues

4.2.1.1 Preliminary study

Three male and three female, clinically normal Han Wistar rats between 8-10 weeks of age 

were obtained from stock. The rats were killed by exsanguination (Section 2.2) and the 

thyroid glands removed, fixed in 10% NBF and routinely processed into paraffin wax 

blocks.

4.2.1.2 Study o f proliferative lesions

The tissues investigated came from the background carcinogenicity study involving 

untreated Han Wistar rats (Section 2.1.2). All organs and tissues from these rats had been 

subjected to a preliminary histological evaluation, using H&E stained sections. 25 male 

and 25 female animals were selected for the present investigation, of which the thyroid 

glands were known to contain significant numbers of proliferative C-cell and follicular 

lesions. All thyroid glands were stained as follows: 1) H&E; 2) ISH staining for CT, TG 

and SS mRNA; 3) IHC staining for CT, TG and SS peptides. In addition, IHC staining 

for neurofilaments (NF) and calcitonin gene-related peptide (CGRP) was performed on one 

case (No. 24). Attempts were made to ensure that the ISH and IHC staining for each 

marker (e.g. CT) were performed on serial sections.

4.2.2 Probes for in situ hybridization

cDNA oligonucleotide probes, complimentary to human CT, TG and SS mRNA sequences 

were synthesised (Oswell DNA Service, Southampton, UK) and purified by high pressure 

liquid chromatography (Table 4.1). The probes were labelled at both the 5’ and 3’ ends 

with a single molecule of digoxigenin (Boehringer).
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Table 4.1: Sequences of probes used in ISH procedures to identify mRNAs of 
calcitonin, thyroglobulin and somatostatin in rat tissues

Target (mRNA) Probe Sequence

Calcitonin 5' - GTGCCCAGCATGCAAGTACTCAGATTACC - 3'
5' - ACGTGTGAAACTTGTTGAAGTCCTGCGTG - 3'
5' - AGGTGCTCCAACCCCAATTGCAGTTTGG - 3'

Thyroglobulin 5' - TCCCTTCGGCGTCCACACACCAGCACT - 3'

Somatostatin 5' - ACAGGATGTGAATGTCTTCCAGAAGAAGTTCTTGCAGCCAGC - 3'

4.2.2.1 Probes for calcitonin mRNA

A cocktail of three 28-29 base cDNA oligonucleotide probes, complimentary to exon 4 of 

the human calcitonin mRNA sequence was used (Le Moullec et al., 1984). It has 

previously been shown that calcitonin mRNA can be localised in normal C-cells in the rat 

with this CT probe cocktail without further modification (Thomas et al., 1993).

4.2.2.2 Probe for thyroglobulin mRNA

A 27-base cDNA oligonucleotide probe, complimentary to human thyroglobulin mRNA 

sequence, was used (Malthiery and Lissitzky, 1987). This probe has been used by others to 

demonstrate TG mRNA in follicular cells in the rat thyroid gland (Thomas GA, personal 

communication).

4.22.3 Probe for somatostatin mRNA

A single 42-base cDNA oligonucleotide probe to rat SS mRNA was used (Montminy et al., 

1984). This probe has been shown to demonstrate SS mRNA in normal thyroid C-cells 

and pancreatic D cells in the rat (Thomas et al., 1994).

4.2.3 In situ hybridization procedure

The method used for ISH is described in full in Section 2.4.2. The TG and SS probes were 

both used at a concentration of 0.3 ng/pl in the hybridisation buffer. The CT probe 

cocktail was used at a concentration of 0.1 ng/pl. Standard negative controls were used as 

detailed in Section 2.4.3.
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4.2.4 Antibodies for immunohistochemistry

Antibodies used in the present studies are listed in Table 4.2.

Table 4.2: Details of antibodies used in IHC procedures to identify peptides of 
calcitonin, thyroglobulin and somatostatin in rat tissues

Target
(peptide)

Species raised Supplier Dilution used Antigen
retrieval

Thyroglobulin
(Human)

Rabbit Dako
(A0251)

1:10,000 No

Calcitonin
(Human)

Rabbit Europath
(2263PCT)

1:200 No

Somatostatin
(Human)

Rabbit Novacastra
(NCL-

SOMATOp)

1:500 Boric acid

Neurofilaments
(Human)

Mouse Dako
(M0762)

1:200 Microwave

Calcitonin gene- 
related peptide 
(Rat)

Goat Biogenesis
(1720-9007)

1:2000 No

Thyroglobulin*
(Human)

Rabbit Biogenesis
(8900-0424)

1:1500 No

TG antibody used in limited tissues to verify results with Dako (A0251)

All the antibodies selected for use had been previously shown to work well against the 

respective proteins in the rat (Thomas et al., 1994). The anti-CT antiserum was shown, by 

enzyme-linked immunosorbent assay, not to cross-react with any of the other proteins 

under investigation, i.e. TG or SS. Likewise, cross reactivity with the anti-TG and SS 

antibodies was shown not to occur.

4.2.5 Immunohistochemistry procedure

The method used for IHC is described in full in Section 2.5.2. Standard negative controls 

were used as detailed in Section 2.5.3.
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4.2.6 Light microscopic examinations

The diagnoses of follicular lesions were made in accordance with the Society of 

Toxicologic Pathologists (STP) classification scheme (Botts et al., 1991). C-cell 

proliferative (CCP) lesions were classified into three Types (I, II and III), according to 

morphological criteria devised for this study (Section 4.3.1). These criteria are 

summarised in Table 4.3.

Table 4.3: Summary of morphological characteristics of CCPs in the rat 

Type Summary of appearance

I Increased numbers of cells surrounding the follicles and giving the impression 
of increased interfollicular tissue. Overall follicular architecture retained.

II Solid aggregates of cells. Follicular epithelium compressed or obliterated. 
Considerable variation in size. Other features include prominent vascular 
spaces, acinar structures and the presence of emboli.

III All above features (for Type II) with significant areas of pleomorphic cells. 
Invasion of capsule.

For each ISH or IHC staining procedure, an assessment was made of the number of cells in 

the relevant population that were staining positively on the following five-point scale: 1), 

less than 20% positive cells; 2), 20-40% positive cells; 3), 40-60% positive cells; 4) 60- 

80% positive cells, and 5), 80-100% positive cells. Additionally, an evaluation of the 

overall staining intensity (weak, moderate or strong) of the cells was performed.

The greatest diameter of each follicular lesions, and CCP (Types II and III), was measured 

using an eyepiece graticule. This was taken on one H&E stained section from each lesion.
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4.3 RESULTS

4.3.1 Morphologies of proliferative lesions

Proliferative lesions identified in the thyroid glands are listed in Table 4.5. These lesions 

were classified according to morphological features present in the H&E stained sections. 

Individual animal histopathology data are contained in Table 4.4.

Table 4.5: Numbers' and types of proliferative lesions identified in rat thyroid glands

Lesion No. in males No. in females

CCP Type I 24 25

CCP Type II 14 17

CCP Type III 6 -

Follicular cell hyperplasia 1 2

Follicular cell adenoma 12 4

Follicular cell carcinoma 3 2

Ganglioneuroma 1 -

* A total of 25 thyroid glands were examined from males, and 25 from females 
CCP = C-cell proliferative lesion

4.3.1.1 CCP Type I

CCP Type I was observed in all thyroid glands investigated (Table 4.7a-b) with the 

exception of one male (Case no. 3) where the gland contained a large CCP Type II lesion, 

but no other tissue was present in the section fi*om this animal. In this study, other 

proliferative lesions in the thyroid gland were invariably present in association with CCP 

Type I.

CCP Type I was a diffuse lesion that consisted of cells surrounding the follicles, giving the 

impression of increased interfollicular tissue (Fig. 4.1a). Usually they accumulated no 

more than two cells deep and so overall, the follicular architecture was retained. The cells 

had polygonal shapes, with pale cytoplasm and centrally placed nuclei, somewhat larger
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than the nuclei of adjacent follicular cells. In this respect the cells of Type I CCP 

resembled the descriptions given for normal C-cells (DeLellis, 1994). The full extent of 

this lesion varied between animals but typically it involved the entire central area of the 

thyroid lobe.

4.3.1.2 CCP Type II

A total of 14 lesions in males and 17 lesions in females were classified as CCP Type II 

(Table 4.7c-d). This was a discrete, well demarcated growth, usually observed in 

association with CCP Type I. Considerable size variation occurred with Type II lesions. 

Some were small and equivalent in size to 1-2 average follicular diameters, with little 

compression or distortion of the adjacent follicles. Others were so large as to occupy 

virtually the entire thyroid lobe but without penetration of the capsule (Fig. 4.1b). The 

outline of the lesions was usually spherical but some had a more irregular, nodular 

appearance (Figs. 4.1c and 4.13a). Generally, Type II lesions were non-encapsulated and 

possessed scant stroma, although in a few of the larger lesions collagenous trabeculae were 

extensive. Additionally, in the larger lesions there was frequent compression of 

surrounding follicles but no evidence of invasion.

Small Type II CCPs consisted of solid sheets of cells whereas the larger ones comprised 

nests or lobules, usually containing trapped follicles. Individual cells were similar in 

appearance to those present in CCP Type I, but occasionally were more elongate or 

fusiform. A characteristic feature of Type II lesions was the presence of irregular blood 

filled spaces within the central regions of lobules. Occasionally, small numbers of necrotic 

cells and nuclear debris were also present in these spaces. A scattering of mitoses and 

macrophages laiden with haemosiderin pigment (Perl's Prussian blue positive) were 

observed in a small number of lesions. In a minority of cases, a few small acinar structures 

were noted, usually centrally placed within a lobule, with the cells in each acinus lining a 

central empty space. However, the acini in one case (No. 36) contained eosinophilic 

proteinaceous material (Fig. 4.2a).

Emboli were present in association with 5/31 (16%) of Type II CCPs (Table 4.7g). The 

intravascular cells were similar in appearance to those within the substance of the lesions. 

In the majority of cases the vessels involved appeared to be small venules or lymphatics,
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located at a discrete distance from the edge of the lesion, and usually just outside the 

thyroid gland (Fig. 4.3a).

4.3.1.3 CCP Type lU

A total of 6 lesions, all in male rats, were classified as CCP Type III (Table 4.7e). None 

were identified in females. In 4/6 cases a separate Type II lesion was also present in the 

same gland. The cells in one Type IQ lesion (Case no. 23) were intermingled with an 

adjacent FCA.

CCP Type III contained the majority of findings specified above for Type II lesions, with 

the addition of a number of other characteristic features. The most important of these was 

the presence of sheets of cells exhibiting slight pleomorphism with increased cytoplasmic 

basophilia, fusiform shapes and many mitotic figures (Fig. 4.4a). Other important 

characteristics included haemorrhage, necrosis, invasion of the capsule and extension into 

the adjacent musculature (Figs. 4.Id and 4.25a).

Emboli were noted in association with 4/6 of Type III lesions (Table 4.7g). As in CCP 

Type II, the intravascular cells were similar in appearance to those within the substance of 

the lesions and in most cases the vessel(s) involved were outside the thyroid gland (Fig. 

4.5a).

Metastatic deposits were identified in the cervical lymph nodes (CLN) in association with 

3/6 Type III lesions (Table 4.7f). The morphological appearance of each metastasis was 

representative of that seen in the primary CCP lesion (Fig. 4.6a). Generally, the deposits 

comprised a mixture of well-differentiated, pleomorphic and fusiform cells.
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4.3.1.4 Follicular cell hyperplasia

Only 3 lesions in this study were diagnosed as FCH (Table 4.8a). In each case the change 

was focal and restricted to one lobe. The follicular epithelium was hyperchromatic and 

usually low cuboidal or squamous, although in a few areas there was stratification of the 

follicular lining cells. Overall, the follicles were large and cystic with the epithelium 

fi-equently bearing small papillary infoldings (Fig. 4.7a). There was no evidence of cellular 

atypia or invasion. The follicular lumina contained an increased amount of colloid which 

resulted in slight compression of the adjacent parenchyma but there was no encapsulation.

4.3.1.5 Follicular cell adenoma

A total of 12 tumours in males and 4 in females were classified as FCA (Table 4.8b). 

These were usually present as single tumours, however 2 adenomas were identified in the 

thyroid gland of 1 male.

FCA was a well delineated, minimally to non-encapsulated, expansile and compressive 

lesion. It exhibited four histological patterns: cystic, follicular, papillary or solid (Figs. 

4.7b-d, 4.8a-b and 4.19a). Cystic and follicular types were the most common, and of 

approximately equal incidence. In these types the epithelial lining comprised single or 

multiple layers of cuboidal to columnar cells with an increased nuclear to cytoplasmic 

ratio. Nuclear hyperchromasia, cytoplasmic basophilia and nuclear crowding were 

occasionally present. Two tumours were regarded as 'mixed' as they contained more than 

one histological pattern (Figs. 4.8b and 4.9a). Both of these mixed tumours contained solid 

areas devoid of any glandular differentiation. Occasionally, a follicular lesion was present 

in very close proximity to a CCP, e.g. in Case no. 11 an FCA appeared to have arisen 

within a CCP Type II (Fig. 4.10a). Mitotic figures were rarely seen in all forms of FCA.

4.3.1.6 Follicular cell carcinoma

A total of 5 tumours were diagnosed as FCC (Table 4.8c). In each case the lesion occurred 

as a solitary tumour with one exception, when it was accompanied by an FCA in the same 

lobe.

Patterns of cellular arrangement within FCC comprised papillary, solid or follicular with 

the latter being the most common (Fig. 4.8c-d). Two tumours possessed a combination of
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histological types and were therefore regarded as 'mixed' (Fig. 4.11a). In most cases the 

follicular cells were structurally well-differentiated, although occasionally they were 

highly pleomorphic and present in small, discrete nests of cells. Vascularity within the 

neoplasm was often a prominent feature and necrosis common. The mitotic index was 

variable but often quite high. Encapsulation was present, although variable, in the majority 

of tumours. In one case a prominent scirrhous response was observed. Evidence of 

invasion of the adjacent thyroid parenchyma was present in all of these lesions.

4.3.1.7 Ganglioneuroma

A large, well circumscribed, mass was present at the pole of the thyroid gland in one male 

rat in close proximity to a CCP Type I. It contained large (approximately 20)im), pale, 

eosinophilic, angular cells with large, eccentric, vesicular nuclei and prominent nucleoli 

(Fig. 4.12a-b). These cells possessed a similar morphology to ganglion cells of the 

nervous system, and were dispersed within a dense eosinophilic fibrillar matrix. Numerous 

trapped follicles were present within the mass. At the periphery the angular cells appeared 

to be intermingled with cells fi*om the CCP lesion.

4.3.2 ISH and IHC staining for mRNAs and peptides

4.3.2.1 Calcitonin expression

In young adult rats (Preliminary Study), CT mRNA and peptides were present, in central 

regions of the thyroid gland, in small numbers of cells whose number, morphology and 

parafollicular distribution identified them as C-cells. Although these cells were difficult to 

delineate on H&E stained sections they exhibited strong ISH and IHC signals for CT 

mRNA and peptides respectively with little heterogeneity in the staining intensity (Table 

4.6a; Fig. 4.22a).

In the study of proliferative lesions, involving older animals (Section 4.2.1.2), CT mRNA 

and protein were identified in 49/49 of Type I CCPs (Table 4.7a-b; Figs. 4.3b-c, and 4.13b- 

d). Almost all of the constituent cells were positive for CT mRNA and peptides, although 

slight variation existed between cases in the intensity of staining for both markers.
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CT mRNA and peptides were observed in 30/31 (97%) of Type II CCPs (Table 4.7c-d; 

Figs. 4.13b-d and 4.14a-b). In positive cases the large majority of cells gave signals for CT 

peptides, usually with strong cytoplasmic staining. Slightly more variation was noted with 

ISH staining, with a few cases showing a minority of cells expressing CT mRNA, although 

all of these mRNA positive cells appeared to contain CT peptides. Generally, the staining 

intensity for CT peptides was more variable (Fig. 4.13c) than in the Type I lesions, and in 

the large Type II lesions the staining of individual cells was stronger in peripheral than in 

central areas (Fig. 4.14b). Acinar cells positive for CT mRNA, and present in serial 

sections, were also positive for CT peptides (Fig 4.2b-c). The eosinophilic material present 

in the lumina of acinar structures, in one case, stained positively for CT peptides but 

negatively for CT mRNA. This material also stained negatively with the other probes and 

antibodies used in this study (Fig 4.2d). Strong signals for CT mRNA and peptides were 

observed in the emboli (in lymphatics) associated with four Type II CCPs (Table 4.7g; Fig. 

4.3b-c).

CT mRNA and protein were observed in 6/6 Type III CCPs (Table 4.7e). In 4/6 (66%) of 

these lesions the majority of cells stained positively for CT mRNA and CT peptide 

whereas in the other two cases only a minority of cells were positive. Generally, there was 

considerable cellular heterogeneity in the intensity of ISH and IHC staining for CT 

markers and this appeared to correlate with the degree of structural differentiation. Well- 

differentiated cells, resembling mature C-cells, stained the most strongly (Fig. 4.25b), 

whereas anaplastic (pleomorphic or fusiform) cells frequently stained weakly or not at all 

(Fig. 4.4b-c). Cells positive for CT mRNA, and present in serial sections, were also 

positive for CT peptide.

Again, acinar structures were consistently positive for CT mRNA and CT peptide, 

although it should be noted that these features were invariably located within the more 

differentiated areas of the lesions. All the emboli associated with Type III lesions showed 

strong positivity for CT mRNA and peptides (Table 4.7g; Fig. 4.5b-c).

All three cases of CLN métastasés stained positively for CT mRNA and peptides (Table 

4.7f; Fig. 4.6b-c). In these deposits the majority of cells gave positive signals for both 

markers. An interesting observation in one case (No. 22), was the increased numbers of
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cells staining positively for CT mRNA and CT peptides in the metastatic deposit as 

compared with the primary lesion.

Overall, the mean percentage of cells staining positively for CT peptides was 100% in 

young adults and CCP Type I; this dropped slightly to 94% in Type II and further to 73% 

in Type III lesions (Fig. 4.16). The expression of CT mRNA followed a similar pattern to 

that of CT peptides, being 100% in young adults and 96% in CCP Type I; this fell to 86% 

in Type II and further to 73% in Type III lesions.
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Fig. 4.16: Mean percentage of cells in the thyroid gland of young adult rats, 
and CCPs (Types I III), expressing CT mRNA and peptides.

In all of the cases examined, no signals for CT mRNA or peptides were observed in the 

follicular cells or colloid of the normal gland, nor in any of the proliferative follicular 

lesions (Figs. 4.9b, 4.1 Id and 4.19d). In addition, no positive staining was observed with 

the other negative controls (Fig. 29a-d).
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4.3 2.2 Thyroglobulin expression

In young adult rats (Preliminary Study) a degree of regional heterogeneity was observed in 

the thyroid gland with regards to the expression of TG mRNA and protein (Table 4.6b). 

Strong staining for TG mRNA was observed in the small follicles with tall epithelium in 

the central regions of the gland, whereas in the large follicles with attenuated epithelium at 

the periphery, only occasional positive cells were seen. Signals for TG protein were 

present in the cells in the central follicles, typically as small apical granules (Fig. 4.30c), 

but no positive staining was noted in peripheral regions. In all follicles the colloid stained 

strongly for TG protein. No signals for TG mRNA or protein were apparent in the C-cells 

in young rats.

Normal follicular tissue was identified in the thyroid glands of the majority of aged (18-30 

months) rats with a proliferative lesion at this site. This normal tissue was either in the 

contra-lateral lobe, or adjacent to the lesion in the same lobe when in some cases only a 

thin, compressed, band of tissue was present. The staining pattern of the apparently 

normal follicular tissue for TG mRNA and protein was similar to that seen in young adults 

in the Preliminary Study. In small follicles, with tall epithelium, signals for TG mRNA 

and protein were present but in large follicles, with attenuated epithelium, only occasional 

positively stained cells for TG mRNA were observed (Fig. 4.30a-b). As in 8-10 week old 

rats, the colloid in older animals stained strongly for TG protein in all cases. No positive 

staining was observed with the other negative control procedures.

Signals for TG mRNA and protein in the three cases of FCH were somewhat variable 

(Table 4.8a). Positive staining for TG mRNA was present in follicular cells in two of these 

lesions. TG peptide was observed in a minority of cells in one lesion, which was also 

positive for TG mRNA. No cellular staining was noted in one FCH lesion. The colloid in 

the hyperplastic lesions showed strong, or moderately strong staining for TG protein in all 

cases.

TG expression was observed in the majority of histological types of FCA, with the 

exception of the solid pattern in which no signals were noted (Table 4.8b; Fig. 4.9c-d). TG 

mRNA and protein were typically present within a small proportion of cells in both the 

follicular and papillary pattern (Figs. 4.9c-d and 4.18c-d). In the cystic tumours, although
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TG mRNA was observed in a minority of cells in 7/7 lesions, signals for TG peptide were 

only seen in a few cells in two cases (Figs. 4.18a-b and 4.19b-c). The positive staining for 

TG mRNA in most adenomas was weak or moderate, conversely the staining intensity for 

TG peptide, where present, was moderately strong. The colloid gave strong signals for TG 

protein in all adenomas irrespective of the histological type.

TG mRNA and protein were present in FCCs in all follicular and papillary areas but not 

solid regions (Table 4.8c; Fig. 4.11b-c). In the positive areas the numbers of cells giving 

signals for TG mRNA or protein varied considerably and there was no consistent 

mRNAiprotein ratio in the constituent cells. No staining was noted within the prominent 

scirrhous reaction of Case no. 15. The staining intensity for TG mRNA and protein in 

these lesions was also variable. The colloid, where present, stained strongly, or moderately 

strongly, for TG protein in the majority of cases.

A comparison of the staining properties of the different histological patterns present in 

FCA and FCC is presented in Fig. 4.20. The mean percentage of cells staining positively 

for TG mRNA was 38% in follicular types, 31% in cystic and 16% in papillary, however 

there was considerable inter-tumour variation. The mean percentage of cells expressing 

TG protein were 36% in follicular, 3% in cystic and 32% in papillary, again with high 

levels of variation between cases. No expression of TG mRNA or protein was present in 

the solid pattern.
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Fig. 4.20: Mean (SD) percentage of ceils expressing TG mRNA and peptides 
in follicular tumours (adenomas and carcinomas) by histological 
pattern.

In the study involving older animals, positive IHC staining with the anti-TG antibody, was 

observed in all CCP types: 46/49 (94%) of Type I lesions, 18/31 (58%) of Type II lesions 

and 4/6 Type III lesions (Table 4.7a-e). The pattern of staining was similar in all types. In 

most cases only a few of the cells gave positive signals, however in several of the smaller 

lesions a majority of the cells stained positively. The staining was present in scattered 

groups of cells usually in close proximity to a follicle (Fig. 4.17a). A strong, membranous 

pattern of staining was observed in all positive cells but also diffuse cytoplasmic staining 

was seen in some areas. In Type III lesions, only structurally normal (i.e. not pleomorphic 

or fusiform) cells gave positive signals. No staining for TG protein was seen in the emboli 

or metastatic deposits associated with CCP (Table 4.7f-g; Figs. 4.5d and 4.6d). Groups of 

cells staining positively with the anti-TG antibody, and present in serial sections, were also 

positive for CT mRNA and CT protein (Fig. 4.17c-d), however no signals for TG mRNA 

(Fig. 4.17b) or SS markers were obtained from these cells.

4.3 2.3 Somatostatin expression

In young adult rats (Preliminary Study), SS mRNA and peptides were localised to cells 

with the morphology of C-cells; however they were present only in a very small minority 

of such cells (Table 4.6a). All cells positive for SS mRNA, and present in serial sections, 

were also positive for SS and CT peptides. The SS positive cells were present as strongly 

stained individual cells, or as small cell clusters, (typically 3-5 cells) confined to a small 

part of the C-cell area (Figs. 4.21a and 4.22b).
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In the study involving older rats, expression of SS mRNA was observed in 34/49 (69%) of 

Type I lesions, 14/29 (48%) of Type II lesions and 3/6 (50%) of Type III lesions. Cells 

positively stained for SS peptides were present in 42/49 (86%) of Type I lesions, 21/29 

(72%) of Type II lesions and 4/6 (66%) of Type III lesions (Table 4.7a-e). In all CCP 

Types, cells positive for SS mRNA, and present in serial sections, were also positive for SS 

and CT peptides. However, as the above figures indicate, those lesions that were positive 

for both SS mRNA and peptides generally contained a higher number of peptide positive 

cells. Additionally, a small number of lesions contained cells positive for SS peptides but 

were completely devoid of cells expressing SS mRNA. Generally, SS immunopositivity 

appeared as strong diffuse cytoplasmic staining, although the staining intensity for SS 

mRNA was more variable with some positive cells being weakly stained.

In those cases of CCP Type I showing SS expression, the distribution of SS positive cells 

was similar to that observed in young adult rats in that scattered cells and loose cell 

clusters were present, although many of the latter were considerably larger than in young 

rats (Figs. 4.21b and 4.22c-d). In Type II lesions a number of staining patterns were 

present. The most prevalent pattern was identical to that seen in young adults and CCP 

Type I, i.e. individual, widely scattered cells and loose cell clusters, present in 11/29 (38%) 

cases (Figs. 4.21.c and 4.23a-b). Secondly, in 8/29 (28%) of Type II lesions, 100% of cells 

stained positively for SS peptides (Figs. 4.2Id and 4.23c-d). In one such lesion (No. 20B), 

no CT mRNA or CT peptide positive cells were present, yet the lesion was strongly 

positive for SS mRNA and SS peptides (Fig. 4.15a-d). An embolus present in association 

with this lesion also expressed SS mRNA and peptides and was negative for all other 

markers (Table 4.7g). Thirdly, a mixed pattern was present in 2/29 (6%) CCPs, 

comprising a well delineated group of contiguous SS positive cells, variably occupying 

between 50-75% of the area of the lesion (Figs. 4.2 le and 4.24b-c). Finally, 8/29 (28%) of 

Type II CCPs were completely negative for SS mRNA and peptides (Figs. 4.21f and 4.14c- 

d).

In 3/6 Type III lesions, large numbers of cells stained positively for SS peptides. These 

cells were usually isolated and scattered across the lesion (Fig. 4.25c). The associated 

CLN métastasés also contained widely scattered SS positive cells, but overall they tended 

to be fewer in number than at the primary site (Fig. 4.25d). Similar patterns of staining
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were noted for SS mRNA, although in most instances the numbers of positive cells were 

fewer than for peptide. 2/6 Type III lesions were completely negative for SS mRNA and 

peptides.

In all of the cases examined, no signals for SS mRNA or peptides were observed in the 

follicular cells or colloid of the normal gland, nor in any of the proliferative follicular 

lesions. In addition, no positive staining was observed with the other negative controls.

4.3.2.4 Ganglioneuroma

Strong granular staining for CGRP protein was observed in the cytoplasm of the large 

angular cells and also in the extracellular matrix of this tumour (Fig. 4.12d). The matrix 

also showed strong immunopositivity for NF. Conversely, no signals were obtained for the 

mRNAs and peptides of CT, TG and SS, although C-cells at the periphery of the lesion 

stained strongly for CT mRNA and peptides (Fig. 4.12c).

4.3.3 Effect of sex, age of animal and size of lesion on staining properties

No differences in the staining properties of cells in young adult thyroids, CCP or follicular 

lesions were observed that could be attributed to the sex or age of the animal (Tables 4.6,

4.7 and 4.8). Differences in the incidence of some lesions between sexes were present in 

the sample of thyroids investigated in this study e.g., reduced numbers of follicular lesions 

in females as compared with males, but this differential is representative of that which 

exists in the ageing rat population.

The diameters of CCP Types II and III ranged from 0.2 to 8.7 mm, with the majority being 

less than 2 mm. (The mean midlongitudinal length of the fixed Wistar thyroid gland was

4.5 mm). No correlation was observed between the diameters of CCPs and the extent of 

CT mRNA or peptide expression (Fig. 4.26).
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With SS expression, the mean percentage of cells that stained positively for SS mRNA and 

peptides in CCPs, reduced in accordance with increasing size of the lesion. 39.0% (SD 

+45.8) of cells stained positively for SS mRNA in CCPs less than 2mm in diameter, 

whereas 13.3% (SD ±24.2) cells showed positive staining in lesions greater than 4mm 

(Fig. 4.27). Cells staining positively for SS peptides showed a similar trend, with 43.8% 

(SD ±45.9) present in lesions less than 2mm and 26.7% (SD ±27.3) present in lesions over 

4mm.
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Fig. 4.27: Mean (SD) percentage of cells expressing SS mRNA and peptides
in CCP (Types II and III) by size of lesion.
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Table 4.4: Individual animal histopathology data: pro iferative lesions of the thyroid gland in the Han Wistar rat
Case No. Sex/Age

(months)
Lesion/Type Comments

1 M 25^ Follicular cell adenoma Follicular pattern, 1.1mm
CCP - Type I

2 M 19 CCP-Type I

3 M 19® CCP-Type II Acini, blood filled spaces, prominent trabeculae, pigmented macrophages, emboli, 
8.7mm

4 M 29 CCP -  Type I
CCP -  Type IIA Prominent trabeculae, pigmented macrophages (lobe 1), 0.8mm
CCP -  Type IIB (lobe 1), 0.5mm

5 M 27® Follicular cell adenoma Cystic pattern, 1.6mm
CCP -  Type I

6 M 25 CCP -  Type I
CCP -  Type II Blood filled spaces 2.2mm

7 M 19 CCP-Type I

8 M 29 Follicular cell adenoma Cystic pattern (lobe 1), 1.3mm
CCP-Type I
CCP -  Type III Emboli (lobe 2), 0.9mm

9 M 29 CCP -  Type I
CCP-Type II (lobe 1), 1.2mm
CCP -  Type III Emboli (lobe 2), 4.0mm

10 M 29 CCP -  Type I
CCP-Type II Emboli (lobe 1), 0.8mm
CCP -  Type III Acini (lobe 2), 4.2mm

137



Table 4.4; Individual animal histopathology data; proliferative lesions of the thyroid gland in the Han Wistar rat (continued)
Case No. Sex/Age

(months)
Lesion/Type Comments

11 M 19 Follicular cell adenoma Papillary pattern, intermixed with CCP Type III, (lobe 1), 2.4mm
CCP -  Type I
CCP -  Type III Intermixed with follicular adenoma, blood filled spaces.

Emboli (lobel), 2.5mm CLN METASTASIS

12 M 29 Follicular cell adenoma Solid/cystic/follicular (= mixed) pattern (lobe 1), 3.6mm
CCP -  Type I
CCP-Type II Mitoses prominent (lobel), 1.0mm

13 M 29 Follicular cell adenoma Solid/follicular (= mixed) pattern (lobe 1), 2.7mm
Follicular cell adenoma Cystic (lobe 2), 2.6mm
CCP-Type I

14 M 28" Follicular cell hyperplasia 1.4mm
CCP-Type I

15 M 29 Follicular cell carcinoma Solid pattern (lobe 1), 1.1mm scirrhous response
Follicular cell adenoma Cystic pattern (lobe 1), 2.9mm
CCP-Type I
CCP -  Type II (lobe 2), 0.2mm

16 M 19 Follicular cell adenoma Cystic pattern, 5.9mm
CCP -  Type I

17 M 19 CCP -  Type I
CCP -  Type II 0.3mm

18 M 24" Follicular cell carcinoma Follicular pattern, 2.0mm
CCP-Type I
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Table 4.4; Individual animal histopathology data: proliferative lesions of the thyroid gland in the Han Wistar rat (continued)
Case No. Sex/Age 

(months)
Lesion/Type Comments

19 M 24^ Follicular cell adenoma Papillary pattern, 2.9mm
CCP-Type I
CCP-Type III Pigmented macrophages, acini, emboli, (lobel), 4.2mm CLN METASTASIS

20 M 29^ CCP-Type I
CCP -  Type IIA (lobe 1), 0.7mm
CCP-Type IIB Blood filled spaces, emboli (lobe 2), 0.5mm

21 M 25 Follicular cell adenoma Cystic pattern (lobel), 1.5mm
CCP -  Type I Moderate, diffuse
CCP -  Type II (lobe 2), 0.4mm

22 M 19 Follicular cell adenoma Papillary pattern (lobel), 1.2mm
CCP-Type I Mild, diffuse
CCP-Type III Pigmented macrophages, blood filled spaces, acini, (lobe 2), 3.5mm CLN 

METASTASIS

23 M 25 CCP -  Type I Mild, diffuse
CCP-Type II Pigmented macrophages, blood filled spaces (lobe 2), 2.9mm

24 M 25 Follicular cell carcinoma Solid/follicular (= mixed) pattern (lobe 1), 2.1mm
CCP-Type I
Ganglioneuroma (lobe 2)

25 M 18^ CCP-Type I
CCP -  Type II Acini, blood filled spaces, mitoses prominent 7.2mm

26 F 27* CCP-Type I
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Table 4.4; Individual animal histopathology data; proliferative lesions of the thyroid gland in the Han Wistar rat (continued)
Case No. Sex/Age

(months)
Lesion/Type Comments

27 F 25 Follicular cell adenoma Follicular pattern (lobe 1), 1.2mm
CCP -  Type I
CCP-Type II (lobe 1), 0.4mm

28 F i t CCP -  Type I

29 F 25 CCP-Type I
CCP-Type II Blood filled spaces, prominent necrotic cells, 3.3mm

30 F 25 CCP -  Type I
CCP-Type II Blood filled spaces, 1.6mm

31 F 30 Follicular cell carcinoma Follicular pattern (lobe 1 ), 1.2mm
CCP -  Type I

32 F 19 CCP-Type I
CCP-Type II (lobe 1), 0.2mm

33 F 25 CCP-Type I
CCP-Type IIA Blood filled spaces, (lobe 1), 0.9mm
CCP-Type IIB Blood filled spaces, (lobe 2), 4.2mm

34 F 19 Follicular cell adenoma Follicular pattern, 0.6mm
CCP -  Type I

35 F 28^ CCP -  Type I
CCP -  Type IIA (lobe 1), 0.5mm
CCP -  Type IIB Emboli (lobe 2), 4.8mm
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Table 4.4: Individual animal histopathology data: prol iferative lesions of the thyroid gland in the Han Wistar rat (continued)
Case No. Sex/Age

(months)
Lesion/Type Comments

36 F 30 Follicular cell adenoma Papillary pattern (lobel), 3.4mm
CCP -  Type I
CCP-Type II Acini, (lobe 2), 3.4mm

37 F 19 CCP -  Type I

38 F 28^ Follicular cell hyperplasia (lobe 1), 0.6mm
CCP -  Type I
CCP -  Type IIA Blood filled spaces, (lobel), 1.4mm
CCP-Type IIB Mitoses prominent, emboli (lobe 2), 1.9mm

39 F CCP-Type I

40 F 24® Follicular cell carcinoma Papillary/follicular (=mixed) pattern, pigmented macrophages, 6.7mm
CCP-Type I

41 F 18® CCP-Type I

42 F 30 CCP -  Type I
CCP-Type II Blood filled spaces, acini, mitoses prominent, 3.2mm

43 F 30 Follicular cell hyperplasia (lobe 1), 0.6mm
CCP-Type I
CCP-Type IIA (lobe 1), 1.1mm
CCP -  Type IIB Blood filled spaces, acini, pigmented macrophages (lobe 2), 1.5mm
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Table 4.4; Individual animal histopathology data: proliferative lesions of the thyroid gland in the Han Wistar rat (continued)
Case No. Sex/Age

(months)
Lesion/Type Comments

44 F 25 CCP-Type I
CCP-Type II 0.9mm

45 F 29^ CCP -  Type I

46 F 25 CCP-Type I
CCP-Type II 0.6mm

47 F 2 t Follicular cell adenoma Follicular pattern (lobe 1), 1.6mm
CCP -  Type I
CCP -  Type II (lobe 2), 0.6mm

48 F i f CCP -  Type I

49 F 2 / CCP -  Type I

50 F 2 t CCP -  Type I

a _= ICD (sick killed)
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Table 4.6: Staining properties of thyroid gland in young adult rats (Preliminary Study) 

(a): C-cells
Case No. Age

(weeks)
Numbers of positively stained cells

CT mRNA CT peptides TG mRNA TG protein SS mRNA SS peptides
Males

1 8 + 11 1 1 1 1 I* 1 - - - +
2 8 + 1 1 II M in - - + +
3 10 + 1 1 1 1 +++++ - - + +

Females
4 8 +++++ II I n - - + +
5 8 ++++-+ +++++ - - - +
6 9 +++++ 1 1 M 1 - - + +

(b): Follicular cells
Case No.

Males

Females

Age
(weeks)

8

10

CT mRNA CT peptides
Numbers of positively stained cells

TG mRNA

-H-H-
4-H-+

-h+-H-+

-H-4-+
4 f f++
+++++

TG protein SS mRNA

- = negative staining; + = less than 20% positive cells; ++ = 20-40% positive cells; 
cells; -H-+++ = more than 80% positive cells.

SS peptides

= 40-60% positive cells; ++++ = 60-80% positive
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Table 4.7: Staining properties of CCPs in the thyroid gland of the Han Wistar rat

(a): CCP Type I lesions (males)

Age
(months)

Case No.
CT mRNA CT peptides

Numbers of positively stained cells
TGmRNA TG protein SS mRNA SS peptides

18" 25 I I I I ++ +

19 ++ +
19 ++ +
19 11 ++
19 16 ++
19 17 ++
19 22 -H-

24" 18 -H-

24" 19 ++

25 ++

25 -H-

25 21 ++
25 23 +4- +
25 24 -H- +
27" ++ +

28 14 ++

29 ++
29
29
29
29
29
29
29®

10
12
13
15
20 ++

++
-H-
++
++
++
++ +

+

+
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(b): CCP Type I lesions (females)

Age
(months)

Case No.
CT mRNA CT peptides______TG mRNA

Numbers of positively stained cells
TG protein SS mRNA SS peptides

18" 41 ++
19 32 ++
19 34 I I I I I -H-
19 37 -H-H- ++ + +

24“ 40 ++ ++
25 27 ++ -H- +
25 29 -H- -H- +
25 30 ++ ++
25 33 ++ ++ +
25 44 ++ ++
25 46 -H- ++
I T 26 ++ ++
I t 28 -H- -H-

27“ 39 -H- ++ +

2 t 47 ++ - H -

27 48 ++ -H-

27“ 49 ++ -H-

27“ 50 ++ ++ +

28 35 4-4- 4-4-

28 38 4-4- 4-4-

29 45 4-4- 4-4-

30 31 4-4- 4-4-

30 36 4-4- 4-f-

30 42 4-4- 4-4-

30 43 4-4- -H-
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(c): CCP Type II lesions (males)
Age

(months)
Case No. Size

(mm)
Numbers of posit ively stained ceils

CTmRNA CT peptides TG mRNA TG protein SSmRNA SS peptides
18" 25 7.2 -H- +++ - 4- - 4-

19" 3 8.7 II M 1 +++ - 4- - 4-

19 17 0.3 4-H-H- + f-H-+ - - - -
25 6 2.2 1 1 1 1 1 +++++ - 4- - -
25 21 0.4 +++++ 1 1 M f - - NP NP
25 23 2.9 +++++ ++-H-+ - 4-4- - -
29 4A 0.8 -H-H-+ 1 + t - 4-4- - -
29 4B 0.5 1 1 M 1 1 1 1 1 1 - - 4-H-4-I- I 1 1+4-
29 9 1.2 -H-H-+ + 44-4-4- - - 4- 4-
29 10 0.8 ++ It 1 (I- - -H- 4- 4-
29 12 1.0 +-H- 4 ++++ - 4- - -
29 15 0.2 1 <+++ 11141- - - - +-

29" 20 A 0.7 ++ 4-4-H-+- - I 4-4 + -H-H-+- -H-4-4-4-

29" 20 B 0.5 - - - 4-H- 4-H-4- +++4-4-

(d): CCP Type II lesions (females)
Age

(months)
Case No. Size

(mm)
N um bers of positively stained cells

CTmRNA CT peptides TG mRNA TG protein SSmRNA SS peptides
19 32 0.2 + 1 I t + + - - 1 11 11 1-4 1 + +
25 27 0.4 +++++ 11-+++ - - +4+++ 1 1 1 1 1
25 29 3.3 I H  "H 4-4-4-++ - - + 4-++
25 30 1.6 I 4 I-++ 4-4-4-++ - -++ - -
25 33 A 0.9 4-4-+ ++++ - - 4-4-++ +-++++
25 33 B 4.2 II I t  4 -++-+++ - + - +
25 44 0.9 -H-+++ +++++ - -++ 1 1 t 1 1 4-+-+++
25 46 0.6 + 1 +++ II 1 ++ - - NP NP
27" 47 0.6 4-H-H- +++++ - - + +

28" 35 A 0.5 1 n  H +++++ - -++ - -

28" 35 B 4.8 1 1 I-++ 1 1 1 1 1 - -++ + +

28" 38 A 1.4 +++++ 1 I 4++ - -+4-++ - +

28" 38 B 1.9 1 1 1 1 1 1 1 1 1 1 - + - -
30 36 3.4 +++++ -+-+-+-++ - + -++ -++
30 42 3.2 4-4-H-+ 4-4-4-++ - -++ - +
30 43 A 1.1 +++++ +-++++ - - 1 +1 1 + 14 + + +
30 43 B 1.5 +++-H- 4-4-+-++ - - - +
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(e): CCP Type III lesions (males only)

Age
(months)

Case No. Size
(mm)

Numbers of positively stained cells
CT mRNA CT peptides TG mRNA TG protein SS mRNA SS peptides

19 22 3.5 + ++ - - -H-H- ++++
25 19 4.2 -H -H -+ +4-4 -f -f- - + 4-H- 4- f+ +

25 11 2.5 1 1 1 1- 1 4-H-++ - + +++ 4-H-+

29 8 0.9 +++++ 4-H -H - - + - -

29 9 4.0 +-H-+I ++I 1 1 - + - +
29 10 4.2 + + - - - -

(f): CCP métastasés in cervical lymph nodes (males only)

Age
(months)

Case
No.

Numbers of positively stained cells
CT mRNA CT peptides TGmRNA TG protein SS mRNA SS peptides

19 22 +++ ++4-+ - - +++ 4 4-4+

25 19 1 1 1 I h +4-H-+ - - + 4-+

25 11 1 1 14 + 1114 + - - + ++
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(g): Staining properties of emboli

Age
(months)

Case
No.

Size
(mm)

Associated
CCP

(Type)

Staining properties
CT mRNA CT peptides TG mRNA TG protein SS mRNA SS peptides

Males
19^ 3 8.7 II Positive Positive - - - -
25 19 4,2 III Positive Positive - - - -

25 11 2.5 III Positive Positive - - - -
29 8 0.9 III Positive NP NP NP NP NP
29 9 4.0 III Positive Positive - - - -
29 10 0.8 II Positive Positive NP NP NP -
i t 20 B 0.5 II - - - - Positive Positive

Females
28^ 35 B 4.8 II Positive Positive - - - -

28^ 38 B 1.9 II Positive Positive - - - -

- = negative staining; + = less than 20% positive cells; 
cells; +++++ = more than 80% positive cells.
" = ICD (sick killed)
NP = lesion not present

= 20-40% positive cells; +++ = 40-60% positive cells; ++++ = 60-80% positive
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Table 4.8: Staining properties o f follicular lesions in the thyroid gland o f the Han W istar rat 

(a): Follicular cell hyperplasia

Age
(months)

Case No. 
(sex)

Size
(mm)

Numbers of positively stained ceils
CT mRNA CT peptides TGmRNA TG protein SS mRNA SS peptides

Males
28^ 14 (M) 1.4 - - ++++ - - -

Females
28^ 38(F) 0.6 - - -H- ++ - -

30 43(F) 0.6 - - - - - -
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(b): Follicular cell adenoma

Age
(months)

Case
No.

Size
(mm)

Histological pattern Numbers of positively stained cells
CTmRNA CT peptides TG mRNA TG protein s s  mRNA SS peptides

Males
19 22 1.2 Papillary - - + ++
19 16 5.9 Cystic - - ++ - - -

24^ 19 2.9 Papillary - - ++ + - -

25^ 1 1.1 Follicular - - ++ -H-+ - -
25 21 1.5 Cystic - - + - - -

25 11 2.4 Papillary - - + + - -
29 8 1.3 Cystic - - 4- - - -
i t 5 1.6 Cystic - - ++ - - -
29 13 B 2.6 Cystic - - +++ - - -
29 13 A 2.7 Mixed

follicular area - - ++++ +4-4- - -
solid area - - - - - -

29 15 2.9 Cystic - - + - - -
29 12 3.6 Mixed

follicular area - - -H-t- -H-+ - -
solid area - - - - - -

cystic area - - + + - -

Females
19 34 0.6 Follicular - - ++ - - -
25 27 1.2 Follicular - - - + NP NP
i t 47 1.6 Follicular - - + - - -
30 36 3.4 Papillary - - - -hi - -
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(c): Follicular cell carcinoma

Age
(months)

Case
No.

Size
(mm)

Histological pattern Numbers of positively stained ceils
CT mRNA CT peptides TG mRNA TG protein SSmRNA SS peptides

Males
24^ 18 2.0 Follicular - - + -H-t- - -
25 24 2.1 Mixed

follicular area - - +++ + - -

solid area - - - - - -

29 15 1.1 Solid - - - - - -

Females
24* 40 6.7 Mixed

papillary area - - - -H- - -
follicular area - - + - - -

30 31 1.2 Follicular - - ++ I 1 f+ - -

- = negative staining; + = less than 20% positive cells; 
cells; +++-} f = more than 80% positive cells.
 ̂= sick killed

NP = lesion not present

= 20-40% positive cells; +++ = 40-60% positive cells; ++++ = 60-80% positive
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Fig. 4.1: Histological appearance of CCPs. H&E.

(a) CCP Type I. Cells surrounding the follicles, giving the impression of increased 
inter-follicular tissue. Retention of follicular structures. xlOO (OM).

(b) CCP Type II. Discrete well demarcated growth (A), adjacent to Type I lesion (B). 
Arrow denotes boundary of Type II lesion. x50 (OM).

(c) CCP Type II. Small nodular lesion. xlOO (OM).

(d) CCP Type III. Invasion of muscle adjacent to thyroid gland by pleomorphic C- 
cells. Intr a vascular cells present (arrow). xlOO (OM).
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Fig. 4.2: Acinar structures in CCP Type II. Serial (or close) sections. All x200 
(OM). Arrow denotes boundary of one acinus.

(a) H&E. Well differentiated acinar structures with eosinophilic contents.

(b) CT ISH. Strong, uniform staining of acinar cells with negative staining of 
contents.

(c) CT IHC. Variable staining of acinar cells with weak staining of contents.

(d) TG IHC. No staining of acinar structures or contents. Staining of adjacent 
follicles and CCP Type I (A).
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Fig. 4.3: Emboli in association with small CCP Type II. Serial (or close) sections. 
All x50 (OM).

(a) H&E. CCP Type II (A). Emboli in vessels adjacent to gland (black arrows). 
Area of CCP Type I (yellow arrow).

(b) CT ISH. Weak staining of CCP Type II (A) and emboli (black arrows). 
Moderate staining of CCP Type I (yellow arrow).

(c) CT IHC. Weak staining of CCP Type II (A) and emboli (black arrow). Strong 
staining of CCP Type I (yellow arrow).
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Fig. 4.4: CCP Type III. Serial (or close) sections. All xlOO (OM).

(a) H&E. Area of structurally well differentiated cells (A), adjacent to zone of 
densely packed, anaplastic cells with scant cytoplasm (B).

(b) CT ISH. Strong, uniform staining of well-differentiated cells (A). No staining of 
anaplastic cells (B).

(c) CT IHC. Weak staining of well-differentiated cells (A). No staining of anaplastic 
cells (B).

(d) TG IHC. No staining of well-differentiated (A) or anaplastic cells (B). Positive 
staining of trapped follicular cells and colloid (arrow).
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Fig. 4.5: Embolus in association with CCP Type III. Serial (or close) sections.
All x50 (OM).

(a) H&E. Edge of lesion infiltrating capsule of thyroid gland. Very small embolus 
present in adjacent vessel (arrow).

(b) CT ISH. Strong, staining of embolus (arrow) and cells at periphery of lesion.

(c) CT IHC. Strong, staining of embolus (arrow) and cells at periphery of lesion.

(d) TG ISH. No staining of CCP Type HI (embolus not present). Weak staining of 
adjacent, compressed follicular cells (arrow).
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Fig. 4.6: CLN; metastatic deposits of cells from CCP Type III.

(a) H&E. Metastatic cells (A) have replaced most of the substance of lymph node, 
leaving compressed band of residual lymphoid tissue at cortex (B). x25 (OM).

(b) CT IHC. Serial section to (a) above. Strong staining for CT peptides in the 
metastatic cells (A), no staining of lymphoid tissue (B). x25 (OM).

(c) CT IHC. Variable staining of metastatic cells for CT peptides (A) in close 
proximity to lymphoid tissue (B). Arrow denotes presence of haemosiderin 
pigment. xlOO (OM).

(d) TG IHC. Serial section to (c) above. No staining of metastatic cells (A) or 
lymphoid cells (B). Arrow denotes presence of haemosiderin pigment. 
xlOO (OM).
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Fig. 4.7: Histological appearances of proliferative follicular lesions. Arrows denote 
the boundary of the lesion. H&E.

(a) FCH. Discrete cystic structure. Epithelium bears small papillary infoldings. 
x50 (OM).

(b) FCA. Cystic pattern. Adjacent gland contains Type I CCP (A). x25 (OM).

(c) FCA. Follicular pattern. Adjacent gland contains Type I CCP (A). x50 (OM).

(d) FCA. Papillary pattern. Irregular papillary structures projecting into central 
colloid filled space (A). x50 (OM).
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Fig. 4.8: Histological appearances of proliferative follicular lesions. H&E.

(a) FCA. Papillary projection into central colloid filled space (A). xlOO (OM).

(b) FCA. Mixed pattern. Solid area (A) apposed to follicular area (B). xlOO (OM).

(c) FCC. Follicular pattern. Periphery of lesion showing invasion of thyroid gland 
and mild fibrous reaction. x25 (OM).

(d) FCC. Follicular pattern. Periphery of lesion showing invasion of thyroid capsule, 
haemorrhage within dilated follicular structures (A) and interstitial 
haemosiderin-laiden macrophages (arrow). x25 (OM).
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Fig. 4.9: FCA. Mixed pattern. Serial (or close) sections. All xlOO (OM).

(a) H&E. Solid area (A) apposed to follicular area (B).

(b) CT IHC. Strong staining of C-cells trapped in lesion. No staining of solid (A) or 
follicular (B) structures.

(c) TG ISH. Moderate staining of follicular cells (B). No staining of solid area (A).

(d) TG IHC. Strong staining of follicular cells and colloid (B). No staining of solid 
area (A).
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Fig. 4.10: FCA in association with CCP Type II. Serial (or close) sections.
All x25 (OM).

(a) H&E. Cystic FCA (A) surrounded by a band of proliferative C-cells (B). Island 
of trapped C-cells within FCA (arrow).

(b) CT IHC. Strong, diffuse staining of CCP Type II (B). No staining of FCA (A). 
Trapped C-cells also staining strongly (arrow).

(c) TG IHC. Staining of colloid in FCA (A) and also in normal follicles outside the 
lesions (B).

(d) SS IHC. Scattered cells staining positively in CCP Type II (B). No staining of 
FCA (A).
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Fig. 4.11: FCC; mixed pattern. Serial (or close sections). All x25 (OM).

(a) H&E. Solid area (A) apposed to follicular area (B). Small CCP Type I in 
adjacent thyroid gland (arrow).

(b) TG ISH. Moderate staining of follicular epithelium (B). No staining of solid area 
(A). Epithélia of normal follicles, in adjacent gland, are staining strongly (arrow).

(c) TG IHC. Irregular staining of follicular cells and colloid (B). No staining of solid 
area (A). Strong staining of colloid in adjacent gland (arrow).

(d) CT IHC. Strong staining of trapped C-cells (black arrow) and adjacent CCP 
Type I (yellow arrow). No staining of follicular (B) or solid (A) areas.
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Fig. 4.12: Ganglioneuroma.

(a) H&E. Spherical mass at pole of thyroid gland. xl2 (OM).

(b) H&E. Angular cells (arrow) within eosinophilic fibrillar matrix. Several trapped 
follicles present. x200 (OM).

(c) CT IHC. No staining of angular cells (arrow). Staining of C-cells at edge of 
lesion. x200 (OM).

(d) CGRP IHC. Strong cytoplasmic staining of angular cells (arrow). x200 (OM).
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Fig. 4.13: CCP Type II. Serial (or close) sections. All xlOO (OM).

(a) H&E. Small, nodular Type II lesion (A), adjacent to a CCP Type I (arrow).

(b) CT ISH. Strong, uniform staining of CCP Type II (A). Adjacent CCP Type I also 
positively stained (arrow).

(c) CT IHC. Majority of cells in CCP Type II staining positively but some inter
cellular variation in staining intensity (A). More uniform staining of adjacent 
CCP Type I (arrow).

(d) TG ISH. No staining of CCP Type II (A). Uniform staining of follicles in adjacent 
gland.
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Fig. 4.14: Type II CCP, positive for CT but negative for SS expression. Serial (or 
close) sections. All x50 (OM).

(a) CT ISH. Strong staining of cells in lesion (denoted by arrows), and in adjacent 
gland, for CT mRNA.

(b) CT IHC. Strong staining of cells in lesion, and in adjacent gland, for CT peptides. 
The staining intensity appears stronger in peripheral (A) than in central (B) areas.

(c) SS IHC. No staining of lesion. Small cluster of cells in adjacent gland staining 
positively for SS peptides (arrow).

(d) SS ISH. No staining of lesion. Cluster of cells in adjacent gland also staining 
negatively.
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Fig. 4.15: Type II CCP, positive for SS but not CT expression. Serial (or close) 
sections. All xIOO (OM).

(a) SS IHC. Nodular structure (arrow) with central cystic space. Cells staining 
uniformly positive for SS peptides.

(b) SS ISH. Weak staining of nodule for SS mRNA (arrow).

(c) CT ISH. Negative staining of nodule (arrow).

(d) CT IHC. Negative staining of nodule (arrow).
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Fig. 4.17: Staining of CCP Type I for TG protein. Serial (or close) sections.
AU XlOO (OM).

(a) TG IHC. Strong staining of C-cells (CCP Type I) with membranous and 
cytoplasmic pattern. Colloid also staining. Weak, irregular staining of follicular 
epithelium.

(b) TG ISH. Variable staining of follicular epithelium. Small follicles exhibit strong 
staining (black arrow), whereas occasional large follicle gives no signals (yellow 
arrow). C-cells staining negatively.

(c) CT IHC. Variable staining of C-cells.

(d) CT ISH. Strong uniform staining of C-cells.
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Fig. 4.18: Expression of TG in FCAs.

(a) TG ISH. Cystic pattern. Weak, irregular staining of epithelial lining (arrow). 
x200 (OM).

(b) TG IHC. Serial section to (a) above. Uniform staining of colloid but no staining 
of follicular epithelium. x200 (OM).

(c) TG ISH. Papillary pattern. Irregular staining towards base of papillary 
structures (arrow). xlOO (OM).

(d) TG IHC. Serial section to (c) above. Irregular staining towards base of papillary 
structures (arrow). xlOO (OM).
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Fig. 4.19: FCA; cystic pattern. Serial (or close) sections. Arrows (black) denote the 
boundary of the lesion. All x50 (OM).

(a) H&E. Irregular cystic structures lined by squamous epithelium.

(b) TG ISH. Very weak, irregular staining of epithelium for TG mRNA (yellow 
arrow). Epithélia of normal follicles, adjacent to lesion, are staining strongly.

(c) TG IHC. Strong staining of colloid in cystic structures, and in adjacent follicles. 
No staining of epithelia.

(d) CT IHC. Strong staining of trapped C-cells for CT peptides (yellow arrow), and 
of adjacent CCP Type I. No staining of cystic structures or colloid.
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(a) Young adult. (b) CCP Type I. (c) CCP Type II. Individual 
scattered cells and clusters. (38% )

(d) CCP Type 11. 100% SS 
positive cells. (28% )

(e) CCP Type II. 
M ixed pattern. (6%)

(f) CCP Type II. 100% SS 
negative cells. (28%)

42^ = SS and CT positive cell 4 ^  = CT positive, SS negative cell Figures in brackets denote incidence of each pattern

Fig. 4.21: Distribution patterns for SS immunopositive cells in young adult rats and CCP Types I and II.
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Fig. 4.22: SS expression in normal C-cells and CCP Type I. AU xlOO (OM).

(a) CT IHC. Young adult rat. Numerous C-cells staining positively in centre of 
thyroid lobe.

(b) SS IHC. Serial to (a) above. Comparatively small number of C-cells staining 
positively for SS peptides.

(c) SS IHC. CCP Type I. Loose cluster of cells staining positively for SS peptides.

(d) SS ISH. Serial to (c) above. Same cluster of cells staining positively for SS 
mRNA.
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Fig. 4.23: Patterns of SS expression in CCP Type II.

(a) SS IHC. Scattered cells staining positively for SS peptides. xlOO (OM).

(b) SS ISH. Serial to (a) above. Negative staining for SS mRNA. xlOO (OM).

(c) SS IHC. 100% cells staining positively for SS peptides. x50 (OM).

(d) SS ISH. Serial to (c) above. 100% cells staining positively for SS mRNA. 
x50 (OM).
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Fig. 4.24: Mixed pattern of SS expression in CCP Type II. Serial (or close) sections. 
Ail x25 (OM).

(a) H&E. Large well-differentiated lesion occupying full width of thyroid lobe..

(b) SS IHC. Well delineated area of cells staining positively for SS peptides (A), 
extending up to half the total area of the lesion. Isolated cells and clusters staining 
positively for SS peptides in other half of lesion (arrows).

(c) SS ISH. Scattered cells staining positively for SS mRNA within area positive for 
SS peptides (A). Rest of lesion staining negatively.
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Fig. 4.25: CCP Type III, expressing CT and SS. Ail x200 (OM).

(a) H&E. Pleomorphic cells invading thyroid capsule. Lesion contains many 
fusiform cells and trapped follicles.

(b) CT IHC. Close section to (a) above. Most cells staining positively for CT 
peptides.

(c) SS IHC. Serial to (b) above. Scattered cells staining positively for SS peptides.

(d) SS IHC. Metastasis of cells (from same lesion) within CLN. Scattered cells 
staining positively for SS peptides in close proximity to lymphoid cells (A).
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Fig. 4.29; Negative controls for ISH and IHC procedures. All xlOO (OM).

(a) CT ISH; CCP Type II. Moderate, diffuse staining for CT mRNA.

(b) CT ISH. Serial to (a) above. RNase pre-treatment. Signal greatly diminished.

(c) ISH with cytosine deaminase probes. Close section to (a) above. Negative 
staining.

(d) IHC with non-specific rabbit immunoglobulins. CCP Type II (strongly positive 
for CT peptides). Close section to Fig. 4.14b). Negative staining.
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Fig. 4.30: Histological appearance of normal follicular tissue.

(a) TG ISH. 25 month old rat. Marked variation in staining between follicles for TO 
mRNA. Spaces between follicles filled with proliferating C-cells (CCP Type I). 
x50 (OM).

(b) TG ISH. Higher magnification of (a) above. Some follicles, usually with tall 
epithelium, are staining strongly (black arrow). Others with flattened epithelium 
show negative staining (yellow arrow). xlOO (OM).

(c) TG IHC. Young rat (Preliminary Study) Active follicles in centre of thyroid lobe 
show weak apical staining for TG protein (arrow). x200 (OM).
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4.4 DISCUSSION

In the present study, small numbers of parafollicular cells, exhibiting strong signals for CT 

mRNA and peptides, were observed in the central regions of the thyroid gland in young 

Wistar rats. Cells with similar morphology, also expressing CT mRNA and peptides, were 

present in increased numbers in the thyroid glands of rats aged from 18-30 months. In 

many cases these cells appeared to form discrete, tumour-like growths. Overall, this 

combination of morphology, proliferative behaviour and CT expression is characteristic of 

C-cells. These findings are consistent with those of other authors who have observed 

increased numbers of C-cells in the thyroid gland of ageing rats, including the Wistar 

(Burek, 1978; Boorman and DeLellis, 1983; DeLellis, 1994).

Because of the problems associated with differentiating the stages of C-cell proliferation 

(Section 1.5.3) it was decided to devise new terminology for the present investigations and 

avoid using the terms hyperplasia, adenoma and carcinoma. Using this approach, criteria 

were devised that allowed C-cell proliferative lesions to be divided into three 

morphologically distinct types (I, II and III). It must be stressed that each type was not 

mutually exclusive, e.g. Type II lesions were frequently situated in areas of pre-existing C- 

cell proliferation (Type I), and Type III lesions were composed of relatively small areas of 

anaplastic invasive cells, within an otherwise well-differentiated structure (Type II). These 

histological patterns indicate that CCP Types I, II and III are different stages of 

progression and this is represented diagramatically in Fig. 4.28. Additional evidence for 

progression is provided by the incidences of these lesions in the sample of thyroid glands 

investigated. Of fifty glands examined, 49 Type I, 31 Type II and 6 Type III CCPs were 

identified. Although these numbers are higher than in the general ageing rat population, 

due to the selection of specific animals for the present investigation, they appear to suggest 

that progression is taking place. These findings support those of DeLellis et al. (1979), 

who concluded, from ultrastructural analyses, that the continued progression of lesions 

from mild diffuse hyperplasia to medullary carcinoma (C-cell carcinoma) occurred in the 

Long Evans rat.
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= C-cell

Fig. 4.28: Progression of proliferative C-cell lesions in the thyroid gland of the rat, 
from the young adult, through CCPs I and II, to the malignant Type III 
lesion.

178



What is the relationship between the CCP Types observed in the present study and the 

currently accepted diagnostic nomenclature (Botts, 1991)? It would appear that Type I 

CCP can be equated to the term 'diffiise hyperplasia’, based on the absence of compression 

or damage to the follicles, the lack of invasive behaviour and the failure to produce emboli 

or métastasés. It is equally possible to make a definitive judgement regarding Type III 

CCP, in that it would seem to equate to ’carcinoma’. The decision that this is a malignant 

stage is based on the presence of anaplasia, capsular invasion, tumour emboli in vessels 

and metastatic deposits in the CLNs. Turning to CCP Type II the situation is somewhat 

different. This well-differentiated, non invasive, lesion would normally equate to a benign 

stage, i.e. focal hyperplasia or adenoma. However, in several cases the presence of emboli 

in adjacent vessels rendered this otherwise benign lesion into a potentially malignant one 

i.e. carcinoma.

Emboli were observed in association with 5/31 (16%) Type II lesions. Some of these 

lesions were relatively small, less than 1mm in diameter, and certainly not exceeding ’five 

average follicular diameters’, which is the correct size to be graded as ’focal hyperplasia’ in 

the STP classification scheme (Botts, 1991). The fact that such small lesions, comprising 

well-differentiated cells with minimal atypia, are capable of vascular invasion and are 

therefore malignant, does not seem to be acknowledged in the literature and standard 

nomenclature guidelines. Although emboli were only observed in a minority of Type II 

lesions, their appearance would have been governed by the plane of section and therefore 

their number may have been underestimated. Conversely, it may be argued that a 

malignant lesion, out of the plane of section, could be responsible for the emboli in some 

cases, although it is considered unlikely that this could be the source in all Type II lesions.

On the basis of the present work it is possible to propose a new system of diagnostic 

nomenclature for C-cell proliferative lesions (Table 4.9). In this system the use of the term 

’focal hyperplasia’ would be discontinued, and the presence of emboli used to distinguish 

adenoma from carcinoma irrespective of the dimensions of the lesion. This work has 

shown that very small lesions can possess metastatic potential and therefore size is not a 

reliable indicator of biological behaviour and should not be used as a diagnostic criterion 

as recommended under the STP system (Botts et al., 1991).
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Table 4.9: Proposed terminology for the staging of C-cell
proliferative lesions in the rat

CCP Type Proposed diagnostic term

I Diffuse hyperplasia [Benign]

II (No emboli) Adenoma [Benign]

II (Emboli present) Carcinoma [Malignant]

III Carcinoma [Malignant]

In order to study the histogenesis and differentiation of tumours arising in the thyroid gland 

in the present investigations, it was necessary to choose specific cellular products, both of 

follicular and C-cells, so that their expression could be used as markers of lineage. 

Thyroglobulin (TG) was chosen as a marker of follicular cells; surprisingly its expression 

in rodent thyroid tumours does not appear to have been previously studied. Although TG 

is not the final secretory product of these cells (it is subsequently modified to form 

thyroxine and tri-iodothyronine), the mRNA and protein form specific targets for ISH and 

IHC respectively. C-cells belong to the neuroendocrine (NE) cell system, and in humans 

are known to synthesize a wide variety of secretory peptides, including e.g. neuron specific 

enolase, chromogranin and protein gene product 9.5 (Bishop and Polak, 1993). In rats, the 

presence of ACTH and p-endorphin peptides has been reported in C-cell tumours in 

addition to CT (Defios et al., 1980; Zabel 1987). However these types of studies have 

been very few in number, and there is no information as to the proportion of normal or 

neoplastic C-cells that are likely to contain these peptides. Conversely, the resident 

hormonal product, calcitonin (CT), is generally regarded as is the most important specific 

marker of these cells and is considered a prerequisite for the diagnosis of C-cell neoplasia 

(MTC) in humans (De Lellis et al., 1978; Ljungberg, 1993). On this basis, CT was an 

obvious choice to use in this study, particularly as probes and antibodies, that were known 

to work in the rat, were available (Sections 4.2.2 and 4.2.4).

Before investigating the expression of a specific peptide in a neoplastic cell population, as 

a marker of differentiation, it is important to verify the expression of the peptide in normal.
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fully differentiated cells. However, increased numbers of C-cells were observed in all 

animals of 18 months or over, suggesting that a ’proliferative state’ at this age was normal. 

Therefore it was decided to examine the expression of CT and TG in the thyroid gland of 

young rats (8-10 weeks) to ensure, as far as possible, that ’normal’ C-cells were examined 

(Preliminary Study). An assessment of ’normal’ follicular tissue was made in the 

preliminary study, and also from areas of the thyroid gland uninvolved in the proliferative 

changes in aged animals.

Strong staining for CT mRNA and peptides was observed in virtually all C-cells in the 

Preliminary Study in young adult rats, and in CCP Type I lesions in older animals. The 

numbers of cells giving positive signals for CT mRNA and peptides decreased slightly in 

Type II lesions, and then further still, so that in CCP Type III the mean percentage of cells 

staining for both markers was 73% (Fig. 4.16). CT mRNA and peptides were also present 

in most of the emboli that were found in association with Type II and III lesions. 

Additionally, strong ISH and IHC signals for CT expression were present in the CLN 

métastasés of three rats. Only one CCP (Type II) was completely negative for CT mRNA 

and peptides. This tumour proved strongly positive for SS mRNA and peptides and is 

discussed later.

In young adult rats, and in the majority of CCP Types in older animals, those cells giving 

positive signals for CT mRNA also stained positively for CT peptides. The exception to 

this was a proportion of lesions, particularly Type II, in which slightly more cells were 

staining positively for CT peptides than mRNA. The reasons for the presence of these 

mRNA-negative, peptide-positive cells are not clear, although technical problems (e.g. 

incomplete PK digestion of the tissue resulting in reduced accessibility of the probes) are 

possibly the most likely explanation.

A reduction in the numbers of cells showing CT expression in CCP Type III, as compared 

with Type II lesions, can be explained by the increased numbers of poorly differentiated 

cells in the former. A striking correlation was observed between the strength of staining 

for CT mRNA and peptides, and the degree of structural differentiation of the cells. Very 

anaplastic and pleomorphic cells often stained negatively for both markers indicating that 

they were unable to synthesize and store CT peptides. Therefore, in terms of
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differentiation of neoplastic C-cells it would appear that loss of function often accompanies 

loss of normal structure. It should be emphasised however, that the degree of anaplasia 

and pleomorphism observed here with C-cells, even in the most malignant lesions, was 

only slight in comparison to that seen in other tumours, e.g. hepatocellular carcinoma 

(Chapter 3).

Cellular heterogeneity of IHC staining for CT peptides was observed in all CCP Types. 

This finding was also observed in human MTCs by Neonakis et al. (1994). These workers 

believed that it may have resulted from either an increased tumour growth rate or reduced 

ability to store peptide in less differentiated cells. The observation that the IHC staining 

intensity of cells in peripheral areas of Type II lesions was frequently stronger than in 

central regions was also made by Neonakis et al. (1994). No explanation was offered for 

these findings, but it is considered that in the present study it is probably an artefactual 

effect of fixation with NBF, in a similar way to that observed in liver tissues stained for 

albumin mRNA (Section 3.3.2.2). A small number of cells in all CCP Types exhibited cell 

membrane staining in addition to the usual diffuse pattern of cytoplasmic signals. The 

reasons for this are not known but it may relate to the movement of secretory granules 

close to the cell membrane prior to the release of CT from the cell. Unfortunately, in the 

present study, serum CT levels were not monitored, but it seems probable that a state of 

hypercalcitonaemia existed in many of the animals. Serum CT abnormalities have been 

previously documented in various rat strains with spontaneous C-cell hyperplasia or 

tumours (Triggs et al., 1975; DeLellis et al., 1979 and Khattab et al., 1989). However, 

despite the fact that a very high incidence of hypercalcitonaemia must exist in the ageing 

rat population, the physiological and clinical consequences of this condition do not appear 

to be highly significant.

The present work has shown that the production and storage of CT in CCPs is maintained 

throughout all stages of progression, even during embolic spread and in métastasés. Even 

the largest lesions (over 4mm in diameter) demonstrate extensive CT expression. Only 

certain anaplastic or pleomorphic cells are not capable of exhibiting positive signals for CT 

mRNA and peptides. Therefore the use of ISH or IHC should be of benefit in 

differentiating these lesions both in the thyroid gland and at metastatic sites. Fortunately, 

anaplastic or pleomorphic cells would appear to constitute a minor proportion of even the
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most malignant lesions, therefore sufficient cells should generally be present to produce 

signals for CT expression. Indeed, for diagnostic purposes the use of IHC alone should 

suffice as, on the basis of the present work, it is marginally more consistent and likely to 

result in better positive staining. This has additional benefits as IHC is technically easier to 

perform than ISH.

The results from the present study are consistent with those of Defios et al (1980), who 

reported the presence of positive IHC staining for CT peptides in 37/38 MTCs (C-cell 

tumours) in the rat. No accurate diagnoses of these tumours were performed, and so the 

proportions of the various stages, e.g. early (hyperplasia), and late (carcinoma), is not 

known. Neonakis et al. (1994) demonstrated the presence of CT mRNA and peptides in a 

series of twenty-two human MTCs with all of these lesions staining positively to some 

degree. However, these authors found more consistency with ISH rather than IHC staining 

and suggested that the discrepancy was due to tumour cells losing their storage but not 

their synthetic capacity.

In the present study, the presence of emboli, were observed in association with 5/31 (16%) 

Type II lesions, and 4/6 (66%) Type III lesions. In addition, metastatic deposits were 

identified in the deep CLN in association with half of the Type III lesions. The majority of 

the emboli and metastatic deposits stained positively for CT mRNA and peptides. This 

ability of C-cell tumours to metastasize in the rat is well documented (Hardisty and 

Boorman, 1990). It appears that the majority of métastasés involve the deep CLN (Burek, 

1978) with pulmonary spread being rare (DeLellis, 1994). Unfortunately, in the 

carcinogenicity study from which the thyroid glands for the current investigation were 

derived, the examination and removal of the deep CLN at necropsy was not performed 

consistently. Therefore it is almost certain that a number of C-cell métastasés at this site 

were overlooked. The lungs of all animals were examined microscopically although no 

metastatic C-cell deposits were identified.

DeLellis (1994), states that the development of métastasés in rat C-cell tumours is usually 

associated with a large size of primary tumour, in excess of 8 mm. However, this 

statement is not supported by the results presented here in which the metastatic deposits in 

the CLN were derived from primary tumours that ranged in size from 2.S-4.2 mm. While

183



conceding that the larger the primary lesion the more likely métastasés are to develop, the 

present results indicate that the capacity for metastatic behaviour is present at a very early 

stage in some of the C-cell lesions. This is borne out by the presence of emboli in 

association with very small Type II CCPs that exhibit minimal atypia. It is considered that 

more metastatic deposits would have been observed in these cases if the deep CLNs had 

been consistently removed from all rats at the necropsies. In general, the morphological 

appearances, and the extent of CT expression in each metastasis was representative of that 

seen in the primary lesion. In one case, higher numbers of cells staining positively for CT 

mRNA and peptides were observed in the metastatic deposit as compared with the primary 

lesion. This was presumably due to the preferential spread of CT expressing cells, as 

opposed to negative cells, from the primary tumour to the node.

An unexpected finding in the present investigations was the IHC staining of C-cells with 

the anti-TG antibody. This was consistently observed in the majority of lesions of all CCP 

Types. The cells also stained positively for CT mRNA and protein, as would be expected 

in C-cells, but were negative for TG mRNA. In the light of these findings, a second 

polyclonal antibody raised against TG was acquired from an alternative supplier and used, 

with identical results. Additionally, the isotype control antibody produced no signals in 

these cells. Taken together, the special stains confirm that the cells giving positive signals 

with the anti-TG antibody are indeed C-cells, as they are producing and storing CT 

peptides and are unable to synthesize TG proteins.

Only one report in the literature describes the presence of TG protein in the cytoplasm of 

C-cells in animals (Kameda and Ikeda, 1978). These workers, using thyroids from dogs, 

concluded that C-cells were able to produce both TG and CT, although at the time it was 

not technically possible to demonstrate the presence of mRNAs by ISH, and therefore to 

confirm that actual synthesis was taking place. These observations do not appear to have 

been followed up in any subsequent work. In human C-cell neoplasms the situation is also 

somewhat confusing regarding the demonstration of TG protein (de Micco et al., 1993). In 

some studies immunoreactivity for TG has been found in 10% to 35% of classical compact 

MTCs (DeLellis et al., 1983; Holm et al., 1987). However, this is contradicted by several 

large IHC studies in which TG could never be detected in MTCs (Krisch et al., 1985; 

Williams et al., 1987). The situation is compounded by descriptions of 'mixed’ thyroid
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tumours containing both C-cell and follicular elements, and showing intermittent staining 

for TG proteins (Albores-Saavedra et al., 1985; Livolsi, 1987). The TG positive cells in 

the current investigation were of C-cell lineage, and not exclusively present in neoplasms, 

as they were also observed in CCP Type I which is a hyperplastic lesion. It is believed that 

these observations are consistent with the findings of de Micco et al. (1993), who 

suggested that the staining was due to reabsorption, by cells, of normal TG diffused into 

the interstitial tissue. This would account for the firequently observed membranous 

staining pattern if the TG protein remained close to the cell membrane following 

endocytosis. Credence for this hypothesis comes fi'om the early work of Daniel et al. 

(1967) who showed, in rats, that the movement of TG fi’om follicles into the lymphatics, 

via the interstitium, is a normal physiological process. It is possible to speculate that 

proliferating C-cells are in some way interfering with the transport of TG fi-om the 

follicular cells into the blood vessels or lymphatics, and indulging in non-specific 

endocytosis of the protein. Further evidence that the positive staining of C-cells is due to 

TG is provided by the consistent close proximity of such cells to follicles, and also by the 

complete absence of TG signals in the emboli and metastatic deposits. Lastly, it should be 

added that other authors have reported spurious results when carrying out immunostaining 

for TG, e.g. Keen et al. (1999), observed weak TG staining in an ovarian papillary 

carcinoma and Alpem (1992), demonstrated TG uptake by the cells of a renal cell 

carcinoma metastatic to the thyroid gland. Therefore, it appears that caution should always 

be exercised when interpreting the results of staining with this type of antibody.

In the present investigations, acinar structures were occasionally noted in Type II CCPs 

and in one Type III lesion. The acini were usually small in size and contained an empty 

lumen. In most cases they were few in number, however in one Type II lesion the acini 

comprised a more significant part of the lesion with one lobule entirely made up of acinar 

structures containing eosinophilic lumenal contents. The presence of such glandular 

structures within a C-cell lesion presents a potential diagnostic pitfall as the lesion could be 

misdiagnosed as being of follicular origin. In all cases in the present study the acinar cells 

stained positively for CT mRNA and CT peptide, but negative for TG mRNA and protein, 

thereby confirming that this pattern of differentiation is consistent with the C-cell lineage. 

Glandular differentiation in rodent C-cell neoplasms does not appear to have been 

previously reported, but the presence of acinar and tubular structures is a well recognised
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feature in the glandular variant of MTC in humans (Lloyd, 2000). Also in humans, 

glandular differentiation occurs in tumours arising from neuroendocrine cell populations 

elsewhere, e.g. carcinoids and neuroendocrine carcinomas in the gastointestinal tract 

(Waldum et al., 1998). The reasons why neuroendocrine cells, such as C-cells, should 

form glandular structures in the neoplastic state when they do not do so in the normal gland 

is not clear, but is possibly due to lack of differentiation, as glandular structures have been 

observed in the ultimobranchial body (Toran-Allerand, 1986). In one case, in the present 

study, the acinar lumina contained eosinophilic material which stained positively for CT 

but negatively for TG peptides. This suggests that the acinar cells were secreting CT into 

the lumen in an exocrine fashion. Tubules and follicles containing thyroglobulin-free 

proteinaceous material have been reported in the glandular variant of human MTC 

(Albores-Saavedra et al., 1985) The nature of this material was unclear, although it was 

suggested that it is a form of glycoprotein related to, but antigenically distinct from, TG. 

Alternatively, the eosinophilic material in the present study may represent a form of 

amyloid, as it is known that amyloid contains at least part of the amino acid sequence of 

CT (Williams et al., 1987). The presence of amyloid in C-cell lesions in the rat has 

occasionally been reported (Burek, 1978; Hardisty and Boorman, 1990) but as yet the CT 

immunopositivity of amyloid in this species does not seem to have been recognised.

The morphological appearance of one tumour was unlike that of any other proliferative 

lesion in the present study. The essential feature of this tumour was the presence of large 

angular cells surrounded by abundant eosinophilic matrix (Fig. 4.12). The cells stained 

negatively for the mRNAs and peptides of CT, TG and SS, but the matrix showed strong 

immunopositivity for NF. Such a histological pattern, with a lack of CT expression, is 

characteristic of ganglioneuroma in the rat (Crissman et al., 1991). Additionally, in the 

present study the tumour cells gave strong signals for CGRP peptides, which in humans 

and rats are known to be predominantly expressed in neurones (Section 1.5.2) (Amara et 

al., 1984). However, CGRP mRNA and peptides have been reported in human MTCs 

(Poston et al., 1987; Boultwood et al., 1990) and CGRP peptides have been demonstrated 

in rat C-cell neoplasms (Zabel et al., 1987), although it appears that the CGRP expression 

in both species was weak and intermittent. Therefore, the use of this marker as a means of 

differentiating ganglion (neuronal) cells from C-cells remains to be substantiated. 

Ganglioneuromas apparently develop frequently in the Sprague-Dawley rat (Crissman et
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al., 1991), but there seem to be no reports of their occurrence in the Han Wistar. The 

morphology of the tumour is supposedly indicative of attempts to generate neuronal tissue 

with ganglion cells embedded in primitive axonal material (Ashley, 1990). It is possible 

that problems could occur with the differential diagnosis of these tumours as the large 

ganglion cells bear some morphological resemblance to C-cells and this would be 

compounded if the ganglion cells were few in number and poorly differentiated.

The observation that only a very small proportion of C-cells in the young rat contain SS 

mRNA and peptides is consistent with the findings of Thomas et al. (1994), who proposed 

that C-cells in this species differentiate into 2 subsets, only one of which is able to produce 

and store SS. In young rats, the SS positive cells were noted as individual scattered cells, 

or in small clusters, the latter typically in the form of 3 to 5 cells encircling a follicle. In 

Type I CCPs, these clusters had expanded so they appeared slightly larger and more 

numerous.

In Type II lesions the situation became more complex as four distribution patterns 

appeared to exist. In descending order of frequency these were: 1), Individual scattered SS 

positive cells/clusters; 2), 100% SS positive cells; 3), 100% SS negative cells, and 4) 

Mixed staining for SS positive cells. In the most frequent distribution pattern (38% of 

cases), SS immunopositivity was observed in individual, widely scattered cells and cell 

clusters. Many of these cells stained negatively by ISH for SS mRNA. The most likely 

explanation of this finding is that the expression of SS is taking place as a result of the lack 

of cellular differentiation. A precedent for this occurs in the case of tumours of the human 

pancreatic islets. In normal islets, the majority of cells express insulin, with other peptides 

(e.g. SS, glucagon), being restricted to a small minority of cells. In islet cell tumours it has 

been shown that many cells co-express more than one peptide including SS and glucagon 

(Philippe et al., 1988). This has been attributed to the islet cell tumours reverting to a less 

differentiated state (de-differentiation) where the neoplastic cells are capable of 

simultaneously synthesizing multiple peptides. The reason for the negative staining for SS 

mRNA in these cells is unknown. Firstly, it may be due to the very low rate of production 

of the SS peptide (Section 1.2.4; Table 1.6). Alternatively, a lack of sensitivity of the ISH 

procedure should be considered, as the ISH technique used for the detection of SS mRNA 

in the present study was less sensitive than other ISH procedures (i.e. for the localisation of
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CT and TG). In the SS ISH technique, only a single probe was used that had been 

designed against the human SS sequence. Therefore, the levels of SS mRNA present in the 

cells may have been below the threshold of sensitivity for this technique. A similar lack of 

differentiation in primary Type III CCPs and métastasés would also account for the pattern 

of scattered SS immunopositive cells in these lesions. In malignancies generally, SS 

mRNA and peptides were observed in tumour cells that also contained CT mRNA and 

peptides.

The presence of 100% SS positive cells in a Type II CCP is consistent with the lesion 

having developed from the clonal expansion of an SS expressing stem cell. Likewise, the 

complete absence of SS expression in such a lesion is consistent with development from an 

SS negative stem cell. If however, the ratio of SS negativeipositive cells in the young rat 

thyroid gland is approximately 10:1 (Thomas et al., 1994) then one might expect a similar 

ratio of SS negativeipositive tumours to develop, and not the approximate 1:1 incidence 

that was observed in the present study. The implication of this observation is that C-cell 

tumours are more likely to develop from SS expressing rather than non-expressing cells; 

the reasons why this should be so are unclear and worthy of further investigation. Finally, 

mixed staining for SS positive cells was observed in two Type II lesions. Each lesion 

comprised a large group of contiguous SS immunopositive cells occupying approximately 

half the area of the lesion, while the other half was made up of negative cells. Many of the 

SS immunopositive cells stained negatively for SS mRNA. Again, a lack of 

differentiation, within a single clone of cells, could explain SS expression in half of the 

lesion. Alternatively, this mixed pattern may have formed by the merger of two 

proliferative lesions, each having risen independently from SS expressing, and non-SS 

expressing stem C-cells. This has been referred to as the collision effect (Hall and 

Levison, 1989).

Although the constituent cells of one Type II lesion (Case no. 20B) possessed the typical 

morphology of C-cells, no signals were obtained for CT mRNA and CT peptides. 

However, this lesion was strongly positive for SS mRNA and peptides, and an embolus 

present in a nearby vessel was also positive for SS markers. No métastasés were identified 

in association with this lesion. Proliferative C-cell lesions in the rat that stain negatively 

for CT peptides have been reported by other authors. Zabel et al. (1987), observed a small
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number of C-cell tumours that were immunonegative for CT but stained positively by IHC 

for SS and neuron specific enolase. In addition, Deftos et al. (1980), reported the presence 

of SS but not CT peptides in 1/38 C-cell tumours in the rat. Neither of these authors used 

ISH to demonstrate the lack of production of peptides in these cells, merely the inability to 

store them as confirmed by IHC. Nevertheless, it would appear that one C-cell tumour, 

negative for CT expression, in the present study is not an isolated event. It is possible that 

such lesions develop as a result of a mutation in the CT gene during the early stages of 

proliferation. Alternatively, each lesion could develop from a non-CT expressing stem 

cell, as it is probable that some 'C-cells' are unable to express this peptide. Certainly, a 

degree of functional heterogeneity is being increasingly recognised in these cells (Sawicki, 

1995). Increasingly, the historically older term 'parafollicular cells', would seem to be 

more appropriate for this population of neuroendocrine cells.

Although considerable intertumour variation was present (due to the different staining 

patterns described above), it was apparent that smaller lesions (<2mm) contained 

significantly more cells staining positively for SS mRNA and peptides than larger lesions 

(>4mm). Therefore, it is possible to speculate that the presence of SS can inhibit the 

growth of CCPs, although much more work is necessary to substantiate these findings. 

Running somewhat counter to this is the fact that to date, an inhibitory effect of SS has 

been demonstrated only upon the growth of follicular cells in vitro (Medina et al., 1999). 

An effect upon C-cells does not appear to have been reported as yet, but this cannot be 

ruled out.

A growth inhibitory effect of SS is supported by the work of Ouazzani et al. (1994), who 

demonstrated low proliferative activity in a small number of SS positive C-cell tumours in 

the rat, as measured by tritiated thymidine uptake. Unfortunately, these authors did not 

identify any SS binding sites (receptors) in the tumours, which tends to rule out a direct 

autocrine or paracrine regulatory effect of the peptide. The systematic study of SS 

expression in rat C-cell tumours, including the distribution of positive cells in primary 

neoplasms and métastasés, does not seem to have been performed. SS expression does not 

appear to have been demonstrated in normal human C-cells, but it has been identified in 

MTCs. Neonakis et al. (1994) reported the presence of SS mRNA and peptide together in 

single, widely scattered, cells in MTCs, with most of the tumour cells being negative for
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both SS peptide and mRNA. These authors suggested that SS production might have been 

associated with a reduction in the growth of the cell concerned, either through a 

differentiation step, or through a direct effect of the hormone.

A range of proliferative lesions showing glandular differentiation, and containing TG 

mRNA and peptides, were identified in the thyroid glands in the present study. Although 

the morphological appearances of these tumours were consistent with follicular 

differentiation in the rat (Boorman, 1983; Hardisty and Boorman, 1990), TG expression 

does not appear to have been previously studied in thyroid tumours in this species. The 

diagnoses of the follicular lesions proved relatively easy to achieve in accordance with the 

standard nomenclature guidelines (Botts et al., 1991). Only three lesions were classified as 

FCH, but sixteen were designated as FCA and five as FCC. No metastatic deposits of 

follicular tumours were observed in the lungs or superficial CLN of these animals, but as 

mentioned above, the deep CLN were not taken from all rats at necropsy, and therefore it is 

possible that some métastasés were overlooked.

The present investigation provided little evidence that progression of follicular lesions 

takes place, through a multi-stage process, from hyperplasia to malignancy. The three 

hyperplastic lesions were relatively small (0.6-1.4 mm) and were identified in old animals 

(28-30 months). They were of a cystic pattern and appeared to be quiescent end stage 

lesions, although this was not confirmed, e.g. with proliferation markers. As regards the 

tumours, the distinction between adenoma and carcinoma was difficult in a few of the 

cases and usually based on the presence of invasion, above other things. All histological 

patterns were represented in both adenomas and carcinomas, with the exception of the 

cystic pattern in the latter. Therefore it is tempting to speculate that the cystic type of 

adenoma is not capable of progressing to carcinoma, however this needs to be confirmed 

with the examination of a larger series of tumours. Certainly, the STP standardized 

nomenclature guidelines indicate that malignant cystic tumours can occur in the rat (Table 

1.10).

In the thyroid gland of young adult rats, regional differences existed in the degree of 

staining for TG mRNA and protein. Generally, the staining correlated well with the degree 

of activity of the follicles. Consistently strong signals for TG mRNA were present in the
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tall cells of active follicles, as compared with weak or absent staining in the more 

squamous cells of inactive ones. Similarly, intracellular IHC staining for TG protein was 

only seen in tall follicular cells and was virtually absent from squamous follicular cells. 

However, in contrast to the ISH staining for mRNA, the staining for TG protein also varied 

considerably in the active follicles with some cells giving strong signals and others none. 

In normal follicles, intracellular IHC staining for TG protein was usually in the form of 

small apical granules. These granules are presumably resorbed colloid droplets on the 

apical border of the follicular cell (Thomas and Williams, 1994).

Considerable intertumour variation was seen in the extent of ISH and IHC staining, 

although the presence of TG mRNA and protein was observed in all histological types of 

FCA and FCC with the exception of the solid type which consistently gave negative 

signals. Moderately strong ISH and IHC signals were observed in the follicular and 

papillary types, however the situation was somewhat different with the cystic pattern 

which gave reasonably strong signals for TG mRNA but weak and irregular IHC staining 

for TG protein. In this way, the weak IHC staining in the cystic type of adenomas 

resembled that seen in the inactive follicles of the normal gland, with squamous epithelium 

being present in both cases. Strong signals for TG protein were usually obtained from any 

colloid present within the tumours, with the obvious exception of solid areas which were 

devoid of this material. None of the follicular cells in these tumours stained positively for 

CT or SS mRNAs and peptides. The results of the TG IHC staining of rat follicular 

tumours presented here are broadly in agreement with those published for human tumours. 

Wilson et al. (1986), observed TG protein in all follicular and papillary tumours in 

humans, but in addition noted it in 5/10 of the anaplastic (solid) types. The reasons for this 

discrepancy are unclear. It is possible that the anti-human TG antibody used in the present 

study, is not as sensitive for the detection of small amounts of protein in the rat tumours as 

compared with the human ones. However, the fact that the solid follicular tumours in the 

rat are not producing TG (negative ISH for mRNA) indicates that the negative results in 

the present study are valid.

The results of the present investigations confirm that the presence of TG mRNA and 

peptides can be reliably used to confirm the histogenesis of follicular adenomas or 

carcinomas with the exception of those exhibiting a solid histological pattern. However,
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only one carcinoma in this study was exclusively solid, and in most cases this pattern only 

comprised a proportion of the overall tumour. As a diagnostic technique, it would appear 

that ISH staining for TG mRNA is marginally more preferable than IHC for TG protein, 

because the former is likely to give more consistent results in three out of the four 

histological types. Unfortunately, neither technique is able to confirm the histogenesis of 

follicular cells with a solid phenotype. Cells forming a solid histological pattern in 

follicular tumours seem analogous to the anaplastic cells in CCP Type III, in that both of 

these cell types are the most undifferentiated forms in the proliferative process.

In this discussion so far, the development of proliferative lesions from the two major 

epithelial lineages in the thyroid, namely C-cells and follicular cells, have been considered 

separately, however in view of the possible relationship between the two populations 

(Section 1.5.2), it is interesting to look for evidence of the influence of one cell type upon 

the other in the proliferative process. Scopsi et al. (1991) studied the unaffected thyroid 

tissue adjacent to both primary follicular tumours and metastatic deposits of non-thyroidal 

cancers, in a series of human thyroid glands. These authors recorded the presence of 

diffuse and/or nodular C-cell hyperplasia in association with 30% of follicular adenomas, 

and with other tumours the mean C-cell number was more than double that found in 

normal glands. It was concluded that C-cell hyperplasia may be causally related to 

pathological disorders affecting follicular cells. Furthermore, these workers demonstrated 

that the proportion of SS positive C-cells increased fi*om about 1% of CT immunoreactive 

cells in normal adult thyroid glands, to 4.6% in papillary carcinomas, suggesting a possible 

regulatory role of SS in the thyroidal microenvironment. Unfortunately, this type of 

assessment is very difficult to make in rats, as the numbers of C-cells in the non-diseased 

adult thyroid gland in this species are very high, in comparison with humans where C-cells 

are relatively scarce. Although Type I CCP was present in virtually all rats in this study, 

there did not appear to be increased numbers of Type II or Type III lesions in the glands of 

rats where a follicular tumour was also present. Additionally, no increase in SS positive 

cells was observed in the C-cell population adjacent to follicular tumours.

The differentiation of C-cell fi*om follicular tumours can occasionally cause diagnostic 

problems in the rat. This is particularly true when a solid follicular pattern is present. The 

present study has shown that solid areas within follicular tumours exhibit no signals for

192



TG, CT or SS, and therefore a diagnosis of follicular origin must be made purely on 

morphological grounds. Follicular cells usually possess a high nuclear:cytoplasmic ratio, 

hyperchromatic staining and relatively well defined cell boundaries. In addition, these 

solid areas are usually closely associated, or intermingled, with definitive follicular cells. 

Another potential difficulty is the differentiation of acinar structures in CCP from trapped 

normal follicles or follicular structures in FCA or FCC. However, acinar structures in CCP 

should be easily identified on the basis of morphology and strong staining for CT mRNA 

and peptides.

Mixed thyroid tumours (mixed medullary-follicular carcinomas) are a well described entity 

in human diagnostic pathology (Papotti et al., 2000). In these lesions, areas of classical C- 

cell appearance are intermingled with follicles or papillary structures, with CT and TG 

being expressed in the same cell populations. The histogenesis of these lesions is 

controversial and to date, studies on the clonal composition of the tumours have failed to 

verify any one of the current theories of origin, e.g. common stem cell theory, divergent 

differentiation etc. No such tumours, with mixed histological patterns, were identified in 

this study. A number of thyroid glands were identified in which both a follicular, and a C- 

cell proliferative lesion, were present in close proximity and merging (collision tumours). 

This is not surprising given the high incidence of these lesions in the sample of thyroid 

glands investigated.

In summary, the present study is believed to be the first systematic investigation of CT and 

TG expression in spontaneous thyroid gland tumours in the rat. The majority of these 

tumours expressed the mature differentiated phenotype of either C-cell or follicular 

neoplasms. In general, C-cell lesions comprised well-differentiated cells that continued to 

express CT even after embolic spread and metastasis. Follicular lesions presented a more 

diverse range of morphological patterns but, with the exception of solid types, the 

production of TG mRNA and protein was a consistent feature. The absence of any tumour 

showing both C-cell and follicular differentiation would appear to support the concept of 

the origin of C-cells and follicular cells from separate germ layers, namely the neural crest 

and endoderm respectively. In the light of these findings it would appear that morphology 

alone should be sufficient for the diagnosis of the majority of cases, with confirmation of 

CT or TG expression only necessary in solid neoplasms. It was confirmed in this
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investigation that a minority of C-cells in the normal rat thyroid gland produce and store 

SS peptides, however approximately half of all primary C-cell tumours, and all metastatic 

deposits, showed evidence of SS expression. Much of this can be attributed to the lack of 

differentiation of the neoplastic cells, with the assumption of a more primitive phenotype 

that is capable of producing multiple peptides. As the degree of SS expression was 

considerably higher in small C-cell lesions it is possible that this peptide was exerting a 

growth controlling influence on these lesions. Finally, the presence of one C-cell tumour 

showing no CT, but strong SS expression, raises the possibility that not all parafollicular 

cells, in the normal rat thyroid gland, are able to express CT.
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Chapter 5

THE INFLUENCE OF PRE- AND POST-MORTEM FACTORS ON 

THE DETECTION OF mRNAs AND PEPTIDES IN TISSUES

5.1 INTRODUCTION

It has been shown, in the present studies, that the detection of mRNAs and proteins in 

routinely fixed and processed tissues, by ISH and IHC respectively, is a valuable research 

and diagnostic tool. However, one concern is the variability observed between individuals 

when using these procedures, e.g. differences between mice in the staining intensity of 

normal alveolar type II cells, for SP mRNAs, when using ISH (Section 3.3.2.1). It is 

considered unlikely that such variability reflects genuine differences in the levels of 

mRNAs or peptides within the target cells. Other workers have noted this inter-individual 

variability, particularly when attempting to detect mRNAs, and attributed it to the 

influence of 'peri-mortem factors' (Kingsbury et al., 1995). This term applies to pre- and 

post-mortem variables that may influence the detectable levels of mRNAs and peptides in 

tissue samples.

The following are considered to be the most important pre- and post-mortem factors 

influencing the detection of mRNAs and peptides:

• Post-mortem interval (PMI).

• Terminal clinical condition.

• Tissue fixation time.

• Storage period of paraffin sections.

• Degree of tissue dissection and handling prior to fixation.

Of particular importance with necropsy material is the effect of the post-mortem interval 

(PMI), which is defined as the period of time between death and fixation of the tissues. 

This has been the subject of several investigative studies, however discrepancies in results 

clearly exist with some authors claiming good post-mortem mRNA and protein stability 

(Walker and McNichol, 1992; Raadsheer et al., 1993; De Groot et al., 1995; Yasojima et 

al., 2001) and others reporting relatively rapid degradation (Hoefler et al., 1986; Arai et al..
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1989; Irving et al., 1997). Recently, evidence has accumulated to suggest that the terminal 

clinical condition of the individual may also be important. A variety of ante-mortem 

events have been shown to exert an influence on mRNA preservation and neuropeptide 

concentrations in the human brain. These agonal events include terminal hypoxia, coma, 

pyrexia and dehydration (Harrison et al., 1991; Barton et al., 1993; Kingsbury et al., 1995). 

Specifically these conditions are known to induce metabolic acidosis which is believed to 

be the trigger for mRNA degradation (Harrison et al., 1995). Much less is known about 

the other peri-mortem factors listed above, but several authors have suggested that each 

one may play a role in determining the outcome of procedures to detect mRNAs and 

peptides in tissues (Johnson et al., 1986; Lisowski et al., 2001; Fodor, 2002).

In the light of this information, it was decided to investigate the role of some of these pre- 

and post-mortem factors in influencing the results of ISH and IHC staining in routinely 

fixed and processed rodent tissues. It was of particular interest to clarify the effects of 

variations in the PMI, given the discrepancies reported in the importance of this factor. 

Therefore, in the first part of this work, the effect of different PMIs on the localisation of 

mRNAs and peptides was examined by making direct comparisons of ISH and IHC signals 

in selected rat tissues fixed at varying time intervals up to 24h. Two other peri-mortem 

factors were then subjected to retrospective investigation. Firstly, the role of the clinical 

condition or health status of the animal at the time of death was assessed. No published 

reports of these types of investigations in animals appear to exist, and indeed, in humans, 

they have been studied only in respect of various brain diseases (Harrison et al., 1991; 

Barton et al., 1993; Harrison et al., 1995, Kingsbury et al., 1995). Finally, the periods of 

time that tissues were immersed in fixative were examined to see if any correlation existed 

with the resultant ISH or IHC staining.
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5.2 MATERIALS AND METHODS

5.2.1 Influence of the post-mortem interval

5.2.1.1 Tissues

Eight male, clinically normal, Han Wistar rats between 8-10 weeks of age were obtained 

from stock. The rats were killed by exsanguination (Section 2.2) and the intact carcases 

kept on the bench at room temperature (22°C). The liver, lung and thyroid gland were 

removed from 2 rats, and immersed in 10% NBF, at each of the following timepoints: 0, 

V2 , 1, 3, 6, 12,18 or 24h post-mortem.

Efforts were made to minimise the effects of other post-mortem variables, e.g. the fixation 

time of all samples was identical (48h), all sections were cut immediately prior to staining 

with none being stored. After routine processing the following staining procedures were 

performed at each timepoint: ISH and IHC on thyroid glands for CT mRNA and protein; 

ISH on lungs for SP-C; ISH and IHC on liver for albumin mRNA and protein. 

Additionally all tissues were subjected to H&E staining.

5.2.1.2 In situ hybridization

The types/concentrations of probes and ISH methods used were identical to those applied 

in earlier studies. The PK treatment of the sections was optimised for each probe/tissue 

combination using the samples taken at Oh post-mortem. Although the albumin and SP 

probes were specifically designed against the murine mRNA sequences, both were shown 

to work well in rat liver and lung respectively in preliminary work performed outside this 

project. Standard controls were used as detailed in Section 2.4.3.

5.2.1.3 Immunohistochemistry

The CT antibody and the IHC methods used were identical to those applied in earlier 

studies. Standard controls were used as detailed in Section 2.5.3. Liver albumin was 

localised using a rabbit polyclonal antibody (Dako AOOOl) raised against the human 

protein. This antibody was shown to work well in rat liver in preliminary work performed 

outside this project. No antigen retrieval was needed for this procedure.
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5.2.1.4 Tissue examinations

The thyroid gland, lung and liver sections were examined by light microscopy. At each 

timepoint an assessment was made, firstly of the number of cells in the relevant population 

that were staining positively (1-5 scale), and secondly of their overall staining intensity 

(weak, moderate or strong). In addition, the degree of post-mortem degradation of the 

tissue was recorded.

5.2.2 Influence of the terminal clinical condition of the animal and the tissue

fixation time

Three tissues/staining procedures that were evaluated in the present studies were selected 

for these investigations. These comprised firstly. Type I CCP in the rat thyroid gland 

stained by IHC and ISH for CT peptides and mRNA. Secondly, normal alveolar type II 

cells in the mouse lung stained by ISH for SP-C mRNA and lastly, hepatocellular tumours 

in the mouse liver stained by ISH for albumin mRNA. The clinical observations, 

pathology findings, and fixation times for the relevant animals/tissues, were obtained from 

the post-mortem forms (currently in GLP archive at GlaxoSmithKline, Park Road, Ware) 

and compared with the IHC or ISH staining results described in earlier chapters.

An assessment of the terminal clinical condition of each animal was based upon the final 

clinical observations, in combination with any significant pathology findings. Significant 

findings were considered to be those pathological changes that may be accompanied by 

systemic effects, e.g. cancer, nephropathy etc.
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5.3 RESULTS

5.3.1 Influence of the post-mortem interval

5.3.1.1 Thyroid gland

Autolytic changes were first observed in the thyroid gland at 6h post-mortem and were 

characterised by alterations in the nuclei of the follicular cells which appeared round, 

contracted and darkly stained (Table 5.1). At 12h the follicular cell cytoplasm was pale 

and swollen and this progressed to lysis and sloughing of the cells at 18 and 24h.

Positive IHC staining of the large majority C-cells for CT protein was observed at all 

timepoints including 24h. The intensity of CT signals was weak or moderate up to Ih (Fig. 

5.1a), but at later timepoints became much stronger (Fig. 5.1b-d). These signals were 

generally restricted to the cytoplasm of C-cells, although at 6h some positivity of the 

colloid was present (Fig. 5.1c), and by 24h, staining of the follicular cells was also noted 

(Fig. 5. Id). The colloid and follicular cell staining was only observed in close proximity to 

C-cells and was not present on the sections stained with the isotype control antibody. 

Therefore it is concluded that this was valid staining for CT peptides. Little influence of 

the FMI was noted on ISH staining for CT mRNA. Positive ISH signals, of moderate 

intensity, were present in the large majority of C-cells at all timepoints including 24h (Fig. 

5.2a).

5.3.1.2 Lung

No abnormalities in the appearance of the lung were detected at the early timepoints (Table 

5.2). Early signs of autolytic change were present at 6h post-mortem with the presence of 

pale and swollen bronchial epithelial cells. At 18 and 24h many of these epithelial cells 

had detached and sloughed into the airways.

Positive ISH signals for SP-C mRNA were present in the cytoplasm of alveolar type II 

cells at all timepoints including 24h. The staining was of moderate intensity in most cases 

with little variation as the PMI increased. Although the vast majority of type II cells 

stained positively at the early timepoints (Fig. 5.2b), by 3h post-mortem the overall 

staining pattern of the lung appeared more patchy with the type II cells in some well 

circumscribed areas staining weakly or not at all (Fig. 5.2c). Additionally, by 6h the
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staining of each individual type II cell was less uniform and the cytoplasm more granular 

in appearance.

5.3.1.3 Liver

Autolytic changes were first noted in the liver at 12h post-mortem and consisted of 

detached endothelial cells and other cell debris in the lumen of the major blood vessels 

(Table 5.3). Disorganisation of the lobular cord structure was also present at 18 and 24h.

Little influence of the PMI was noted on IHC staining for albumin protein. Diffuse, IHC 

staining of the liver with the anti-albumin antibody was observed at all timepoints 

including 24h post-mortem. In all sections the large majority of hepatocytes were stained 

positively although there was considerable intercellular variation in the staining intensity. 

Most of the strongly stained cells were located in periportal zones but others were 

individually scattered across the lobules. At the early timepoints, signals were mostly 

restricted to the cytoplasm of hepatocytes although patchy weak staining of blood vessel 

contents and connective tissue elements was also apparent. This latter staining gradually 

increased in intensity so that it was very strong at 18 and 24h.

ISH signals for albumin mRNA were present in the liver at all timepoints up to 24h post

mortem. Hybridization with albumin probes produced clear cytoplasmic staining of 

hepatocytes which, from 0-12 hours, was strongest in periportal zones with progressive 

reduction through midzonal and centrilobular areas. However, by 18 and 24h the staining 

appeared uniformly strong across the lobes with similar numbers of cells staining in all 

zones (Fig. 5.2d).

5.3.2 Influence of the terminal clinical condition of the animal and the tissue

fixation time

In this investigation the animals could be divided into those killed early on humane 

grounds for reasons of sickness (ICDs), and those surviving to term. As expected, the 

majority of clinical observations belonged to rats or mice in the first category that were 

killed due to illness.
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5.3.2.1 ISH and IHC staining o f Type I  CCPs in the thyroid gland o f rats

A range of clinical signs were recorded for ICD rats including subdued appearance, weight 

loss and the presence of masses (Table 5.4). In addition, a number of major 

histopathological findings were present in both ICDs and animals killed at term. These 

findings included chronic nephropathy and various neoplastic conditions. The fixation 

times of the thyroid glands ranged from 47-348 days for ICD animals, and 10-78 days for 

rats killed at term. The vast majority of cells in the CCP Type I lesions (80-100%), in all 

rats, stained positively for CT mRNA and peptides irrespective of the 

clinical/histopathological findings and fixation times. Slight inter-individual variability 

was observed in terms of the intensities of ISH staining for CT mRNA, but no specific 

clinical/histopathological changes or duration of fixation would appear to account for this.

5.3.2.2 ISH staining o f alveolar Type II cells in the lung o f mice

Few clinical signs were recorded in the mice selected for this investigation (Table 5.5). 

The most common clinical change was an intra-abdominal mass, which was present in two 

ICDs and one animal surviving to term. The most frequent histopathological finding was a 

hepatic tumour which was present in one ICD and four of the survivors. The fixation times 

of the lung ranged from 20-135 days for ICD animals, and 10-26 days for mice killed at 

term. The vast majority of alveolar Type II cells (80-100%), in all mice, stained positively 

for SP-C mRNA although some variation between animals was observed in the intensity of 

the ISH staining. Again no specific clinical/histopathological findings or length of fixation 

would appear to account for this.

5.3.2.3 ISH staining of hepatocellular tumours in the liver o f mice

An intra-abdominal mass was recorded in all ICD animals and also in several of the mice 

surviving to term (Table 5.6). In all cases these masses were identified as hepatocellular 

tumours on histopathological examination. The fixation times of the livers ranged from 

15-58 days for ICD animals, and 16-27 days for mice killed at term. With the ISH staining 

for albumin mRNA, a high degree of inter-tumour variability was observed in terms of the 

numbers of positive cells and the overall staining intensity of the tumours. As in the 

thyroid gland and lung, described above, no link could be made with the clinical 

observations and fixation times to explain these findings.
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Table 5.1: Effects of increasing post-mortem interval on the morphology of the thyroid gland and staining properties of Type I CCP

PMI
(h)

Animal
No.

Morphology of follicular 
cells and C-cells*

Immunohistochemistry
CT protein 

% positive cells / 
staining intensity

Observations
In situ hybridization

CT mRNA 
% positive cells / 
staining intensity

Observations

NAD +-H-H-/weak 
M U f /weak

+-H-H-/moderate 
I I I I/strong

1/2 NAD 4-4-/weak
-H-Zweak

+-H-H-/moderate
-i-H-H-/moderate

NAD ^/moderate
^/moderate

MM I/moderate 
-H-+/moderate

N A D
++

H-/strong
4-/moderate

-H-hf+/moderate
-H-H-/strong

Dense nuclear staining. -H-/strong
H-/strong

Slight colloid staining. I I I M /moderate 
-H-++/weak

12 Dense nuclear staining. 
Cytoplasm pale, swollen 
& vacuolated.

-H-/strong
■H-/strong

Moderate colloid staining. MM I/strong 
++++/moderate

18 Detachment & sloughing 
o f follicular cells.

-H-/strong
++/strong

Moderate colloid staining. +-H-+/moderate
++-t-H-/strong

24 Detachment & sloughing 
o f follicular cells.

-H-/strong
-H-/strong

Marked colloid & 
follicular cell staining.

-H-H-/moderate
+++-H-/strong

CT staining: +++ = 40-60% positive cells; ++++ =  60-80% positive cells; + 4 + - I  I = more than 80% positive cells
® Observations at each timepoint apply to both animals
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Table 5.2: Effects of increasing post-mortem interval on the morphology of the lung and staining properties of alveolar type II cells

PMI Animal Morphology o f lung* In situ hybridization
(h) No. SP-C mRNA 

% positive cells / 
staining intensity

Observations*

0 1
2

NAD M U  1/ moderate 
-H-4-H-/moderate

1/2 1
2

NAD I N I  /moderate 
1 1 1 1 I/moderate

1 1
2

NAD -H-hf/moderate 
+ + 1 M /weak

3 1
2

NAD +-H-/strong
+-H-/moderate

Patchy staining o f lung parenchyma.

6 1
2

Bronchial epithelial cells 
pale & swollen.

+-H-/moderate
-H-H-/strong

Patchy staining o f lung parenchyma. Granular 
cytoplasmic staining.

12 1
2

Bronchial epithelial cells 
pale & swollen.

-H-f-/strong
-M/moderate

Patchy staining o f lung parenchyma. Granular 
cytoplasmic staining.

18 1
2

Detachment & sloughing 
of bronchial epithelium.

+-H-+/strong
-HH-/moderate

Patchy staining o f lung parenchyma. Granular 
cytoplasmic staining.

24 1
2

Detachment & sloughing 
of bronchial epithelium.

-H-+/moderate
-H-H-/moderate

Patchy staining o f lung parenchyma. Granular 
cytoplasmic staining.

SP-C staining: ++ = 20-40% positive cells;
I I I 1 4  = more than 8 0 %  positive cells
® Observations at each timepoint apply to both animals

= 40-60% positive cells; ++++ = 60-80% positive cells;
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Table 5.3: Effects of increasing post-mortem interval on the morphology of the liver and staining properties of hepatocytes

PMI
(h)

Animal
No.

Morphology* Immunohistochemistry In situ hybridization
Albumin protein 
% positive cells / 
staining intensity

Observations* Albumin mRNA 
% positive cells / 
staining intensity

Observations

0 1
2

NAD 4 1 +++/moderate 
4-4-4-H-/strong

Diffuse weak staining of 
connective tissue and 
blood vessels.

4-H-/moderate
4-H-/moderate

1/2 1
2

NAD 4-H-H-/moderate
4-H-H-/moderate

Diffuse weak staining o f  
connective tissue and 
blood vessels.

4-4-/moderate
4-H-/moderate

1 1
2

NAD 4-H-H-/strong
4-H-4-/moderate

Diffuse weak staining o f  
connective tissue and 
blood vessels.

4-4-H-/strong
4-H-/moderate

3 1
2

NAD 4-H-4-/moderate 
1 1 1 1 I/weak

DifRise moderate 
staining o f connective 
tissue and blood vessels.

4-H-/moderate
4-4-4-/weak

6 1
2

NAD 4 1 1 < 4-/moderate 
4-H-4-/moderate

Diffuse moderate 
staining o f  connective 
tissue and blood vessels.

4-f/weak 
4-4-H-/ moderate

12 1
2

Detachment o f endothelial 
cells. Cell debris in vessels.

4-4-H-/moderate
4-H-4-4-/moderate

Diffuse strong staining 
o f connective tissue and 
blood vessels.

4-4-4-/moderate
4-H-4-/moderate

18 1
2

Detachment o f endothelial 
cells. Cell debris in vessels. 
Disorganised cords.

4-H-H-/moderate
4-4-4-H-/strong

Diffuse strong staining 
o f connective tissue and 
blood vessels.

4-4-4-H-/strong 
111)4-/moderate

24 1
2

Detachment o f endothelial 
cells. Cell debris in vessels. 
Disorganised cords.

4-4-4-H-/moderate 
1 1 1 +4-/weak

Diffuse strong staining 
o f  connective tissue and 
blood vessels.

4-H-4-4-/moderate
4-4-4-4-4-/moderate

Albumin staining: ++ = 20-40% positive cells; +++ = 40-60% positive cells;
positive cells
® Observations at each timepoint apply to both animals

= 60-80% positive cells; = more than 80%
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Table 5.4: Staining properties of Type 1 CCPs in the rat thyroid gland, in relation to the terminal clinical condition of the animal 
and tissue fixation time

(a): Animals killed for humane reasons (ICDs)
Sex/Age
(months)

Terminai clinical observations Histopathology findings Fixation
Time
(days)

% positive cells / 
staining intensity
CT

mRNA
CT

protein
F 18 Subdued, skin masses Mammary fibroadenoma 47 +++

weak
-H -H -+
strong

M 29 Skin masses Keratoacanthoma (skin) 97 1 f+ + t' 
strong

- H i l l
Strong

F 24 Subdued, weight loss Haemangiosarcoma (mesenteric lymph node) 98 1 < H  1 
strong

1 1 1 1 1 
Strong

M 28 Skin masses Lipoma (skin) 111 \ f + + t  
moderate

+4 U  1 
Strong

F 28 Weight loss, head tilt Pituitary adenocarcinoma 131 1 i-++4 
strong

+++++
Strong

M 27 Subdued, weight loss, head tilt Pituitary adenoma 145 ■1 H-++ 
strong

44-4 1 1 
strong

F 27 Skin masses, weight loss Lipoma (skin) 
Pituitary adenoma

151 i f++4
moderate

4 1 1 1 1 
strong

F 28 Skin masses, subdued, weight 
loss

Granular cell tumour (brain) 
Mammary adenoma

166 1 1 1 II 
strong

4--f-H 1 
Strong

F 27 Skin masses, subdued, weight 
loss

Pituitary adenoma 
Mammary fibroadenoma

173 1 m  1 
moderate

<1111
strong

M 24 Skin masses Keratoacanthoma (skin) 
Chronic nephropathy

194 +++++
moderate

4-4-4 I 1 
Strong

M 25 Subdued, weight loss, pale Islet cell adenoma 
Chronic nephropathy

199 4-H -H -
moderate

4-1-1-1-4-
strong

M 24 Skin masses Fibrosarcoma (skin) 
Chronic nephropathy

236 1 1 1 1 1 
weak

4- 4 < 1 1 
strong

M 18 Weight loss Pituitary adenoma 405 -H-H-
weak

<1111
strong

F 29 Intra-abdominal mass Uterine adenocarcinoma 348 +++++
moderate

< < 1 < 1 
strong
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(b): Animals killed at term
Sex/Age
(months)

Terminal clinical observations Histopathology findings Fixation
Time
(days)

% positive cells / 
staining intensity
CT

mRNA
CT

protein
M 19 10 -H -hH -

weak
+++++

moderate
M 19 10 M H  ■+ 

moderate
4 4-4-4-1

moderate
M 19 10 f++-H-

moderate
1 I 4 4 1

moderate
M 19 10 +++

weak
4-4-4-4-I

moderate
M 19 10 1 1 1 1 4 

Strong
4 4-4-4 1 
Strong

M 25 Chronic nephropathy 26 1 4 H -4-
moderate

4--K4-4- 4- 
Strong

M 25 Pituitary adenoma 31 » f-f ++ 
strong

4 4 4 4 4 
Strong

M 25 32 1 II  1 1 
moderate

4 4 4 4 4 
Strong

M 29 Pituitary carcinoma 72 1 1 1 1 4 
weak

4-4-4-4-4-
strong

M 29 73 1 4-+++ 
strong

4-4-4-4-4
moderate

M 29 Lymphocytic thymoma 
Chronic nephropathy

73 1 II  1 1
moderate

4 4 -4 4 4 
Strong

M 29 Haemangioma (mesenteric lymph node) 
Chronic nephropathy

73 4-H-4-
moderate

4-4-4-4-4-
strong

M 29 Pituitary adenoma
Haemangiosarcoma (mesenteric lymph node)

73 4 4-4-4-4- 
strong

4 4 4 4 4 
Strong

M 29 Haemangioma (mesenteric lymph node) 
Chronic nephropathy

73 1 1 1 4 4
moderate

4-4-4-4-4-
strong

M 29 Pituitary adenoma 78 4-4-H-
weak

4-4-4-4-4-
strong

206



(b); Animals killed at term (continued)
Sex/Age
(months)

Terminal clinical observations Histopathology fîndings Fixation
Time
(days)

% positive cells / 
staining intensity
CT

mRNA
CT

protein
F 19 12 ++++

w eak
4-H -H -
strong

F 19 12 < H  1 1 
Strong

4-H -H -
strong

F 19 H aem an g io m a (m esen te ric  ly m p h  node) 12 ++++
m odera te

1 1 II  1 
strong

M 19 13 + + + I 1 
strong

+ + + + +
strong

M 25 33 1 f i  1 1 
strong

4-H -H -
strong

F 25 35 + + + I 1
strong

4 4+++ 
m odera te

F 25 43 1 M 1 1 
Strong

+++-H-
strong

F 25 S kin  m asses L ip o m a (sk in ) 49 M I N
Strong

II  1 II  
strong

F 25 55 4 1 + 1 1 
Strong

4-H -H -
strong

F 30 C hron ic  n eph ropa thy  
H aem an g io m a  (m esen te ric  lym ph  node) 
P itu ita ry  adenom a

59 + + + I 1 
strong

4+ + + +
Strong

F 30 L ym phom a 59 4 4 4 1 1 
Strong

+4-+-H-
strong

F 30 60 4-4-4-++
strong

+ + + + +
strong

F 30 60 4-H -H -
m odera te

I 1 1 4 4 
Strong

CCP staining: -HH- =  40-60% positive cells; ++++ = 60-80% positive cells; = more than 80% positive cells
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Table 5.5: Staining properties of alveolar type II cells, in relation to the terminal clinical condition of the mice and tissue fixation
time

(a): Animals killed for humane reasons (ICDs)
Sex/Age
(months)

Terminal clinical observations Histopathology findings Fixation
time

(days)

SP-C mRNA 
% positive cells / 
staining intensity

M 15 Skin mass Mammary adenocarcinoma 20 -H-+++
weak

M 21 Facial swelling 
Ocular discharge

23 +++++
strong

M 24 23 t +++f 
moderate

M 22 26 1 II 1 1 
strong

M 22 26 +++++
moderate

M 19 Intra-abdominal mass Hepatocellular carcinoma 27 +-H-++
Strong

M 14 Intra-abdominal mass Liposarcoma 135 ++++4
moderate
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(b): Animals killed at term
Sex/Age
(months)

Terminal clinical observations Histopathology findings Fixation
time

(days)

SP-C mRNA 
% positive celis / 
staining intensity

M 25 10 +++++
m oderate

M 25 12 +++++
m oderate

M 25 16 -H -H -+
w eak

M 25 17 1 M 1 1 
m odera te

M 25 18 ++4 1 1 
m odera te

M 25 22 4-4-4 \ 4 
Strong

M 25 22 44 4 1 1 
w eak

M 25 In tra -abdom ina l m ass H epa to ce llu la r carc inom a 22 44 4 1 1 
m odera te

M 25 22 1 1 1 1 1 
strong

M 25 25 4 4 4 11 
Strong

M 25 H ep a tic  adenom a 26 1 1 1 1 1 
m odera te

M 25 H ep atic  adenom a 26 4-4-4 1 1 
Strong

M 25 H ep atic  adenom a 26 4-4-4 4-4- 
strong

M 25 26 4-4-4 1 1 
Strong

Alveolar Type II cell staining: i < f-++ = more than 80% positive cells
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Table 5.6: Staining properties of hepatocellular tumours, in relation to the terminal clinical condition of the mice and tissue fixation
time

(a): Animals killed for humane reasons (ICDs)
Sex/Age 
(months)

Terminal clinical observations Histopathology findings Albumin mRNA 
% positive cells / staining 

intensity

Fixation Time 
(days)

M 21 Intra-abdominal mass Hepatic adenoma 
Hepatocellular carcinoma

+/strong
-H-H-/strong

15

M 23 Intra-abdominal mass Hepatic adenoma 
Hepatocellular carcinoma

+/strong
^/moderate

20

M 23 Intra-abdominal mass Hepatic adenoma 
Hepatocellular carcinoma

+-H-H-/moderate
-H-H-/strong

20

M 21 Intra-abdominal mass Hepatocellular carcinoma 
Renal infarct

+/moderate 22

M 21 Intra-abdominal mass Hepatocellular carcinoma -H-+/strong 37

M 20 Intra-abdominal mass Hepatic adenoma 
Hepatocellular carcinoma

+-H-+/strong
-H-/moderate

37

M 21 Intra-abdominal mass Hepatocellular carcinoma -H-l-H-/strong 43

M 19 Intra-abdominal mass Hepatocellular carcinoma +/moderate 46

M 20 Intra-abdominal mass Hepatocellular carcinoma -H-/moderate 54

M 20 Intra-abdominal mass Hepatic adenoma 
Hepatocellular carcinoma

-H-+-H-/strong
-H-+/moderate

58
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(b): Animals killed at term
Sex/Age 
(months)

Terminal clinical observations Histopathology fîndings Albumin mRNA 
% positive cells / staining 

intensity

Fixation Time 
(days)

M 25 Intra-abdominal mass Hepatic adenoma 
Hepatocellular carcinoma

+-H-H-/strong
-H-H-/strong

16

M 25 Weight loss Hepatocellular carcinoma -H-+/weak 17

M 25 Intra-abdominal mass Hepatocellular carcinoma +-H-/moderate 22

M 25 Intra-abdominal mass Hepatocellular carcinoma -H-/moderate 26

M 25 Hepatic adenoma ++ f f t/moderate 26

M 25 Skin masses Hepatic adenoma ■H-H-+/strong 26

M 25 Hepatic adenoma -H-+/strong 26

M 25 Hepatic adenoma 
Thyroid follicular adenoma

+-H-H-/strong 26

M 25 Intra-abdominal mass Hepatocellular carcinoma -H-H-/moderate 27

M 25 Hepatic adenoma +/strong 27

Hepatic tumour staining: + = less than 20% positive cells; ++ = 20-40% positive cells; 
= 60-80% positive cells; +++H \ = more than 80% positive cells

= 40-60% positive cells;
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Fig. 5.1: IHC staining of C-cells in thyroid gland for CT protein with increasing 
PMI. All Figs. x200 (OM).

(a) l/2h PMI. C-cells showing weak staining intensity.

(b) Ih PMI. C-cells showing moderate staining intensity.

(c) 6h PMI. Strong staining of C-cells in association with staining of adjacent colloid.

(d) 24h PMI. Strong staining of C-cells in association with weak staining of adjacent 
colloid and follicular cells. Evidence of detachment of follicular cells.
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Fig. 5.2: ISH staining of rat tissues with increasing PMI.
All Figs. x200 (OM).

(a) Thyroid gland 24h PMI. C-cells showing moderate staining for CT mRNA.

(b) Lung Oh PMI. Alveolar type II cells staining for SP-C mRNA.

(c) Lung 3h PMI. Alveolar type II cells staining for SP-C mRNA around periphery of 
negatively stained area of lung parenchyma.

(d) Liver 24h PMI. Strong staining in all zones of liver lobule for albumin mRNA.
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5.4 DISCUSSION

Cellular proteins and mRNAs can be localised for research purposes in tissues using IHC 

and ISH respectively. These techniques are well established for use under experimental 

conditions where the animals are handled identically before death, killed and necropsied 

rapidly, and all tissue samples processed in a similar manner. ISH and IHC are also 

valuable for research and diagnostic purposes in animals that are allowed to live out their 

natural lifespans, but in these situations the above degree of optimisation is not possible. 

Such problems occur routinely in carcinogenicity studies where a relatively large number 

of ICD animals can be expected, and necropsies or tissue processing periods extend over 

several months if not years. So to facilitate the application of ISH and IHC in these 

situations, and to ensure accurate interpretation of results, it is important to have an 

understanding of the pre- and post mortem variables that may confound or even preclude 

the use of such techniques.

Of all the peri-mortem factors, it is the influence of the PMI that is most widely discussed 

in the literature (Barton et al., 1993), although as previously mentioned (Section 5.1), the 

results of investigative studies have produced conflicting results. In the present work an 

attempt was made to clarify the effect of the PMI by systematically examining the results 

of ISH and IHC staining in various rat tissues obtained from 0-24h post-mortem. 24h was 

selected as the upper limit of PMI, as this is considered to be the maximum post-mortem 

delay that could occur in a routine carcinogenicity study. Thyroid gland, lung and liver 

were investigated because these organs, and the tumours arising within them, had been the 

subject of earlier studies (Chapters 3-4) and ISH/IHC methods had been developed and 

were available for use.

The extent of the post-mortem degradation (autolysis) in the tissues examined was not 

particularly marked even after a PMI of 24h and at this time the quality of the cell and 

tissue structure was still sufficient for effective IHC and ISH characterization of the 

proteins and mRNAs targeted. Therefore, the detection of specific mRNAs and proteins 

by ISH and IHC was possible in routinely processed tissue following a PMI of 24h. IHC 

signals for CT and albumin proteins, and ISH signals for CT, SP-C and albumin mRNAs 

were present at all timepoints up to 24h post-mortem. In most cases there was little 

diminution in the numbers of positively stained cells or signal strength; in some instances
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the staining intensity was enhanced with time. The latter was most prominent in the case 

of IHC staining for CT protein which became much stronger after a PMI of 3h and 

remained very strong at 24h. This phenomenon has been observed by others. Torres et al. 

(1992) reported enhanced IHC staining for various hypothalamic neuropeptides in the rat 

following a post-mortem delay of 6h. Van Zwieten et al. (1989) showed improved IHC 

staining of vasopressin in rat hypothalamus following a FMI of 6h. These authors 

suggested that peptides can be formed after death, as during the FMI the existing precursor 

mRNA molecules are processed into their peptide fragments. This argument is given some 

plausibility by work carried out demonstrating good biological activity of mRNA species 

after FMIs of up to 84h (Jackson and Rintoul, 1992). In this work the activity of mRNA 

was assessed using in vitro translation systems, including two-dimensional gel analysis of 

the proteins synthesized in vitro. Eng and Ghimikar (1994) observed the enhanced 

staining of astrocytes for glial fibrillary acidic protein and suggested that it may occur as a 

result of autolysis. These workers proposed that an important change in the configuration 

of proteins must take place during the FMI, so that after fixation the epitopes become more 

accessible to the antibodies.

Although several reports exist describing enhanced IHC staining following prolonged 

FMIs, a similar phenomenon does not appear to have been described for ISH. In the 

present work, enhanced ISH staining of albumin mRNA was observed in the liver at the 

24h timepoint with more positively stained cells present in all zones of the lobule. The 

reasons for this are unclear but an explanation similar to that given above may be put 

forward, with autolysis enhancing the accessibility of the probe to the target mRNA.

The lung was the only tissue examined in the present study where a loss of signal was 

observed with an increasing FMI up to 24h. Although uniform ISH staining of alveolar 

type II cells was noted up to Ih post-mortem, at later timepoints well circumscribed areas 

of collapsed lung parenchyma were present in which positively stained cells were absent. 

Again the reasons for this are not known but poor fixation could be responsible. It was 

decided not to inflate the lung of mice in this investigation, so as to maintain consistency 

with the background carcinogenicity study. Had this been done, possibly the positive 

signals would have been maintained. This is worth bearing in mind when attempting to 

perform ISH on the lung of an ICD animal. Granular ISH staining of the cytoplasm of type
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II cells was noted from 6h; again the reasons for this are unclear. Possibly an aggregation 

of mRNA occurred, as part of the autolytic process, leading to the granular pattern, 

although this was not observed in other cell types undergoing autolysis.

An interesting observation in the case of the thyroid gland was the IHC staining of CT in 

the colloid protein and follicular cells that occurred with increasing PMI and was 

particularly prominent at 24h. Presumably, CT protein had leaked from C-cells into the 

adjacent structures as a result of the ongoing autolytic process. Again, this is an important 

point to consider when interpreting IHC staining in tissues from ICD animals.

After the investigation into the influence of the PMI, attempts were made to explore two 

other peri-mortem variables, namely the terminal clinical condition of the animals and the 

fixation time of the tissues. This was achieved by a retrospective examination of the 

records for the animals concerned and a comparison of these data with the IHC and ISH 

staining results. It is acknowledged that this examination of the variables was somewhat 

crude, in particular the data-set was small and several variables appear to co-exist that did 

not allow strong correlations to be made. However, the conclusion must be that no strong 

relationship exists between either one of these two parameters and the staining properties 

of the tissues. The detection of peptides and mRNAs would therefore seem to be perfectly 

feasible in tissues from ICD animals irrespective of their health status prior to necropsy 

and the duration of tissue fixation.

Ideally, in these types of investigation, the target cell populations for the IHC and ISH 

staining should be normal and not neoplastic. In the case of murine hepatocellular 

carcinoma, a high degree of inter-tumour variability could be expected in respect of ISH 

staining for albumin mRNA. This probably reflects genuine differences in the quantity of 

albumin mRNA present within each tumour, as it is known that reductions in albumin 

production accompany loss of cellular differentiation (Section 3.3.2.2). In the work carried 

out here it is probable that the results of the lung and thyroid investigations are more 

meaningful than those of the liver.

Although it was not possible to show any effect of the health status of animals on the post

mortem detection of mRNAs or proteins, other workers have demonstrated the influence of
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pre-mortem factors on selective mRNA stability in human brain. Kingsbury et al. (1995), 

showed that tissue pH correlated strongly with preservation of four mRNA species in 

brain. In their work, tissue with low pH (assumed to result from prolonged terminal 

hypoxia or coma) contained reduced or absent mRNA, whilst tissue with higher pH was 

found to contain quantifiable amounts. In the case of tissue hypoxia, low tissue pH often 

exists due to the production of lactic acid by anaerobic glycolysis (Mitchell and Collins, 

1999). Kingsbury et al. (1995) state that tissue pH is a useful marker for terminal hypoxia 

and that its measurement may be a useful screening procedure in the assessment of 

material for ISH. The precise mechanism underlying mRNA sensitivity to pH is not 

known although the activation of acid ribonucleases seems plausible (Harrison et al., 

1995). Experimentally induced uraemia in rats, as a model for chronic renal failure, has 

been associated with weakened IHC staining for CT in the C-cells of the thyroid gland 

(Azzadin et al., 2001). It was proposed that the reduction in staining was due to depleted 

CT levels, released in response to the calcium imbalance which often accompanies renal 

failure. However, it was not possible to verify these findings in the present investigation as 

strong immunostaining of C-cells was observed in all rats that were known to be suffering 

with nephropathy. The presence of pyrexia may be another important pre-mortem factor. 

It is known in animals that hyperthermia leads to upregulation of heat shock genes and 

may have a wider role in the modulation of gene transcription (Lindquist, 1986). Other 

authors have referred to the 'events and stresses of the pre-mortem period' and postulated 

that widespread effects on gene expression may occur that may be significant for a 

sensitive technique like ISH (Harrison and Pearson, 1990).

A significant problem in the present investigation was the lack of detailed clinical records 

and so it was not known definitively whether certain clinical states, e.g. hypoxia, pyrexia 

etc., were present in these animals. Therefore it was decided to base the assessment of 

terminal clinical condition on the final clinical observations (which were frequently vague, 

e.g. subdued behaviour), together with any significant pathology findings. Significant 

findings were considered to be those pathological changes that may be accompanied by 

systemic effects. In this way it should have been possible to assess the effects of certain 

clinical states e.g. uraemia accompanying a nephropathy. Unfortunately the whole 

investigation was hampered by the paucity of clinical observations and the small size of the 

data-set.
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In the literature, discussions on the influence of pre-mortem factors such as tissue hypoxia 

are mostly confined to the effects upon nucleic acids such as mRNA. Very little 

consideration appears to have been given to the effects of these factors upon tissue 

proteins. Only one author (Fodor et al., 2002) demonstrates that decapitation resulted in 

deleterious effects on IHC staining in rat brain. This effect was restricted to specific 

receptor sub-types and it was attributed to ischaemia. If, however, acid ribonucleases are 

activated by low pH in the agonal period, it seems likely that other lysosomal enzymes will 

be activated, some of which may have a protein degradative function. Therefore it is 

considered that possible influences, by these factors, on the detection of tissue proteins 

should not be completely excluded.

The final variable addressed in the present work was the effect of the tissue fixation period 

on the detection of mRNAs and peptides. Again it was not possible to show any link 

between this factor and the subsequent ISH or IHC staining of the tissues. Several authors 

have published results showing that the duration of tissue fixation, and the intensity of 

immunostaining, are inversely correlated because of epitope masking caused by aldehyde 

based fixatives such as NBF (Puy et al., 1995; Ishunina and Swaab, 2001; Fodor et al., 

2002). There is general agreement in the literature that antigen retrieval is essential in 

these situations to obtain successful IHC results. However, it appears that this is dependent 

on the antigen/antibody in question because in the present investigation very strong IHC 

signals were obtained after prolonged fixation without resorting to antigen retrieval (e.g. 

CT in the rat thyroid gland after 405 days fixation).

Although the literature contains many reports that deal with the effect of fixation on the 

IHC detection of proteins (epitope masking), very little information is available on the 

influence of this factor on ISH procedures. Wilcox (1993), makes a general statement that 

'overfixation reduces the ISH signal', but does not provide any explanation as to what time 

period would be regarded as constituting 'overfixation'. The results presented here indicate 

that in practice prolonged fixation does not seem to constitute a problem. However in most 

ISH protocols, including the one used here, PK digestion (or permeabilisation) is a 

standard part of the protocol and is always included to break down excessive cross-linking 

of the tissue. This ensures that the probe can gain access to the target mRNA. Therefore it

218



would seem that most ISH protocols have an in-built feature to compensate for long tissue 

fixation times.

Of the five peri-mortem variables listed above (Section 5.1), only the first three could be 

investigated as, unfortunately, no data existed to allow a retrospective analysis of the 

influence of the duration of storage of the sections and the degree of handling of the tissues 

at necropsy.

Recently, Lisowski et al. (2001) demonstrated that prolonged storage of non-deparaffinized 

sections can affect the detection of specific mRNAs by ISH. Using a radioactive system, 

these workers consistently obtained strong signals in freshly sectioned slides compared to 

those stored for two weeks or more. They recommend the use of freshly sectioned slides 

(i.e. stored for four days or less) when trying to locate specific mRNAs in formalin fixed 

paraffin-embedded tissue by ISH. They postulate that the reasons for the lower signals are 

degradation of the mRNA due to storage at room temperature. In the ISH work carried out 

for the earlier studies in this thesis (Chapters 3-4) the intervals between cutting the sections 

and performing the technique were not documented. However, in the analyses of the 

various tumours an average of 20 serial sections were cut from each paraffin block and 

then stored prior to use. The length of time that many of these sections were stored would 

have been well above two weeks. Therefore it is possible that this factor may have 

accounted for some of the variability seen with the ISH results in these studies.

Johnson et al. (1986) claimed that excessive handling or dissection of the tissues prior to 

fixation may have an adverse effect on the levels of mRNAs. They discovered that various 

tissues, including human brain, contained less detectable mRNAs when cut into small l-2g 

samples as opposed to being assayed whole. It was suggested that the number of cut 

surfaces, in the case of small samples, could disrupt cells and release ribonucleases. This 

factor was not examined in the present work as standard procedures were used in the 

necropsies with most tissues being removed and fixed whole. It is not considered that this 

variable will play an important role in influencing the detection of mRNAs from small 

rodent tissues but it may be a problem with tissues from humans and larger animals.
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As stated previously (Section 5.1), many reports in the literature contain data which appear 

to conflict with regards to the post-mortem stability of mRNAs and proteins. However, it is 

now possible to advance reasons to explain some of these inconsistencies. Firstly, results 

frequently appear to depend on the particular species of mRNA or epitope under 

investigation. Many papers indicate that in general RNA is quite stable for a prolonged 

period after death, but individual RNAs may undergo more rapid PM decay (Jackson and 

Rintoul, 1992). The basis for this selective vulnerability is unknown but not all species of 

mRNA are equally sensitive to pH (Harrison et al., 1995). Stable eukaryotic mRNAs are 

considered typically to have a half-life of around 24h (Puckett et al., 1975). Some mRNA 

species have a short half-life and thus might logically be expected to decay rapidly after 

death due to the action of endogenous ribonucleases (Brawerman, 1987). In the case of 

proteins, Fodor et al. (2002), reported successful IHC staining for certain steroid hormone 

receptors, but not others, in the rat brain following a PMI of 24h. Again these results 

suggest that selective decay may occur with certain antigens and therefore the outcome of 

immunostaining also may be strongly dependent on the epitopes and/or the antibody used.

Secondly, the relative sensitivities of different techniques used to assay tissues must be 

borne in mind. Yasojima et al. (2001) demonstrated the presence of several mRNAs in 

human brain after a PMI of 96h using exquisitely sensitive RT-PCR procedures. On the 

other hand, Hoefler et al. (1986) was unable to detect SS mRNA in rat brain following a 

PMI of Ih using a far less sensitive ISH technique.

Finally, much of the literature in this area is 10 years old. In these papers consideration 

was usually given to the PMI, and also to fixation times, but little attention was paid to the 

other variables described here. In particular, the recent work described above by Lisowski 

et al. (2001), regarding the importance of the storage time of the sections, is of 

considerable interest and may help explain many of the inconsistencies with ISH 

procedures.

The current situation regarding the importance of the peri-mortem variables discussed in 

this report is summarised in Table 5.7.
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Table 5.7: Summary of the influence of pre- and post-mortem variables on the 
detection of mRNAs and peptides"

Peri-mortem factor Influence on mRNA Influence on protein

Post-mortem interval Generally stable over 24h. 
Selective decay with certain 
mRNAs.

Generally stable over 24h. 
Selective decay o f  certain epitopes.

Preterminal clinical condition Hypoxia (acidosis) associated with 
reduced post-mortem mRNA 
stability in human brain. No effect 
proven in animals.

No effect shown.

Tissue fixation time No effect shown but should be 
surmountable with PK digestion.

Effect shown for some peptides but 
surmountable with PK digestion.

Storage period o f paraffin 
sections

Loss o f  ISH signal if  sections 
stored > 2 weeks.

No effect shown.

Degree o f  tissue dissection and 
handling

Loss o f  ISH signal after excessive 
tissue dissection in large organs or 
tissues.

No effect shown.

“ compiled using data from literature and results from present investigations

In summary, the influence of the pre and post-mortem factors investigated here would 

appear to be marginal. In the tissues examined, a deterioration in tissue structure was 

noted at PMIs ranging from 12-24h, although the quality was still sufficient for IHC and 

ISH characterisation. Indeed, enhanced patterns of staining were observed in some 

instances presumably due the improved accessibility of probes and antibodies as a result of 

the autolytic changes. It is concluded that post-mortem delay, independently of other 

factors, does not affect ISH or IHC staining for the probe/antibody combinations used in 

this work. No clear link could be established between the preterminal clinical condition of 

the animal, or the tissue fixation time, and the resulting ISH or IHC staining properties of 

the tissue. It is considered unlikely that these factors would have influenced the staining 

results of the tumours as described in earlier studies (Chapters 3-4).

Overall, the use of ISH and IHC procedures in ICD animals from carcinogenicity studies 

would seem to be practicable even with a PMI of 24h. However, the results may to some 

extent depend upon the species of mRNA or epitope targeted. The variables that might
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influence the detectable levels of mRNAs and peptides in the tissues should be borne in 

mind when performing these techniques, so that steps can be taken to minimise then- 

potential effect. Finally the present investigations must be regarded as preliminary, and 

ideally, the results should be validated in further experiments (Chapter 6).

222



Chapter 6 

GENERAL DISCUSSION

The approach taken in the present experimental investigations, was to select a number of 

proliferative lesions in the murine lung and rat thyroid gland, based upon a preliminary 

histopathological screen of these tissues. The aim was to produce a sample of tumours 

sufficient for further study, representative of the types and morphologies that occur 

spontaneously at these sites. Therefore, the emphasis during the selection process was 

primarily based on tumour types and morphologies. Little account was taken of the age of 

the animals at this stage. Male animals only were selected in the study of lung tumours, as 

the incidence of such lesions in female B6C3Fi mice is very low (Section 1.3.2.1). 

Thyroid tumours in male and female rats were evaluated as these lesions are of similar 

incidence in both sexes. Only animals that were killed, i.e. not found dead, were included 

as it was believed at the outset that post-mortem delay would affect the detection of 

mRNAs and proteins in the tissues. This was later shown not to be the case, at least with 

post-mortem intervals up to 24h (Section 5.3.1). In addition, certain lesions were regarded 

as unsuitable for further examination for other reasons, e.g. damaged or insufficient tissue, 

and were not selected.

For each lesion under investigation, it was necessary to cut a relatively large number of 

serial sections from the paraffrn wax embedded sample (block). Some of these lesions, 

particularly in the rat thyroid gland, were very small and disappeared from the block soon 

after re-commencement of cutting; in most cases the evaluation of such lesions was 

abandoned. On other occasions, during the sectioning of a particular tumour, a separate 

lesion would appear in the block that was subsequently investigated. Therefore, for these 

reasons, and also because of natural variations in incidence, it was not possible in the 

present studies to evaluate precise numbers of tumours of a particular type. It would have 

been possible to reduce the numbers of sections needed for the investigations if double 

staining procedures (i.e. combined ISH and IHC staining on the same tissue section) had 

been performed (Schaeren-Wiemers and Gerfin-Moser, 1993). However, in the previous 

experience of the author, the results of these techniques are often difficult to interpret and 

therefore a decision was taken not to attempt them.
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Although several species of mRNA were targeted in the present studies, the sensitivities of 

the ISH systems used (for each target) were not comparable, due to variations in the probe 

systems. It is important to bear in mind the possible effects of these differences when 

comparing the results of the different staining procedures. The most sensitive ISH method 

employed was a cocktail of three oligonucleotide probes (Section 1.2.2.1; Fig. 1.2); this 

was used to demonstrate albumin mRNA in hepatocellular lesions and CT mRNA in C-cell 

tumours. Single probes for the detection of SP mRNA (one for each SP type) were used 

for the staining of lung tumours; this was done in order that the individual SP types, 

expressed by the tumours and normal lung cells, could be determined. It would have been 

possible to have designed and used a cocktail of probes for each SP type. However, this 

would have been prohibitively expensive and, as it proved, unnecessary as all primary lung 

tumours appeared to express at least one SP type. Possibly, the abundance of intracellular 

SP mRNAs in these tissues overcame any deficiencies in sensitivity of the probe system 

used. Two of the ISH procedures involved the use of single probes. The probe used for 

the localization of TG in thyroid tissues was designed against a consensus sequence known 

to be present in TG mRNA (Marino et al., 1999). In practice this meant that each mRNA 

molecule was able to bind 2 probes and so the sensitivity was approximately 50% greater 

than if one probe had been used alone. The least sensitive ISH system employed in the 

present studies was that used for the detection of SS mRNA. As stated in Section 4.4, this 

may have influenced the results of the ISH staining of Type II CCPs, where individual 

cells and cell clusters were frequently positive for SS peptides but negative for mRNA. In 

these cases the levels of SS mRNA in the cells may have been below the threshold of 

sensitivity for this technique. Ideally, two additional probes designed against the rat SS 

sequence should be acquired, to supplement the one used here, and all three employed in a 

probe cocktail during any future work to detect SS mRNA in rat tissues.

Another issue, that could in theory have affected sensitivity, was the design of probes and 

antibodies specifically against human rather than rodent sequences. In the present studies, 

the ISH probes for CT, TG and SS were designed against human sequences. Additionally, 

all antibodies used were raised against human proteins, with the exception of the anti-CT 

antibody which was produced against the rat peptide. Generally, with the exception of the 

anti-CT antibody, rat-specific antibodies could not be obtained commercially. However,
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for each of these probes and antibodies, sufficient homology would appear to exist between 

the human and rat sequences to enable them to bind successfully. Moreover, these probes 

and antibodies had been shown to work well in rat tissues by others (Sections 4.2.2 and 

4.2.4). Therefore it is not considered that the use of ISH probes or antibodies, against 

human mRNA sequences or proteins, adversely influenced the results presented here. CT 

and SS antibodies used in thyroid tissues in the present studies were carefully selected to 

ensure that TG had not been used as a conjugate (hapten) during the raising of the 

antibody. Antibodies raised in this way inevitably cross-react with TG and this would 

have resulted in spurious staining.

The results from the present studies of thyroid tumours, confirm the benefits of the 

combined application of ISH for mRNA and IRC for peptide. The preference, in most 

diagnostic laboratories when attempting to determine the identity of poorly differentiated 

cells, is to use IRC alone. This is understandable, both for reasons of cost and 

convenience, but without both techniques the results may be difficult to interpret. This was 

best exemplified in the thyroid gland where two antibodies, anti-CT and anti-TG, stained 

the same cell population (Section 4.3.2.2; Fig. 4.17). However, these were confirmed as 

C-cells as they stained positively for CT mRNA but negatively for TG mRNA. From this 

it was deduced that TG protein had been endocytosed by C-cells and not been produced by 

them. It was further concluded that the use of a TG antibody alone, in IRC procedures, 

may produce spurious results and should preferably be used in combination with ISR for 

TG mRNA. The presence of TG protein in C-cells could be further investigated by the use 

of immuno-electron microscopy. In this way it may be possible to confirm endocytosis by 

the localisation of the protein to phagolysosomes.

An account of the peri-mortem variables that may influence the detection of tissue mRNAs 

and proteins was provided in Chapter 5. With the exception of the study of post-mortem 

intervals, the assessment of other variables, particularly the terminal clinical condition of 

the animals and the tissue fixation times, was achieved by a relatively crude retrospective 

examination of data and therefore the results must be regarded as preliminary. This came 

about because an evaluation of peri-mortem variables was not anticipated at the outset of 

the present studies. More thorough investigations could be performed in future to address 

these points; any results from animal studies would be interesting as all work to date seems
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to have been performed on human tissues, and furthermore, almost exclusively on brain 

(Kingsbury et al., 1995). Any future investigation of the affects of clinical condition upon 

RNA or protein stability would involve the comparison of tissues from a number of 

animals with a specified clinical condition, e.g. nephropathy. The use of ancillary data 

would be important to confirm the clinical state of the animals, e.g. tissue pH monitoring, 

plasma urea levels in cases of suspected nephropathy. Steps would also have to be taken to 

eliminate or lessen the affect of other peri-mortem variables, e.g. fixation times for all 

tissues under comparison should be identical. It would also be interesting to perform 

further work to substantiate the findings of Lisowski et al. (2001), that prolonged storage 

of non-deparaffmized sections can affect the detection of mRNAs by ISH (Section 5.4).

Another important factor to consider, which cannot be classified as a peri-mortem variable, 

is the normal intrinsic stability of the target species of mRNA. To date, only limited data 

are available on the stability and turnover of mRNAs and much of this comes from cell 

culture studies (Sachs, 1993; Guhaniyogi and Brewer, 2001). Typical half-lives vary from 

a few minutes for labile species such as c-fos, up to 24h or more for stable species such as 

the globins. Half-lives similar to those in mammalian cells have been observed in yeast, 

indicating the general biological time span of mRNA survival. The rate at which a given 

mRNA is degraded in vivo is largely determined by destabilizing sequences that are 

incorporated into its structure (Sachs, 1993). The most important of these are found in the 

3' untranslated region. The general motif is a series of AUUUA pentamers and the greater 

the number of A+U rich elements (AREs), the greater the vulnerability to decay. At the 

outset of the present studies, no account was taken of the relative stabilities of the mRNAs 

under investigation. Examination of the data (3' untranslated regions) on GenBank 

(National Center for Biotechnology Information, 2002) for mRNAs targeted, indicates that 

the mRNAs should possess reasonably long half lives, as would be expected for mRNAs 

encoding secretory proteins. However, in future it would be sensible to take into account 

the half-live of the target species of mRNA before embarking upon detection, as those with 

shorter half-lives would probably require more sensitive detection systems.

Anomalies in staining, attributable to the effects of fixation, were present in the liver and 

thyroid gland in the present studies. Staining for albumin mRNA was frequently stronger 

in peripheral than central areas of large hepatocellular tumours. This was also true with
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IHC staining for CT in large C-cell lesions. These effects can be explained in terms of the 

more efficient fixation of the peripheral regions of the tissues (Sections 3.4 and 4.4). In 

normal lung and thyroid gland no such changes were present, but strong peripheral staining 

for albumin mRNA was also noted in normal liver. Interestingly, this effect was observed 

in relatively small liver lobes and so it is possible to speculate that the penetration of NBF 

is particularly difficult in this tissue. The reasons for this finding are unclear. It was found 

in later work, outside the present studies, that for consistent ISH staining of normal liver, 

the tissue should be dissected into very small pieces (maximal thickness no greater than 1 0  

mm) before being placed in NBF. Generally, it seems that for effective ISH or IHC 

staining of any tissue (normal or neoplastic), it is best to ensure that the tissue pieces 

placed in fixative are not greater than 20-30 mm in diameter.

In the present studies, the expression of mRNAs and proteins has been investigated in a 

range of benign and malignant neoplasms, of varying morphologies, in the thyroid gland, 

liver and lung of rodents. In general, a more diverse range of morphologies was exhibited 

by follicular and hepatocellular tumours, while C-cell and primary lung tumours were 

more uniform in appearance. However, anaplastic cells were seen to some degree in all of 

these tumour types. The latter included pleomorphic cells in primary lung and C-cell 

tumours, solid sheets in follicular tumours and sarcomatous-like structures in HCCs. From 

these investigations it appears that the most important factor that determines whether a 

tumour cell will stain for the appropriate mRNA or protein would appear to be its 

morphology. No other features such as the size of the tumour, or the age/sex of the animal 

appears to be important in this respect. If a cell is structurally well-differentiated, i.e. 

resembling its normal counterpart, it is likely to show a more normal expression profile 

than if structurally abnormal i.e. anaplastic. This was best exhibited in a number of HCC 

métastasés where small groups of well-differentiated hepatocyte-like cells exhibited strong 

signals for albumin mRNA and were surrounded by negative staining anaplastic cells (Fig. 

3.13c and d). In other words, loss of functional differentiation usually accompanies loss of 

structural differentiation. To some extent this coupling of structure and function in 

tumours is unsurprising. It is known that genetic alterations accumulate with the 

progression of neoplasia (Com and El-Deiry, 2002) and presumably any dismptions in 

gene expression in these proliferating tumour cells will affect not only morphology but 

also function, e.g. production and secretion of SPs, albumin, CT or TG. However, the
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present studies also indicate that the relationship between structure and function is not 

absolute, as occasionally cells with poor structural differentiation show strong staining for 

functional markers and vice versa. Possibly, this demonstrates that the accumulation of 

genetic damage is a random process and may preferentially affect genes that control either 

structure or function of the cell.

Perhaps the greatest problem for the diagnostic pathologist occurs when attempting to 

determine the histogenesis of a tumour that is composed of poorly differentiated, anaplastic 

cells showing negative signals for expression markers. Fortunately, such cells usually 

constitute only a proportion of the overall tumour, with sufficient differentiated cells being 

present to allow a diagnosis to be made. However, in the present studies 8/22 (36%) 

pulmonary HCC métastasés in mice, and 1/21 thyroid follicular tumours in rats, showed 

complete negativity for albumin and TG expression respectively. Therefore it would be 

helpful if methods were available to allow the origin of these poorly differentiated cells to 

be determined. Possibly this could be achieved by increasing the sensitivities of the IHC 

and ISH techniques used in the current studies. This is based on the premise that the 

expression of specific markers is still taking place in the tumour cells, but at a significantly 

reduced level. Although the IHC procedure used in the present studies was reasonably 

sensitive, the incorporation of biotinylated tyramide (BT) into the detection system would 

increase the sensitivity considerably, and increase the likelihood of proteins being detected 

in anaplastic cells (Komminoth and Zuber, 1999). For ISH, the replacement of 

oligonucleotide probes with isotopic (radioactive) riboprobes is another possibility, as 

these are generally regarded as sensitive enough to detect very low copy numbers of 

mRNA. Unfortunately, isotopic ISH is technically cumbersome and the results often 

difficult to interpret (Section 1.2.2.1). As such the procedure is not usually amenable to 

routine diagnostic work. Alternative methods that could be considered include the use of 

laser capture microdissection (LCM), in combination with reverse transcriptase polymerase 

chain reaction (RT-PCR). In this procedure, groups of anaplastic cells, or even whole 

tumours can be removed fi*om the section and examined by RT-PCR for the presence of 

the appropriate mRNA species, e.g. solid pattern of cells could be removed fi*om a thyroid 

tumour and RT-PCR for TG or CT mRNA performed, to confirm diagnosis. For the 

investigation of metastatic deposits, the use of LCM may not be necessary and the use of 

RT-PCR alone may suffice, e.g. a tumour deposit in lung or lymph nodes could be
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confirmed as HCC by use of RT-PCR for albumin mRNA. Once again the drawback with 

techniques such as LCM and RT-PCR is the costly outlay on equipment and reagents; 

these procedures are more suited to research applications rather than the diagnostic 

pathology laboratory.

In addition to increasing the sensitivities of the detection procedures for the current 

markers, could any alternative markers be used that would increase the chances of 

positively identifying anaplastic cells? The most troublesome in this respect were the 

metastatic deposits of HCCs. It would be tempting to examine the expression of alpha- 

foetoprotein (AFP) in these tumours. As mentioned previously (Section 3.4), the presence 

of AFP protein has been recorded in the livers of treated mice (Nonoyama et al., 1988), but 

so far it appears that mRNA levels have not been studied with ISH. The drawback with 

this approach is the expression of AFP at sites outside the liver (Trojan et al., 1989; Tyner 

et al., 1990), indicating that it will have limited value in the identification of metastatic 

deposits. However, it is possible that AFP, as a recognised oncofoetal marker, would be 

more strongly expressed in poorly differentiated, anaplastic hepatocytes, i.e. with a 

reversion to foetal phenotype. If it was decided to target AFP in this way, great care would 

need to be exercised over the design of ISH probes, as significant homology exists between 

the AFP gene and other sequences, including that of albumin (Ingram et al., 1981; Kioussis 

et al., 1981). An interesting exercise would be to use a specific AFP probe in combination 

with one for albumin mRNA, as this probe cocktail might increase the chances of 

recognising anaplastic HCC métastasés. Only a few possibilities exist in terms of 

alternative markers for follicular tumours. The expression of thyroid peroxidase (TPO) has 

been studied in a range of human follicular neoplasms (De Micco et al., 2000), but was not 

found to be particularly strong either in benign or malignant lesions. Other possibilities 

include the thyroid transcription factors (TTF-1 and TTF-2). Again, in humans the 

expression of these factors in follicular adenomas and carcinomas was significantly 

decreased as compared to normal thyroid tissue (Sequeira et al., 2001). Therefore the 

chances of TPO or TTFs proving to be more reliable follicular markers in rats than TG are 

probably low, but this should be confirmed by further work.

In the present studies, the expression of SPs in murine A/B tumours, and CT in rat C-cell 

tumours, was maintained in all stages of progression, including métastasés where present.
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Therefore, it seems unnecessary to attempt to identify other markers for these cell types. A 

number of hormonal peptides are known to be produced by C-cells in rats in addition to the 

ones evaluated in the present studies. These include cholecystokinin, serotonin and 

thyrotropin-releasing hormone (Zabel et al., 1987; Gkonos et al., 1989). These peptides 

could be investigated in future studies with rat thyroid tumours, but although any data 

generated would be interesting, it is difficult to see how it could benefit the diagnostic 

process. In human MTCs, in addition to CT, several workers have demonstrated the 

presence of calcitonin gene-related peptide (CGRP) mRNA and peptides (Poston et al., 

1987; Boultwood et al., 1990; Denijn et al., 1993). In these tumours the staining for CT 

mRNA and peptides was typically strong to moderate, whereas that for CGRP was weak. 

These results indicate that the alternative splicing mechanism of the CT/a-CGRP gene was 

disrupted in the tumour cells, allowing CGRP transcripts to be produced (under normal 

conditions CGRP is produced only in cells of the CNS - Section 1.5.2). Despite the fact 

that the presence of CGRP peptides was recorded in a small number of C-cell tumours in 

rats in the mid-1980s (Zabel et al., 1987), the work does not appear to have been followed 

up in this species. A systematic study of CGRP expression in a range of rat C-cell 

tumours, including metastatic deposits, may prove interesting, to see if a disrupted splicing 

mechanism results in detectable levels of CGRP mRNA and peptides within anaplastic 

areas of the tumours.

Although the study of alternative expression markers, and abnormal differential mRNA 

splicing, could prove useful, further investigation is more urgently needed into the 

underlying molecular mechanisms that give rise to spontaneous tumours in rodents. Great 

advances have been made in recent years in the understanding of the molecular events that 

culminate in the development of HCCs, thyroid follicular tumours and MTCs in humans. 

For instance, the mechanism of the progression from cirrhosis to HCC in humans is poorly 

understood, but increased expression of hepatocyte growth factor, and its receptor c-MET, 

have recently been demonstrated in these processes (Ljubimova et al., 1997). Very little 

information of this nature appears to exist for murine liver tumours, although progress may 

be expected in future work with the relatively new transgenic and knockout mice models 

(Fausto, 1999). In addition, recent studies have been undertaken at the genetic level (Lee, 

1998), in an attempt to shed light on the murine susceptibilities to liver and lung tumours.
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although as yet this work is at a very early stage. As regards human thyroid tumours, over

expression of c-MET and rearrangements in the RET proto-oncogenes are known to occur 

in about 25% of papillary carcinomas (Farid et al., 1994; Ruco et al., 2001). The TRK 

oncogene is also rearranged in some of these tumours, while anaplastic (solid) thyroid 

carcinomas frequently show mutations in the p53 suppressor gene (Fagin, 1992).

C-cell neoplasms in many rat strains occur commonly in association with a variety of other 

hyperplastic and neoplastic lesions of the endocrine system, e.g. pituitary gland, pancreatic 

islets, adrenal medulla and interstitial cells of Leydig. The occurrences of multiple 

endocrine neoplasias in rats are similar to the dominantly inherited multiple endocrine 

neoplasia syndromes (MEN 2A or 2B) described in humans. Germ-line mutations of the 

RET proto-oncogene have been demonstrated to be associated with MEN 2A (Schifter, 

1997). Possibly the rat could prove a good model for MEN syndrome in humans, although 

as yet the nature of any genetic disturbance in rodents remains to be identified. A number 

of studies have underlined the importance of genetic factors in the development of these 

lesions because incidences of tumours in rats tend to remain relatively constant, and 

crosses of high and low-incidence strains produce hybrids with intermediate incidence 

rates of C-cell tumours (DeLellis, 1994). Dietary factors have also been implicated in the 

pathogenesis of these tumours (Roe and Bar, 1985). Commercial diets contain 2-3 times 

more calcium and phosphorus than needed by young rats, and in this situation the 

stimulation of calcitonin release from C-cells could be associated with a growth 

stimulatory effect. This is supported by the work of Thurston and Williams (1982), who 

demonstrated a significant increase in C-cell tumour incidence in rats given increasing 

amounts of vitamin D3 , presumably due to enhanced dietary calcium absorption. A 

relatively simple way to investigate further the dietary calcium hypothesis would be to 

examine the thyroid glands from a series of wild caught rats. Consistently low numbers of 

C-cells in the thyroid glands of these animals would certainly add weight to this argument. 

In closing this part of the discussion, it must be emphasised that advances are necessary in 

our understanding of the molecular pathways leading to spontaneous neoplasia in rodents. 

An improved knowledge of the pathogenesis of tumour development would be invaluable 

when attempting to explore a treatment related carcinogenic effect upon a particular tissue.
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Metastasis was a frequently observed phenomenon in the present studies with 

hepatocellular malignancies (HCC), it was less common with C-cell carcinomas, and not 

observed with follicular carcinomas and A/B carcinomas. This situation is as expected for 

HCC and A/B carcinomas in B6C3Fi mice, the former are known to metastasize widely 

(Vesselinovitch, 1987) while metastatic deposits of A/B carcinomas are uncommon (Dixon 

et al., 1999). The numbers of métastasés of C-cell and follicular tumours in rats was less 

than expected; much of this can be attributed to the failure to harvest the deep cervical 

lymph nodes in all rats (Section 4.4). However, the lung was thoroughly evaluated in all 

mice and no pulmonary métastasés of thyroid neoplasms were noted, which, in view of the 

number of tumours in the gland, and the incidence of tumour emboli in thyroidal 

lymphatics, is surprising. Although it is disappointing that more métastasés of thyroid 

tumours were not available, an investigation of three metastatic deposits of C-cell 

carcinomas was performed and it is considered unlikely that much more information could 

have been derived from an increased number of such lesions, particularly as several tumour 

cell emboli were also available for examination.

Of the two tumour types in this investigation that showed metastatic behaviour, C-cell 

carcinomas maintained a higher level of structural and functional differentiation 

throughout the process. Generally, metastatic deposits of C-cells showed relatively normal 

morphology and strong CT expression. Conversely, métastasés of HCC were often poorly 

differentiated and showed weak or absent albumin expression. HCCs exhibited a range of 

histological patterns, of which all were equally represented in both the primary tumours 

and métastasés, although anaplastic cells were more frequent in the latter. Therefore a link 

did not appear to exist between the histological pattern of HCC and the incidence of 

métastasés. Such relationships have been reported in certain human tumours, e.g. of 

thyroid malignancies, follicular cell carcinomas are three times as likely to metastasize as 

papillary carcinomas (Shaha et al., 2001).

C-cell tumours not only retain a high degree of differentiation during metastasis but also 

appear to develop the capacity for metastatic behaviour at a very early stage, possibly at 

the outset of the neoplastic process. This is supported by the presence of tumour emboli in 

association with very small, well-differentiated C-cell tumours (<lmm diameter). It is 

interesting to speculate that neoplastic C-cells progress to malignancy more rapidly than
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other cell types e.g. hepatocytes. Before becoming too immersed in this idea, it should be 

stated that opportunities to observe the early stages of tumour growth in the present 

studies, were almost exclusively in favour of thyroid tumours. Primary HCCs were only 

examined after a putative metastatic deposit in the lung had been identified, and so most of 

these tumours were relatively large at the time of the investigation. Therefore, it is not 

possible to make an equal comparison of the early behaviour of C-cell and liver tumours. 

Nevertheless, the incidence of métastasés of MTC in humans is acknowledged to be high 

(Shaha et al., 2001) and therefore the impression lingers that neoplastic C-cells are 

particularly adept at engaging in metastatic behaviour. The reasons why this should be so 

are unclear, but a clue may be provided from the behaviour of C-cells in the embryo, as 

during this period they actively migrate into the developing thyroid gland via the 

ultimobranchial body from the neural crest. Other neuroendocrine cells also migrate 

actively at this time, and this has been termed the period of 'neuroectodermal dispersion' 

(Pearse and Takor Takor, 1976). Therefore, the metastatic activity of neoplastic C-cells 

may be due to the re-establishment of latent migratory abilities following the loss of 

normal growth control. In terms of migratory abilities, C-cells (and other neuroendocrine 

cells) are probably intermediate between static tissue cells and actively trafficking 

lymphoid cells (Williams ED, personal communication). Conversely, it is possible that C- 

cells have undergone metastasis without demonstrating any migratory, or invasive 

properties. Cavallaro and Christofori (2001), recently put forward the hypothesis of 

'passive metastatic dissemination' and suggested that this could account for the mechanism 

of metastasis in cells exhibiting a relatively benign (i.e. not invasive) phenotype. These 

authors proposed that as a consequence of impaired cell-matrix adhesion, and tumour 

disaggregation, tumour cells may be 'washed' into the vasculature or lymphatics. This 

theory remains to be established, but it offers another plausible means by which the well- 

differentiated and non-aggressive C-cell tumours identified in the present studies, could so 

readily metastasize.

Generally, the observations made in this thesis indicate that the major features of 

neoplastic cells are under separate and independent genetic control. Such features include 

differentiation (morphology and function), growth (cell cycle and apoptosis), invasion and 

metastasis. With tumour growth, all of these features are usually disrupted to some degree, 

but the extent to which each one is altered may vary markedly. For example, a tumour can
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be small in size and well-differentiated, yet at the same time exhibit invasive and 

malignant behaviour, as seen with certain Type II CCPs (Section 4.4). Conversely, a 

poorly differentiated, anaplastic tumour may grow slowly and not invade adjacent tissues. 

Consequently, the pathologist's task of using morphological appearance to determine 

behaviour, i.e. benign versus malignant, as outlined in Section 1.1.4.2, can be extremely 

difficult. These difficulties are not usually mentioned in standard texts and are invariably 

'glossed-over' in descriptions of standardised nomenclature. Indeed, it is often difficult to 

find references to the major diagnostic problems, such as the ones addressed in the present 

studies. The question is now: are these diagnostic problems likely to be overcome in the 

near future? The answer is that this is unlikely, in the absence of markers that precisely 

indicate the presence of invasive or metastatic behaviour. For this to occur, more 

information is needed on the molecular events underlying tumour progression, particularly 

on the properties of invasion and metastasis. Fortunately, advances are beginning to be 

made in this area. In recent years, the metastatic potential of cells has been strongly linked 

to loss of cell adhesion molecules such as E-cadherin (Christofori and Semb, 1999), the 

expression of matrix metalloproteinases (Stemlicht et al., 1999) and the expression of 

angiogenic factors (Hahnfeldt et al., 1999). Very recently, Favier et al. (2002) has shown 

that the analysis of angiogenesis provides promising new criteria for the diagnosis of 

malignant phaeochromocytomas. These workers demonstrated a ten-fold increase in 

several angiogenic factors, including vascular endothelial growth factor (VEGF), in 

malignant versus benign tumours. Again this provides information on potential markers 

for diagnostic use that could have applications in rodent pathology. Recently, several 

procedures have been developed for analyzing differential gene expression such as 

microarray technologies (Bashyam, 2002). These techniques have made it possible to 

identify various genes that are activated (or repressed) during the transition of the primary 

tumour to a malignant phenotype. This should help in achieving the ultimate goal of 

identifying the cascade of molecular events that define the generation and maintenance of 

the cancer cell. It will also help in identifying markers on the tumour cells that could be 

used to distinguish between benign and malignant growths.

In all probability, the current methods for staging proliferative lesions, and the terms 

employed, e.g. hyperplasia, adenoma and carcinoma, will remain in place for many years, 

but one can envisage a time when they are discontinued when it becomes possible to
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accurately identify cells capable of invasive or metastatic behaviour. Tumours will then 

simply be classified as benign or having malignant potential and other histological features 

will be disregarded. In all fairness it should be stated that the problem of staging 

proliferative lesions is usually circumvented in toxicological pathology. In practice, faced 

with an apparent carcinogenic effect in a long term study, the incidence of all stages (i.e. 

hyperplasia, adenoma) for a particular tumour type would normally be summated and not 

dealt with in isolation. This is normal procedure when dealing with an acknowledged 

multi-stage tumour process such as C-cell neoplasia.

The observation that a significant number of C-cell tumours expressed somatostatin (SS) 

peptides, and that many of these lesions were less than 2 mm in diameter, is worthy of 

further investigation as the findings suggest that SS may be exerting a growth inhibitory 

effect. The present studies are not the first in which SS expression has been noted in rat C- 

cell tumours, nor the first in which growth inhibition has been postulated. This earlier 

work was performed by Ouazzani et al. (1994), who demonstrated low proliferative 

activity in C-cell tumours expressing SS, as measured by reduced tritiated thymidine 

uptake. Unfortunately, these authors were unable to identify any SS binding sites 

(receptors) in the tumours using autoradiography with radio-ligands, which begs the 

question: how was the negative effect modulated? At the time the work was performed, 

little information was available on the structures of SS receptors, but more recently 

advances have been made in this area. Indeed, five receptor subtypes (SSTl-5) are now 

known to exist for this peptide in both humans and rodents (Patel, 1999). A recent study of 

human MTCs (using IHC), revealed a rich but heterogeneous expression of SST subtypes, 

with 85% of the tumours being positive for one or more SST, but with only 4% of cases 

expressing all five SST receptors (Papotti et al., 2001). In the work carried out by Ouzzani 

et al.(1994), possibly false negative results were obtained because a complete range of 

radio-ligands was not used. Therefore, rat C-cell tumours should be re-investigated for the 

presence and distribution of SST receptors as their demonstration would suggest tumour 

cell regulation by endogenous SS via autocrine or paracrine circuits (Papotti et al., 2001). 

IHC has already been used to localise the five SST receptors in the rat CNS (Schulz et al., 

2000), and a similar procedure could be utilised in a study of C-cell tumours in this 

species. Additionally, in further studies it would be interesting to determine whether SS is 

released into the circulation of rats with C-cell neoplasms as this could account for
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gastrointestinal disturbances and other systemic effects (Patel, 1999). In this respect, a 

comparison of animals containing SS expressing C-cell tumours could be made with those 

containing non-SS expressing tumours.

One of the aims of the present studies was to investigate the histogenesis of spontaneous 

primary lung tumours in mice, in particular, the B6C3Fi strain. Although the histogenesis 

of spontaneous tumours in mice has been unclear for some time, tumours induced in 

hamsters by N-nitrosodiethylamine have been shown to clearly originate from the 

bronchioles on the basis of histopathology and the expression of Clara cell antigen (Rehm 

et al., 1989). Further work in hamsters could include an assessment of SP expression in 

the normal and tumorous lung for comparison with B6C3Fi mice.

Although the placing of emphasis on a negative result is not common in studies such as 

these, the absence of any thyroid tumour showing a mixed pattern (follicular and C-cell) of 

differentiation in the present series of rat thyroid tumours is of some significance. If a 

similar sized group of human neoplasms had been examined, a small number of such 

mixed tumours would have been expected (Papotti et al., 2000). The reason for these 

differences are unknown, but may reflect species differences in thyroid embryogenesis. It 

is accepted that the C-cells (originally derived from the neuroectoderm of the neural crest) 

are 'seeded into' the developing thyroid gland by the ultimobranchium when the two 

structures merge (Section 1.5.1) (Pearse and Carvalheira, 1967). What is not established is 

the exact contribution of the ultimobranchium to the follicular component of the thyroid 

gland (Rogers, 1927; Toran-Allerand, 1986). In the opinion of the present author this may 

vary between the species. For instance in humans, if the ultimobranchium is responsible 

for the development of follicular and C-cells then it is possible that stem cells from this 

area will give rise to tumours with follicular and C-cell properties later in life. Conversely 

in rats, the ultimobranchium may be responsible for the C-cells alone, in which case only 

C-cell tumours may originate from stem cells in this region; any follicular tumours in rats 

will be derived from stem cells in the rest of the gland which is derived from the endoderm 

of the buccopharyngeal cavity. It would be interesting to investigate the role of the 

ultimobranchium in further studies to determine its contribution to the developing thyroid 

gland. Also, a less relevant, but nevertheless fascinating, piece of further work would be to 

investigate possible reasons why C-cells in higher mammals localise adjacent to follicular
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cells, whereas in other vertebrates (e.g. birds and fishes) they remain outside the thyroid 

gland within a separate ultimobranchial structure.

In summary, in the present studies, several new applications of ISH and IHC have been 

introduced which are of relevance in the field of toxicological pathology, and a number of 

new observations made. This is the first occasion that ISH has been used in the mouse to 

show the distribution of albumin mRNA transcripts, both in the normal liver and in HCCs 

(Pilling et al., 1997). The same techniques were also used to demonstrate, for the first time 

in mice, the presence of SP-B mRNA in alveolar type II cells. Additionally, the staining of 

primary lung tumours for SP mRNAs, and comparison with normal lung, provided clear 

evidence that A/B adenomas and carcinomas are of alveolar not bronchiolar origin. This 

work (Pilling et al., 1999) has recently been used as a basis for the studies of Mason et al. 

(2000), in an investigation of induced lung tumours in mice. In the rat, the present studies 

provide the first demonstration of TG mRNA and protein in thyroid follicular tumours. 

Additionally, features of C-cell tumours in rats, described here for the first time include:

1), the presence of tumour emboli in association with very small (< 1mm) primary lesions;

2), the expression of CT mRNA in metastatic deposits; 3), acinar structures (glandular 

differentiation) containing thyroglobulin-fi*ee proteinaceous material and 4), the expression 

of SS peptides in approximately half the primary tumours and all metastatic deposits. 

Finally, this is the first demonstration that post-mortem delay does not necessarily affect 

ISH and IHC staining, and confirmation that the use of these procedures in ICD animals 

fi-om carcinogenicity studies is practicable even with a PMI of 24h.

In conclusion, the primary objective of the present research investigation was to improve 

the accuracy of diagnoses of spontaneous tumours in the lung of B6C3Fi mice and thyroid 

gland of Han Wistar rats (Section 1.6). It appears that this aim has been, to a large extent, 

achieved. These studies have shown that using a combination of histopathological 

examination and molecular techniques, the large majority of tumours at these sites can be 

identified and classified. It has proved possible to identify virtually all A/B tumours in 

mice using ISH for SP mRNAs. Similarly, using ISH or IHC for CT markers, all rat C-cell 

tumours can be diagnosed even after embolic spread and metastasis. The majority of 

thyroid follicular tumours can also be identified using ISH or IHC for TG markers with the 

exception of those relatively rare lesions that exhibit a completely solid pattern. The
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confimation of hepatocellular origin in metastatic deposits of HCC proved much more 

challenging and a large proportion of these tumours showed poor structural differentiation 

and stained negatively by ISH for albumin mRNA. In future, other techniques must be 

considered for the diagnosis of métastasés of HCC. A significant insight into the 

histogenesis of primary lung tumours in mice was provide by the presence of SP mRNAs 

in normal, and hyperplastic alveolar type II cells, and also in the tumours, but their absence 

was demonstrated in normal bronchiolar epithelium. These findings provide strong 

support for the proposal that such tumours are derived from type II cells and should be 

referred to as alveolar (not bronchiolar) adenomas and carcinomas. The absence of any 

tumours in the rat thyroid gland that could be regarded as mixed (combined follicular and 

C-cell differentiation), would appear to lend support to the concept that follicular cells and 

C-cells originate from separate germ layers (endoderm and neuroectoderm) in the rat. 

Therefore a completely separate histogenesis for follicular and C-cell tumours can be 

assumed. Purely on the basis of detailed histopathology in the present studies, a new 

system of diagnostic nomenclature for C-cell proliferative lesions has been proposed. The 

basis of this system is the utilization of the presence of emboli to distinguish adenoma 

from carcinoma, irrespective of the dimensions of the lesion. This work has proven that 

very small lesions can possess metastatic potential, and therefore such lesions should not 

automatically be classified as adenomas. Finally, it was observed that post-mortem delay, 

independently of other factors, does not influence the detection of mRNAs and proteins in 

rodent tissues. Consequently, the use of molecular techniques in animals from 

carcinogenicity studies would seem to be practicable with a post-mortem interval up to 

24h.
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In Situ Hybridization Demonstration of Albumin mRNA in 
B6C3F1 Murine Liver and Hepatocellular Neoplasms

A. M. P i l l i n g ,  H. J. E n d e r s b y - W o o d ,  S. A. J o n e s ,  a n d  T. C. W i l l i a m s  

Pathology Department, Glaxo W ellcome Research and Development Ltd, Ware, Hertfordshire, United Kingdom

A bstract. In situ hybridization was used to detect albumin mRNA in normal liver and hepatocellular neo
plasms in 20 male B6C3F1 m ice between 17 and 24 months o f age. Positive signals for albumin were observed  
consistently in the cytoplasm of hepatocytes in normal liver, particularly in periportal areas. N o signals were 
observed in other cells, such as Kupffer’s cells, mesenchymal cells, or bile duct epithelium. O f hepatocellular 
adenomas, 11/11 (100%) stained positively for albumin mRNA, whereas 14/15 (93%) o f  primary hepatocellular 
carcinomas showed positive expression. Albumin mRNA was also detected in extrahepatic métastasés o f he
patocellular carcinoma, including 9/15 (60%) o f pulmonary neoplasms and 5/12 (42%) o f  métastasés at other 
sites. The pulmonary métastasés o f hepatocellular carcinoma frequently exhibited a glandular, papillary, or 
sarcomatous histologic appearance. The presence o f  albumin in these tumors, lacking characteristic hepatocel
lular phenotype, is a potential determinant o f hepatic lineage. We conclude that in situ hybridization for albumin 
mRNA in m ice is a useful tool in the differential diagnosis o f hepatocellular carcinoma, particularly in the case 
o f pulmonary metastasis. This technique may also enable recognition o f hepatocyte differentiation in glandular 
structures with phenotypic features o f biliary cells, as seen in mixed hepatocellular-cholangial neoplasms.

Key words: Albumin; B6C3F1 mice; hepatocellular adenoma; hepatocellular carcinoma; in situ hybridiza
tion; liver; métastasés.

The differential diagnosis of primary hepatic neo
plasia in the mouse usually presents few diagnostic 
problems for the pathologist, but the recognition of 
hepatocyte origin in extrahepatic métastasés is often 
more challenging. This is particularly true with depos
its of hepatocellular carcinoma (HCC) in the lung be
cause of the relatively high incidence of primary pul
monary neoplasia and nonhepatic métastasés. Well-dif
ferentiated neoplasms as well as poorly differentiated 
métastasés of HCC with sarcomatous or pleomorphic 
histologic patterns may be problematic. The former 
frequently contain tubulopapillary arrangements, and, 
if small and single, may be difficult to distinguish from 
primary alveolar/bronchiolar neoplasms. These diffi
culties are compounded by the paucity of specific im
munocytochemical and hybridization hepatocellular 
markers. Albumin is a serum protein synthesized in 
hepatocytes, and the usefulness of albumin immuno- 
cytochemistry as a hepatocyte marker has been de
scribed.  ̂However, the limitations of this technique are 
now well recognized. Excessive background staining 
with immunocytochemistry due to ubiquitous albumin 
in the tissues frequently leads to results that are diffi
cult to i n t e r p r e t . O u r  attempts to demonstrate al
bumin accurately by immunocytochemistry have also 
proved frustrating. In situ hybridization (ISH) helps 
surmount this problem by enabling recognition of the 
specific cell sites of albumin mRNA synthesis. We

have used a nonisotopic ISH technique with a cocktail 
of oligonucleotide probes designed against the mouse 
albumin mRNA sequence to investigate its expression 
and diagnostic usefulness in the normal and neoplastic 
liver.

Materials and Methods
Tissues

A ll tissues came from a background oncogenicity study 
involving untreated B6C3F1 mice (Table 1). Fifty percent o f  
the m ice survived the 2-year study period; the remainder 
were killed for humane reasons at ages ranging between 17 
and 21 months. The mice were fed Rat & M ouse Number 1 
expanded maintenance diet (Special D iets Services, Witham, 
Essex, UK) and they drank water ad libitum throughout the 
study.

Twenty animals were selected with the follow ing diag
noses (Table 1): 11 mice with hepatocellular adenoma, 15 
with primary HCC, and 15 with lung métastasés o f HCC. 
Métastasés o f  HCC were examined from several other sites 
in these animals, including kidney, pancreas, salivary glands, 
mesenteric lymph nodes, heart, aorta, and trachea.

In addition, seven m ice were selected with the follow ing  
diagnoses: five with alveolar/bronchiolar adenoma, one with 
alveolar/bronchiolar carcinoma, and one with lung métasta
sés o f mammary adenocarcinoma. N o hepatic neoplasms 
were reported in these mice. A ll diagnostic criteria used 
were similar to those issued by the National Toxicology Pro
gram.*
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Fig. 1. Liver, mouse No. 16. Zonal variation in albumin mRNA expression in normal liver with strongest staining in 
periportal areas. In situ hybridization; NBT/BCIP. Bar = 1 1 8  pm.

Fig. 2. Liver, mouse No. 1. Hepatic adenoma showing uniform signal for albumin mRNA. Staining intensity of the 
tumor is greater than in adjacent normal tissue. In situ hybridization; NBT/BCIP. Bar = 231 pm.

Fig. 3. Liver, mouse No. 14. Hepatocellular carcinoma. Serial sections stained (a) with hematoxylin-eosin and (b) by
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Tissue specimens were immersion-fixed in 10% neutral 
buffered formalin, for varying periods up to 1 month, before 
being dehydrated through graded ethanol and xylene and 
embedded in paraffin wax. Three-micrometer sections were 
cut and mounted on silanized slides with serial sections be
ing used for ISH and hematoxylin-eosin staining.

Probe production
A  cocktail o f  three 31-base cD N A  oligoprobes com pli

mentary to the murine albumin m R NA  sequence"^ were 
synthesized (R&D Ltd, Abingdon, Oxford, UK ) and pu
rified by high-pressure liquid chromatography.' The se 
quences were as follow s: Probe 1: 5 -CT TCT GGC AAC  
TTC ATG C A A  ATA GTG TCC C A -3'; Probe 2: 5'-C T  
TOG CCT CAG CAT A C T TCT TGC AC A CTT C A-3'; 
Probe 3: 5 '-AC TTG GTG CCC ACT CTT CCT AGG  
TTT CTT G A -3'. The probes were labelled at both the 5' 
and 3' ends with a single m olecule o f d igoxigenin  (B oeh- 
ringer M annheim ).

Hybridization
The protocol used for ISH was based on that described  

in detail e ls e w h e r e ." A fte r  rehydration, sections were 
pretreated in proteinase K (1 pg/m l for 40  m inutes at 37 
C) and subsequently placed in a non-form am ide-contain- 
ing prehybridization buffer (4X Denhardt’s solution, 4X  
standard saline citrate, 83 p-g/ml salm on testes D N A , 5 
m g/m l sodium  dodecyl sulphate, 4 m g/m l sodium  pyro
phosphate, 0 .0 IM tris-HCl) for 1 hour at 42 C. The hy
bridization was carried out with an equal mixture o f all 
three probes (0.1 ng/p.1) diluted in this buffer overnight in 
a m oist chamber at 42 C. After w ashing in graded stan
dard saline citrate, bound probe was localized  with alka
line phosphatase-linked anti-digoxigenin antibody (B oeh- 
ringer, 1: 500 dilution) for 1 hour. The final detection step 
was carried out overnight using nitroblue tétrazolium  
chloride and 5-brom o-4-chloro-3-indolyl phosphate. After 
dehydration and m ounting, slides w ere exam ined and pho
tographed using a Z eiss A xioskop m icroscope. A  positive  
signal w as demonstrated by the presence o f dark purple 
or black diformazan cytoplasm ic reaction product. Control 
sections were either 1) pretreated with R N A se A (100 p,g/ 
m l) before hybridization with labelled  probes, 2) hybrid
ized  with inappropriate probes o f sim ilar length (C alci
tonin 3 probe 30 base oligom er cocktail, R&D Ltd), or 3) 
hybridized in the absence o f  labelled probes.

Results
Normal tissue

Positive signals for albumin mRNA were present in 
all sections of normal liver, with periportal areas ex

hibiting the strongest staining (Fig. 1). Strong ISH sig
nals were noted in the normal liver adjacent to neo
plasms as well as in non-tumor-bearing lobes. No sig
nals were observed in other liver cells, such as Kupf
fer’s cells, mesenchymal cells, or bile duct epithelium. 
Moreover, no positive staining was seen in normal sec
tions of lung, kidney, heart, pancreas, aorta, trachea, 
salivary gland, and mesenteric lymph node.

Primary hepatic tumors

Eleven of eleven (100%) of hepatocellular adeno
mas stained positively for albumin mRNA (Table 1). 
The majority of these tumors were uniformly positive 
with a strong intensity of hybridization signal. The 
strength of positive staining in benign neoplasms was 
a striking feature and was generally greater than that 
observed in the adjacent normal liver parenchyma 
(Fig. 2 ).

Albumin expression was observed in 14/15 (93%) 
of primary HCCs, but the strength of hybridization 
signal both between animals and within individual tu
mors was much more variable than in benign neo
plasms. Most HCCs contained several well-defined 
zones of strong, weak, or negatively stained cells. The 
staining intensity showed a marked correlation with 
the histologic pattern and the degree of differentiation. 
Well-differentiated cells in trabecular or adenoid pat
terns showed strong signals for albumin mRNA, 
whereas poorly differentiated or atypical cells showed 
weak or negative staining (Fig. 3). Small numbers of 
oval cells were present in only one case of HCC (No. 
14), and these gave a negative hybridization signal. 
Necrotic or hemorrhagic areas were invariably nega
tively stained.

Métastasés of HCC

Albumin mRNA was detected in extrahepatic mé
tastasés of HCC in 9/15 (60%) of pulmonary neo
plasms and 5/12 (42%) of métastasés at other sites. In 
two cases of pulmonary metastasis (Nos. 10 and 16), 
the strength of staining was strong and uniform 
throughout the tumors (Fig. 4). Generally, however, 
the degree of positive expression in métastasés of HCC 
was less than in primary neoplasms and was again 
dependent on the extent of histologic differentiation. 
Tumors containing sheets and trabeculae of well-dif
ferentiated cells, resembling mature hepatocytes.

<-
in situ hybridization; NBT/BCIP. Sharp demarcation between strongly staining, well-differentiated cells and negative sar
comatous area. Bar = 168 |jim.

F ig . 4. Lung, mouse No. 10. Metastasis of hepatocellular carcinoma. Serial sections stained (a) with hematoxylin-eosin  
and (b) by in situ hybridization; NBT/BCIP. A well-circumscribed tumor, adjacent to a bronchiole, showing uniform albumin 
m R NA  expression. Bar = 253 |im.
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Fig. 5. Lung, mouse No. 10. Metastasis of hepatocellular carcinoma. Clusters o f well-differentiated cells containing 
acinar structures. All tumor cells are strongly positive for albumin mRNA. In situ hybridization; NBT/BCIP. Bar = 27 pm.

Fig. 6. Lung, mouse No. 7. Metastasis of hepatocellular carcinoma. Serial sections stained (a) with hematoxylin-eosin  
and (b) by in situ hybridization; NBT/BCIP. Scattered cells expressing albumin mRNA within tubulo-papillary structures. 
Bar = 63 pm.
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Stained the most strongly (Fig. 5). In glandular or pap
illary areas, the stain intensity was more variable, with 
positive cells being sparse and scattered (Fig. 6). Pos
itive staining was usually weak or nonexistent in pleo
morphic or sarcomatous regions, although in one met
astatic deposit adjacent to the trachea (No. 16), albu
min expression was observed in aggregates of large 
pleomorphic cells dispersed within sheets of well-dif
ferentiated but negatively stained cells.

In several cases, small aggregates of cells within the 
lung were identified as métastasés of HCC on the basis 
of an ISH signal for albumin mRNA. These aggregates 
were often found in poorly inflated or consolidated 
areas of lung and comprised cells with well-differen
tiated hepatocyte morphology. Many of them were 
centered around small blood vessels and may have rep
resented the initial growth of tumor following embolic 
entrapment in the lung (Fig. 7).

Other lung tumors

No positive staining was noted in any of the primary 
lung tumors or in the case of pulmonary metastasis of 
mammary carcinoma.

Control sections

Control procedures, as described above, were ap
plied to sections of normal non-neoplastic liver, liver 
tumors (with strong albumin expression), and other 
normal tissues as listed above. No positive signals 
were observed in any of these sections.

Discussion
Albumin represents the most abundant secretory 

protein of the liver.̂  The distribution of albumin gene 
transcripts in the normal mouse liver has not been 
demonstrated previously by ISH. Our observations of 
mice agree with observations made by others of rats, 
in which the signal intensity is high in the periportal 
zones but diminishes toward the centrilobular ar- 
eas.3.11.15 Furthermore, the periportal localization of al
bumin mRNA agrees with the demonstration of albu
min peptide in the mouse, in the same zone, by im
munocytochemistry.

Hepatic neoplasia is relatively common in many 
mouse strains. In the B6C3F1 strain, incidence ranges 
of 6-12% for hepatic adenoma and 19-23% for HCC 
are recorded in untreated males in long-term toxicity 
or oncogenicity studies.* In malignant cases, the inci
dence of pulmonary metastasis is also relatively high.

Few specific markers are available for hepatocyte dif
ferentiation in malignant disease, with alpha-fetopro
tein and albumin being the most frequently used in 
human surgical pathology. The immunolocalization of 
alpha-fetoprotein is reported in hepatic adenomas and 
HCCs in 2-acetyl-aminofluorine-treated B6C3F1 
mice.'* However, the extent of alpha-fetoprotein ex
pression following the spontaneous transformation of 
murine hepatocytes and its reliability as a tumor mark
er is unknown. For these reasons we decided to use 
albumin mRNA as a hepatocyte marker.

All hepatic adenomas and the majority of primary 
HCCs in this study showed ISH staining for albumin 
mRNA. A surprising feature was the consistent 
strong staining in primary liver tumors, particularly 
in adenomas, which was frequently stronger than in 
adjacent normal tissue. Such a finding may reflect 
increased cellular albumin mRNA content, but tech
niques such as quantitative northern blot analyses 
would be required to investigate this observation 
further.

The areas of positive or negative staining within pri
mary HCCs were in well-defined zones corresponding 
to areas of phenotypic variation. Phenotypic hetero
geneity is well recognized in HCCs in mice and in 
other species and is associated with the development 
of subclones of cells with growth advantage and al
tered metastatic potential.*

We were not surprised that a correlation existed 
between the strength of positive staining and the de
gree of differentiation of individual cells, as albumin 
production is regarded as a marker of the differen
tiated state of adult hepatocytes.^ A decrease in al
bumin production has been reported in accordance 
with a gradual dedifferentiation of the cell popula
tion during experimental hepatocarcinogenesis.* '* 
However, in this study, a sufficient number of dif
ferentiated cells expressing albumin RNA were pres
ent in HCCs in 9/15 (60%) of pulmonary métastasés 
and 5/12 (42%) of métastasés at other sites to sup
port the diagnosis.

The presence of an ISH signal for albumin mRNA 
proved useful in enabling small métastasés of HCC 
within the lung to be recognized. These métastasés 
could be overlooked easily during routine lung screen
ing in oncogenicity studies. ISH may also be useful in 
the recognition of hepatocyte differentiation in glan
dular structures with phenotypic features of biliary

<-
Fig. 7. Lung, mouse No. 13. Metastasis of hepatocellular carcinoma. Serial sections stained (a) with hematoxylin-eosin  

and (b) by in situ hybridization; NBT/BCIP. Perivascular cells expressing albumin mRNA within poorly inflated lung 
parenchyma. Bar =  27 pm.
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Table 1. C a s e  d e t a i l s  s h o w i n g  i n c i d e n c e  a n d  s t a i n i n g  p r o p e r t i e s  o f  h e p a t i c  t u m o r s  a n d  m é t a s t a s é s .

Case No.

Hepatocellular Tumors*

Age
(months)

Hepatic
Adenoma HCC

Lung Metastasis 
of HCC

Métastasés at 
Other Sites

1 24 +  +  + + + NP NP NP
2 24 +  +  4-  +  + NP NP NP
3 24 +  +  + NP NP NP
4 24 +  +  +  + + NP NP NP
5 24 + NP NP NP
6 24 +  +  +  + 4- 4-  +  +  4- + 4- Kidney 4-

Pancreas -
Salivary gland -
MLN -

7 17 4-  +  4- 4- 4- +  +  + + Heart +
8 18 +  + +  + 4-  + - NP
9 21 +  +  + + + +  +  4-  + 4-  + NP

10 21 4- + 4- 4-  +  4- NP
11 20 4- + +  4-  + + Aorta -

MLN -
12 24 NP + + - NP
13 18 NP + + NP
14 20 NP + - Kidney -

MLN -
Pancreas 4-

15 24 NP + + + - NP
16 19 NP +  +  + +  + +  + +  + Trachea +

Aorta 4-

17 24 NP 4-  +  + + NP
18 18 NP +  +  +  + - NP
19 24 NP + + + + + NP
20 19 NP + + - NP

* HCC -  hepatocellular carcinoma; NP = not present in this case; MLN = mesenteric lymph node; -  = negative staining; + = less 
than 20% positive cells; + +  =  20-40% positive cells; -I-- I--I- =  40-60% positive cells; 4 - 4 - 4 - -I- = 60-80% positive cells; 4 -4 -4 - 4 - 4 -  =  

more than 80% positive cells.

cells, such as those seen in mixed hepatocellular-cho
langial neoplasms.

The absence of staining in some hepatocellular tu
mors need not necessarily equate with lack of albumin 
expression. The generation of an ISH signal depends 
on various complex factors, such as fixation condi
tions, degree of protease digestion, stringency of the 
hybridization procedure, etc., and these factors may 
not have been optimal for each tumor examined. Fur
thermore, the use of riboprobes may have enhanced 
sensitivity and allowed the detection of low levels of 
albumin mRNA in poorly differentiated cells. How
ever, the possibility that some of these unstained tu
mors were of nonhepatic origin cannot be excluded, 
as the diagnoses were based purely on hematoxylin- 
eosin-stained sections.

The absolute reliability of albumin as a marker of 
hepatocyte lineage is accepted by some authors who 
state that albumin mRNA is produced only in the 
liver. This concept is not supported by other workers, 
who used sensitive molecular assays to demonstrate

albumin expression in the lung and other tissues of 
fetal and newborn rats.'  ̂Furthermore, transgenic mice 
carrying the albumin promoter linked to a mutated 
H-ras gene develop a high frequency of primary lung 
tumors,  ̂ implying that albumin expression is not lim
ited to murine hepatocytes. In our work, however, no 
albumin signals were detected in the primary lung tu
mors or nonhepatic lung metastasis examined, and nei
ther were signals observed in normal lung tissue in 
any of the animals examined. Again, our results may 
not equate with absolute lack of expression, but they 
do give some assurance that cells showing a positive 
ISH signal for albumin mRNA are most likely to be 
of hepatocyte origin.

We conclude that nonisotopic ISH to reveal albumin 
mRNA in murine tissues is a relatively quick and reliable 
procedure. The use of oligonucleotide probes allows the 
detection of specific cell sites of albumin synthesis with 
virtually no background staining. This technique is a use
ful supportive tool in the differential diagnosis of HCC, 
particularly in the case of pulmonary metastasis.
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Abstract The localization of surfactant protein (SP), A, B, C, and D mRNAs was examined in B6C3F, 
mice in the normal lung, and in a range of spontaneous proliferative lung lesions using nonisotopic in situ 
hybridization (ISH). The aim was to develop diagnostic markers, and if possible, throw further light on the 
histogenesis of these lesions. Tissues from 21 animals were examined, the lesions studied were: 4 alveolar 
epithelial hyperplasias, 12 alveolar/bronchiolar (A/B) adenomas, and S A/B carcinomas. Lung métastasés of 
hepatocellular carcinoma (HCC) were used as controls. In the nonneoplastic lung, staining for SP A, B, and C 
mRNA was observed in normal and hyperplastic type II cells but not in the bronchiolar epithelium. SP mRNAs 
were present in all lung tumors, with SPs A, B, and C being coexpressed in 10/12 (83%) of adenomas and 4/
5 (80%) of carcinomas in both solid and tubulopapillary areas. No signals for SP D mRNA were noted in 
normal or neoplastic lung. Additionally, no staining for any SP transcript was observed in the HCC métastasés 
examined. In summary, ISH for SP A, B, or C mRNA was a helpful aid in the diagnosis of proliferative lesions 
of the murine lung, enabling differentiation from hepatocellular métastasés. Furthermore, this work provides 
strong support for the proposal that spontaneous lung tumors in B6C3F, mice are of alveolar; not bronchiolar 
origin, and consistently show type II cell differentiation. We suggest that such tumors should be referred to as 
alveolar adenomas and carcinomas.

Key words: Alveolar type II cells; B6C3F, mice; in situ hybridization; lung tumors; surfactant proteins.

Alveolar/bronchiolar (A/B) adenomas and carcino- ulation of surfactant secretion and clearance but the
mas are the most conunon spontaneous neoplasms of role of SP D has not been established. SPs A and D
the lung in B6C3F, mice. In addition, the lung is one have also been suggested to be involved in pulmonary
of the most frequent sites of métastasés from extra- defense mechanisms such as opsonization.
thoracic tumors, in particular hepatocellular carcinoma The four SPs are generally reported to be synthe-
(HCC). These métastasés are sometimes difficult to sized by alveolar type II cells and bronchiolar
distinguish from primary lung tumors on routine his- cells.̂ "**’ The specific bronchiolar cell type responsi-
tologic examination. The histogenesis of spontaneous ble for the production of SPs is thought to be the Clara
murine pulmonary tumors has been the subject of cell, although recently this has been questioned in the
much debate, as to whether they arise from type H case of SP A synthesis.*̂  In situ hybridization (ISH)
alveolar cells or from bronchiolar cells.̂  (Uurrent be- studies, utilizing isotopic techniques in normal mice,
liefs seem to be that these tumors can arise from either describe the presence of mRNA for SPs A, C, and D
of these cell types.̂ **̂  in type II cells,̂  ”-*̂ and mRNA for SPs A and D in

Surfactant proteins (SPs) constitute approximately bronchiolar epithelium." '̂
10% of the total surfactant mixture, with phospholipids SP expression recently has been used as a diagnostic
comprising the predominant component. To date, two marker in human surgical pathology. SPs A and B
classes of proteins have been identified in humans and were demonstrated by ISH in human lung adenocar-
other species including mice. SP B and SP C comprise cinomas and the authors stated that the procedure may
one class and are hydrophobic proteins that help fa- facilitate the differentiation of primary lung neoplasms
cilitate the spreading and stability of the surfactant from metastatic tumors or mesothelioma.̂ -'® In addi-
film. The second class includes SP A and SP D, which tion, reverse transcriptase polymerase chain reaction
are structurally related hydrophilic collagenous gly- (RT-PCR) was used to detect SP mRNAs in human
coproteins. SP A is believed to be involved in the reg- metastatic pulmonary carcinomas.̂  To our knowledge,
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Table 1. Sequences of oligonucleotide probes.

Target Probe Sequence

SP* A 
SPB  
SPC  
SPD

5 ' -GCTGAGGACTCCCATTGTTTGCAGAATCTG-3 ' 
5 ' -GGACAATATCCTCACACTCTTGGCACAGGT-3 ' 
5 ' -AAAGCCTCAAGACTAGGGATGCTCTCTGGA- 3 ' 
5 ' -TGCCCACATCTGTCATACTCAGGAAAGCAG- 3 ' 
5 ' -  AGGGGCTGTACAAGCAAGACAAGCATGGAG- 3 '

* SP = surfactant protein.

no reports have yet been published on the use of mo
lecular techniques to show SP mRNA expression in 
animal tumors.

We decided to develop nonisotopic ISH to study the 
pattern of SP expression in normal lung and compare 
it with that seen in hyperplastic and primary neoplastic 
pulmonary lesions in B6C3F, mice. Our aim was to 
develop diagnostic markers to differentiate primary 
and metastatic lung lesions ^d, if possible, determine 
the cell of origin of the primary tumors.

Materials and Methods
Probes

Five 30-base cDNA oligonucleotide probes, complimen
tary to the murine SP mRNA sequences were synthesized

(R&D Ltd., Abingdon, Oxford, UK) and purified by high- 
pressure liquid chromatography* (Table 1). One probe was 
produced for each of SPs A, B, and ’ and two probes 
were synthesized for SP D.*̂  The probes were labeled at both 
the 5' and 3' ends with a single molecular of digoxigenin 
(Boehringer; Lewes, East Sussex, UK).

Tissues

All tissues came firom a 2-year background oncogenicity 
study involving untreated B6C3F, mice (Table 2). Sixty-six 
percent of the mice survived the 2-year study period with 
the remainder being killed for humane reasons at ages rang
ing between 12 and 23 months. The mice were fed a con
ventional rodent diet (Rat & Mouse Number 1, Expanded 
Maintenance Diet, Special Diets Services, Witham, Essex, 
UK) and drank water ad libitum throughout the study.

Table 2. Case details showing incidence and staining properties of proliferative lung lesions.*

Case Age 
No. • (months) Morphology SPA SPB SPC SPD

Hyperplasia
1 24 Alveolar + + + + + + + + -
2 24 Alveolar + + + - + + + + -
3 24 Alveolar + + + + - + + + + -
4 24 Alveolar + + + + + + -

Adenoma
5 12 Solid (alveolar) + + +  + + + + + + - -
6 24 Solid (alveolar) + + + + + + -
7 21 Mixed + + +  + + + + + + + -
8 24 Solid (alveolar) + + + + + + + + + + + + -
9 24 Solid (alveolar) + + + -

10 24 Mixed - - + + + -
11 24 Thbulopapillary + + + + + + + -
12 23 Solid (alveolar) + + + + + + + + + -
13 24 Mixed + + + + + + + + + + + + -
14 24 Thbulopapillary + + + + + + + + + -
15 24 Thbulopapillary + + + + + + + + + + + -
16 24 ThbulopapUlary + + 4-4- + + + -

Carcinoma
17 18 Thbulopapillary + + + + + + + -
18 14 Thbulopapillary - + + -
19 21 Thbuiopapillary + + + + + + + + -
20 21 Thbulopapillary + + + + + + + + + -
21 24 Thbulopapillary + + + + + + —

* SP = surfactant protein; -  = negative staining; + = less than 20% positive cells; + • 
positive cells; + + + + = 60-80% positive cells; + + + + + = more than 80% positive cells

+ + = 20-40% positive cells; +++  = 40-'
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Twenty-one males were selected with the following di
agnoses: 4 mice with alveolar epithelial hyperplasia, 12 with 
A/B adenoma, and 5 with A/B carcinoma (Table 2). Diag
noses were made in accordance with The National Toxicol
ogy Program (NT?) histomorphologic classification 
scheme.^ In each case sufficient normal lung tissue was pres
ent, in addition to the lesion, for the evaluation of bronchi
oles and lung parenchyma. Lung métastasés of HCC were 
selected from several mice. All HCCs were positive by ISH 
for albumin mRNA, which has been shown to be a useful 
diagnostic marker for liver tumors, both primary and sec
ondary.'^ In addition, the following normal tissues were ex
amined: spleen, heart, kidney, brain, Uver, stomach, and 
small intestine.

Tissue specimens were immersion fixed in 10% neutral 
buffered formalin for varying periods up to 1 month before 
being dehydrated through graded ethanol and xylene and 
embedded in paraffin wax. Three-micrometer-thick sections 
were cut and mounted on silanized slides.

Hybridization

The protocol used for ISH was based on that described 
elsewhere.*'" After rehydration, sections were pretreated in 
proteinase K (1 (ig/ml for 40 minutes at 37 C) and subse
quently placed in a non-formamide-containing prehybridi
zation buffer (4X Denhardt’s solution, 4X standard saline 
citrate (SCC), 83 p,g/ml salmon testes DNA, 5 mg/ml sodi
um dodecyl sulfate, 4 mg/ml sodium pyrophosphate, 0.01 M 
tris-HCl) for 1 hour at 42 C. The hybridization was carried 
put with the appropriate probe (0.3 ng/pl) diluted in this 
buffer overnight in a moist chamber at 42 C. After washing 
in graded SSC, bound probe was localized with alkaline 
phosphatase-linked anti-digoxigenin antibody (Boehringei; 
1 :5(X) dilution) for 1 hour. The final detection step was car
ried out overnight using nitroblue tétrazolium chloride 
(NBT) and 5-bromo-4-chloro-3-indolyl phosphate (BCIP). 
After dehydration and mounting, slides were examined and 
photographed using a Zeiss Axioskop microscope (Welwyn 
Garden City, Hertfwdshirp, UK). A positive signal was dem
onstrated by the presence of dark purple or black diformazan 
cytoplasmic reaction product Control sections were either 
pretreated with RNAse A (1(X) p,g/ml) before hybridization 
with labeled probes, hybridized with inappropriate probes of 
similar length and C : G ratio {Escherichia coli, cytosine de
aminase, three 30-mer oligo-probe cocktail; R&D), or hy
bridized in the absence of labeled probes.

Results
Normal lung

SP mRNAs were consistently present in normal 
lung in scattered individual cells whose numbet dis
tribution, and morphology identified them as alveolar 
type n cells. In 19/21 (90%) of mice, the type II cells 
stained positively for mRNA for SPs A, B, and C (Ta
ble 3). Although interanimal variation was observed in 
the staining intensity of the cells with each probe, gen
erally the strongest staining was for SP C inRNA (Fig.
1). No signals for SP D were noted in any of the lungs

Table 3. 
cells.*

Staining properties of normal alveolar type II

Case
No, SPA SPB SPC SPD

1 4- 4-4- 4-4-4- —

2 + 4- 4-4-4- -

3 + 4- 4-4- -
4 4- 4-4- 4-4-4- -
5 4-4-4- 4- 4-4- -
6 4-4- 4- 4-4- -

7 4-4-4- 4- 4-4-4- -
8 4- 4- 4-4- -

9 4- 4- 4- -
10 - - 4- -
11 4- 4- 4-4- -
12 4-4- 4-4- 4-4- -
13 4- 4-4- 4-4- -
14 4-4- 4- 4-4-4- -
15 4-4- 4-4- 4-4-4- -
16 4- 4-4- 4-4- -
17 4-4- 4- 4-4-4- -
18 - 4- 4- -
19 4-4- 4-4- 4-4-4- -
20 4- 4- 4-4- -
21 4-4- 4-4- 4-4-4- -

♦ SP = surfactant protein; -  = negative staining; + = weakly 
positive; ++ = moderately positive; +++ = strongly positive.

examined and therefore a second probe was designed 
and tested; however; this also gave completely nega
tive results. No staining of bronchi or bronchioles was 
observed with probes for SPs A, B, C, or D. Other 
alveolar cells, including macrophages, were also neg
ative. All controls were consistently negative, includ
ing normal limg sections hybridized for albumin 
mRNA.

Alveolar epithelial hyperplasia

Alveolar epithelial hyperplasia comprised discrete, 
well-localized areas of the lung where the alveolar sep- 
tae were lined by polyhedral cells with overall reten
tion of the alveolar architecture: Only four such lesions 
were identified in this study and all expressed SPs (Ta
ble 2). Although SP A and SP C mRNAs were present 
in all these lesions, SP B transcripts were seen in only 
2/4. The number of cells staining positively for SP C 
mRNA was greater than for the other transcripts (Fig.
2). No staining for SP D mRNA was noted in the 
hypeiplasias.

A/B adenomas and carcinomas

Adenomas and carcinomas were located randomly 
within the lung parenchyma in both peribronchiolar 
and peripheral regions. Adenomas were composed of 
solid, tubulopapillary, or mixed (combination of both) 
histologic patterns, whereas carcinomas were exclu-
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Fig. 1. Lung, mouse No. 7. Alveolar type II cells expressing SP C mRNA in normal lung. No positive cells in 
bronchioles. In situ hybridization; NBT/BCIP. Bar = 69 pm (length of scale bar = 1 cm).

Fig. 2. Lung, mouse No. I. Alveolar epithelial hyperplasia. Proliferating type II cells, confined to alveoli, expressing 
SP C mRNA. In situ hybridization; NBT/BCIP. Bar = 58 pm (length o f scale bar = I cm).

Fig. 3. Lung, mouse No. 7. Adenoma (mixed pattern) showing relatively uniform expression of SP A mRNA. Type II 
cells in adjacent normal lung appear crowded in the collapsed lung. In situ hybridization; NBT/BCIP. Bar =  250 pm (length 
of scale bar = 1 cm).
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sively tubulopapillary. In some areas the carcinomas 
invaded bronchiolar walls and extended into bronchi- 
olar lumina (mice Nos. 19, 20, and 21); however, no 
morphologic evidence existed that such tumors had 
arisen directly within the bronchioles. In particular in 
no animals was there clear evidence of preneoplastic 
(dysplastic) or early neoplastic epithelial changes con
tiguous with, or extending from, the adjacent normal 
bronchiolar epithelium. SP mRNAs were expressed in 
all adenomas and carcinonias (Table 2) with SPs A, B, 
and C being coexpressed in 10/12 (83%) of adenomas 
and 4/5 (80%) of carcinomas in both solid and tubu
lopapillary areas (Figs. 3-6).

Interanimal variation in the staining intensity of tu
mor cells with the same probe was again observed. 
Generally, the number of cells staining positively for 
SP C mRNA was greater than for the other transcripts 
in both solid and tubulopapillary areas. No differences 
in staining pattern were noted between neoplasms in 
peribronchiolar regions and distal airways. SP D mRNA 
was not observed in any of the primary lung tumors. 
None of the tumors were positive with any of the con
trol procedures and no ISH signals for albumin mRNA 
were present.

HCC métastasés

No positive staining for SP mRNA was observed in 
the lung métastasés of HCC (Fig. 5); however; all of 
the lesions were positive with the albumin probes.

Normal nonpulmonary tissues

No SP expression was seen in other normal tissues 
as listed above. Focal staining of the splenic red pulp 
was obtained following hybridization with SP probes. 
However; this staining was also present in control sec
tions and was attributed to the presence of hemosiderin 
pigment

Discussion
In the normal murine lung we localized SP expres

sion in all animals studied, and m all cases the mRNA 
was confined to cells with the morphology and distri
bution of alveolar type II cells. SP C mRNA was iden
tified in all animals and, in the majority of cases, gave

stronger staining than SP A or B, which were present 
in 19/21 and 20/21 animals, respectively. No SP D 
mRNA was observed in any animal.

In general the staining intensity of type II cells with 
the SP A, B, and C probes varied considerably be
tween animals. We suspect that this was due to factors 
such as the duration of fixation, rather than to true 
interanimal variation, as prolonged fixation is known 
to diminish ISH reactivity.** We considered the pos
sibility that the absence of staining for SP D was a 
technical failure and therefore designed a second 
probe. This also gave entirely negative results, sug
gesting that the levels of mRNA were below detectable 
levels with our methods. We therefore conclude that 
the main source of SPs in the normal murine lung is 
the type II cell and that SPs A, B, and C are present 
in the great majority of these cells. We also consider 
that SP D mRNA is either not produced or is produced 
at low and undetectable levels.

Pulmonary tumors are relatively common in many 
mouse strains. In the NTP historical database, spon
taneous A/B tumors occur with overall combined (be
nign and malignant) incidences of 19.1% in males and 
7.3% in females.’ The histogenesis of these neoplasms 
has been the subject of much debate, as to whether 
they arise from type II alveolar cells or bronchiolar 
cells.̂  Because the cell(s) of origin is debatable, the 
NTP classifies adenomas or carcinomas originating in 
the lung with the prefix “alveolar/bronchiolar” (A/B).’

Our finding that all cells in the normal lung express
ing high levels of SP mRNA are the type II cells, and 
that the cells of alveolar hyperplasias, A/B adenomas, 
and A/B carcinomas all express SP mRNA, demon
strates that the lesions are showing a type II cell pat
tern of differentiation, and supports the view that these 
lesions originate firom type II cells or from a type II 
precursor cell. The fact that the tumors show a very 
similar pattern of distribution of the different SP types 
is also in keeping with this view. Tbmors rarely, if 
ever; show a consistently higher level of differentiation 
than normal cells, and in this situation we consider that 
these lesions are not derived from bronchiolar cells, 
and should be referred to as alveolar adenomas and 
carcinomas. The similar pattern of expression of the

Fig. 4. Lung, mouse No, 12. Adenoma (solid pattern). Margin of tumor showing uniform expression of SP B mRNA. 
Alveolar type II cells are also staining strongly. In situ hybridization; NBT/BCIP. Bar = 71 pm (len ^  of scale bar = 1 cm).

Fig. 5. Lung, mouse (control). Metastasis of hepatocellular carcinoma. Margin of tumor showing negative staining for 
SP C mRNA. Alveolar type H cells both adjacent to the mass, and entrapped at the edge of the tumor, are staining strongly. 
In situ hybridization; NBT/BCIP. Bar =114 pm (length of scale bar = 1 cm).

Fig. 6. Lung, mouse No. 19. Carcinoma (tubular pattern). Irregular border of tumor showing variable intensity of 
staining for SP C mRNA. Deposits of tumor cells away from the main mass are staining strongly. In situ hybridization; 
NBT/BCIP. Bar = 250 pm (length of scale bar = 1 cm).
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different types of SPs in the adenomas and carcinomas 
is consistent with suggestions that the carcinomas are 
derived by progression from the adenomas,'  ̂but does 
not exclude a separate origin.

ISH and immunocytochemistry (ICC) are regarded 
as complementary techniques, identifying the site of 
synthesis and storage of a peptide, respectively. Other 
workers have performed ICC to localize SPs and Clara 
cell antigen (CCA) in murine lung tumors.These 
earlier studies were carried out using a general anti
serum to surfactant apoproteins and individual SPs 
could not be discriminated. Such studies failed to dem
onstrate CCAs but did reveal SPs in the tumors. There
fore, both SP mRNAs and peptides have now been 
demonstrated in normal type II cells and the tumors, 
confirming the view that they are alveolar in origin.

The essence of a diagnostic histopathologic marker 
is that it should be expressed in the disease process 
with a high degree of specificity. We are not aware 
that mRNAs for SPs A, B, and C have been detected 
in normal murine extrapulmonary tissues by any mo
lecular assay. However; RT-PCR and northern blot 
analysis showed that the SP D gene is expressed in 
murine heart, stomach, and kidney, in addition to 
lung." Also, in one study of metastatic human tumors, 
although SP A and SP C were restricted to métastasés 
of lung origin, SP D was found in a small number of 
métastasés of nonpulmonary adenocarcinom^ using 
RT-PCR.̂  RT-PCR is a technique of great sensitivity, 
and we do not believe that this affects the validity of 
our conclusions on the histogenesis of these lesions. 
However; it does suggest that it would be prudent not 
to utilize SP D as a lung tumor marker. In our work 
no SP signals were observed in lung métastasés of 
HCC or in the normal nonpulmonary tissues exam
ined.

In summary, the presence of mRNA for SPs A, B, 
and C in 100% of murine pulmonary neoplasms sug
gests that these markers may be useful in the diagnosis 
of such tumors either in primary or metastatic sites. 
For diagnostic purposes, a cocktail of probes against 
SPs A, B, and C has subsequently given excellent re
sults in our laboratory, and will be a useful marker of 
the alveolar origin of tumors, particularly when com
bined with albumin probes to establish hepatic origin. 
The SP probes could possibly be utilized to differen
tiate treatment-related from spontaneous lung neo
plasms, although further work is needed on the pattern 
of SP expression following tumor induction. SP stain
ing may also be of value in the study of alveolar injury 
and repair. This work therefore has provided evidence 
that spontaneous A/B lung tumors in the B6C3F, mice 
are of alveolar origin and consistently show type II 
cell differentiation. It was shown that SP probes are a

helpful diagnostic aid in the recognition of these tu
mors.

Acknowledgements
We are most grateful to Professor E. D. Williams, Dr. M. 

D. C. Scales, and Mr. J. C. Klapwyk for their kind assistance 
with this work.

References
1 Applied Biosystems: Extension primers: recommenda

tions for sequence selection, synthesis, and purification. 
Model 373A User Bulletin 19. Applied Biosystems Inc., 
Foster City, CA, 1991

2 Betz C, Papadopoulos T, Buchwald J, Dammrich J, Mul- 
ler-Hermelink HK: Surfactant protein gene expression in 
metastatic and micrometastatic pulmonary adenocarci
nomas and other non-small cell lung carcinomas: detec
tion by reverse trahscriptase-polymerase chain reaction. 
Cancer Res 55:4283-4286, 1995

3 Boorman G A, Dixon D: Histogenesis of mouse lung tu
mors: an overview. Exp Lung Res 17:107-109, 1991

4 Broers JLV, Jensen SM, Travis WD, Pass H, Whitsett 
JA  Singh G, Katyal SL, Gazdar AF, Minna JD, Linnoila 
RI: Expression of surfactant associated protein-A and 
Clara cell 10 kilodalton mRNA in neoplastic and non
neoplastic human lung tissue as detected by in situ hy
bridization. Lab Invest 66:337-346, 1992

5 Bruno MA, Bohinski RJ, Carter JE, Foss KA, Whitsett 
JA: Structure and function of the mouse surfactant pro
tein B gene. Am J Physiol 268:381-389, 1995

6 Daly HE, Baecher-Allan CM, Barth RK, D’Angio CT, 
Finkelstein JN: Bleomycin induces strain-dependent al
terations in the pattern of epithelial cell-specific marker 
expression in mouse lung. Toxicol Appl Pharmacol 142: 
303-310, 1997

7 Dixon D, Maronpot RR: Histomorphologic features of 
spontaneous and chemically-induced pulmonary neo
plasms in B6C3F1 mice and Fischer 344 rats. Toxicol 
Pathol 19:540-556, 1991

8 Farquharson M, Harvie R, McNichol AM: Detection of 
messenger RNA using a digoxigenin end labelled oli- 
godeoxynucleotide probe. J Clin Pathol 43:424—428, 
1990

9 Glasser SW, Korfhagen TR, Bruno MD, Dey C, Whitsett 
JA: Structure and expression of the pulmonary surfac
tant protein SP-C gene in the mouse. J Biol Chem 265: 
21986-21991, 1990

10 Khoor A, Whitsett JA, Stahlman MT, Halter SA: Ex
pression of surfactant protein B precursor and surfactant 
protein B mRNA in adenocarcinoma of the lung. Mod 
Pathol 10:62-67, 1997

11 Korfhagen TR, Bruno MD, Glasser SW, Ciraolo PJ, 
Whitsett JA, Lattier DL, Wikenheiser KA, Clark JC: 
Murine pulmonary surfactant SP-A gene: cloning, se
quence, and transcriptional activity. Am J Physiol 263: 
546-554, 1992

12 Motwani M, White RA, Guo N, Dowler LL, Tauber Al, 
Sastry KN: Mouse surfactant protein-D. J Immunol 155: 
5671-5677, 1995



Vet Pithd 36:1. 1999 Surfactant Expression in Murine Lung Tumors 63

13 Pilling AM, Endersby-Wood HI, Jones SA, Williams TC: 
In situ hybridization demonstration of albumin mRNA in 
B6C3F1 murine liver and hepatocellular neoplasms. Vet 
Pathol 34:585-591, 1997

14 Rehm S, Ward JM, Ten Have-Opbroek AAW, Anderson 
LM, Singh G, Katyal SL, Rice JM: Mouse papillary lung 
tumors transplacentally induced by W-nitrosoethylurea: 
evidence for alveolar type U cell origin by comparative 
light microscopic, ultrastnictural, and immunohisto- 
chemical studies. Cancer Res 48:148-160, 1988

15 Ten Have-Opbroek AAW, De Vries ECP; Clara cell dif
ferentiation in the mouse: ultrastructural morphology and 
cytochemistry for surfactant protein A and Clara cell 10 
kD protein. Microsc Res Tec 26:400-411, 1993

16 Ward JM, Singh G, Katyal SL, Anderson LM, Kovatch 
RM: Immunocytochemical localization of the surfactant 
apoprotein and Clara cell antigen in chemically induced 
and naturally occurring pulmonary neoplasms of mice. 
Am J Pathol 118:493-499, 1985

17 Weaver TE, Whitsett JA: Structure and function of pul
monary surfactant proteins. Semin Perinatol 12:213-220, 
1988

18 Wilcox JN; Fundamental principles of in situ hybridiza
tion. J Histochem Cytochem 41:1725-1733, 1993

19 Wong CJ, Akiyama J, Allen L, Hawgood S: Localization 
and developmental expression of surfactant proteins D 
and A in the respiratory tract of the mouse. Pediatr Res 
39:930-937, 1996

Request reprints from Mr. A. M. Pilling, Department of Strategic Toxicological Sciences, Glaxo Wellcome Research De
velopment Ltd., Park Road, Ware, Hertfordshire, SG12 ODP, UK. E-mail: ampl069@ggr.co.uk.

mailto:ampl069@ggr.co.uk

