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SUMMARY

The objectives of undertaking this study were firstly to characterise the normal
surface features of the epithelial lining of the entire respiratory tract of the adult goat by
the use of the scanning electron microscope (SEM). Secondly, to further characterise,
by the transmission electron microscope (TEM), the epithelial cell population of the
distal airways (terminal bronchioles, respiratory bronchioles) and alveolar membrane.
Thirdly, to investigate, also by the use of the scanning electron microscope, the
development of the respiratory tract epithelium in the neonatal kid. Fourthly, to provide
a histological and histochemical picture of the epithelial lining of the respiratory tract.
And finally to assess the use SEM in the study of clinical material, with the view of
using it as another tool in diagnostic procedures.

It was apparent that information on the gross anatomy of the respiratory tract of
the goat was scarce and scattered in many different sources. Thus Chapter 1 was
introduced to provide a brief account of the gross anatomy of the caprine respiratory
system.

Chapter 2 details the materials, general procedures and methods used in the the
whole study. Details of the preparation of different buffers and fixatives are also
provided.

In Chapter 3, the histology of the epithelial lining of the respiratory tract was
defined, together with the histochemistry of the respiratory tract mucosubstances. 17
clinically normal animals were used in the study. Samples were taken from 18
preselected sites along the entire lining epithelium. Histological sections were stained
with H&E and AB/ PAS, the latter used for the histochemical study of the
mucosubstances. A stratified squamous type of epithelium lined the nasal vestibule,
rostral region of alar and basal folds, caudal region of the nasopharynx, laryngeal
surface of the epiglottis, cranial surface of the vocal fold and infraglottic cavity. An

intermediate type of epithelium, itself grading from stratified cuboidal to low columnar,
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was seen to occupy the transitional zone between the nonciliated and ciliated regions of
the rostral nasal mucosa, nasopharynx, vocal fold and infraglottic cavity. A typical
respiratory epithelium ( a pseudostratified ciliated columnar epithelium) lined the nasal
concha and most of the conducting airways. The bronchioles, proximal to the terminal
bronchioles were lined by a respiratory epithelium. Distal to the terminal bronchioles
were lined by a simple columnar epithelium which changed into a simple cuboidal in the
respiratory bronchioles. It was established that the majority of the individual surface
mucus-producing cells were acidic in character. The submucosal glands produced
mucosubstances of varying nature and differing proportions of acidic, neutral and
mixed glycoproteins. In the bronchioles, surface mucus-producing cells were only seen
proximal to the terminal bronchioles, where they produces almost equal amounts of
both acidic and mixed mucosubstances.

Chapter 4 detailed the surface characteristics of the lining epithelium of the
respiratory tract of the adult goat. Surface characteristics of squamous, nonciliated
microvillous, mucus-producing, Clara, alveolar Type I and alveolar Type II cells were
described. Two types of mucus-producing cells were distinguished on the basis of their
luminal surface characteristics. It was established that the nasal vestibule, and rostral
regions of the alar and basal folds were lined by squamous cells which gradually gave
way to an intermediate epithelium, characterised by nonciliated microvillous cells with
bulging luminal surfaces presenting a “cobblestone” appearance. This type of epithelium
gradually changed into a ciliated epithelium in the caudal regions of the alar and basal
folds. The latter type of epithelium was also seen to line the ventral, middle and nasal
conchae. The intermediate epithelium described in the rostral regions of the nasal cavity
was also observed on the nasopharynx, vocal fold and infraglottic cavity, situated
between a ciliated epithelium and a nonciliated squamous epithelium. The trachea,
bronchi and bronchioles were lined by a ciliated epithelium. The degree of ciliation was
observed to decrease with decreasing airway diameter, whilst the numbers of

nonciliated microvillous cells increased. At the level of the terminal bronchioles, Clara
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cells, characterised by their apical protuberances and the presence of short, stubby
surface microvilli, were in the majority, with ciliated cells presenting poorly developed
cilia. Mucus-producing cells were not identified at this level with SEM. Respiratory
bronchioles were seen to be present and well developed. Alveolar pores and alveolar
macrophages were both rarely observed.

Chapter 5 was undertaken to further characterise, by means of TEM, the cell
population of the distal airways and alveolar membrane. Five cell types were identified,
namely, ciliated, Clara, alveolar Type I and Type II and mucus-producing cells, the
latter being only occasionally observed. Essentially all cell types observed presented
cytological characteristics similar to those observed in other mammalian species.

Having established the normal surface morphology of the epithelial lining of the
respiratory tract of the adult goat, Chapter 6 involved an investigation, by the use of
SEM, of the development of this lining epithelium in the neonatal respiratory tract.
Twenty kids, aged between 3hrs and 21 days, were used in the study. It was
established that at birth the kid presented a relatively well developed epithelium similar
to that observed in the adult goat. Some differences between the kid and adult were
observed, however, and these included: 1. The cilia were more densely packed and
more extensively distributed within the rostral region of the nasal cavity of the kids than
they were in adult goats. The large patches of nonciliated microvillous cells seen in adult
goats were not a feature of the kid, in which only smaller patches were seen. 2. The
epithelium covering the nasal septum was heavily ciliated in new-born to 3-day-old
kids, from which time the numbers of nonciliated microvillous cells increased at the
expense of ciliated cells. 3. Bronchioles were poorly ciliated in kids compared with the
situation in the adult. 4. A cell type, characterised by a large, wrinkled apical surface
with short surface microvilli, was frequently observed in the larynx and trachea of the
kid, while such cells were not seen in the adults.

5. Lung parenchyma in the kid frequently presented evidence of alveolar formation in

the form of low ridges dividing pre-existing alveoli. 6. In the first week of life,
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respiratory bronchioles were rarely encountered. 7. Alveolar pores were less numerous
in the lung of the kid than in the adult.

The availability of a limited number of clinical cases made it possible to assess
the use of SEM in the observation of pathological changes as a result of disease. The
details of this study are presented in Chapter 7. Four cases were investigated , three of
them suspected to be cases of pneumonic pasteurellosis. It was shown that SEM
provided a useful means of assessing changes difficult to assess by any other means.
These changes included cilial loss, desquamations and epithelial cell erosion, excessive
mucus production, changes of individual cell type surface characteristics. It was
concluded that SEM can be successfully used to complement other diagnostic tools
available for the study of disease processes and their pathological effects.

Chapter 8 provides a summary of all the studies undertaken in this work and
provides conclusions and recommendations where it is appmpriatc.

In conclusion, the present work has demonstrated the usefulness of SEM in the
study, for the first time, of normal caprine respiratory tract surfaces. In addition, it has
shown the value of combining LM, SEM and TEM studies for a more complete
characterisation of cell types populating the entire airway epithelia. Like all such studies,
however, many questions remain unanswered, and more detailed studies of such topics
as the developmental relationship between, and functions of, a number of the cell types
populating the respiratory airway epithelium await future investigations.

The objectives and aims set in this study have been accomplished, and this work
for the first time, provides a morphological account of the lining epithelium of the

caprine respiratory tract., a baseline against which future work can be assessed..
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GENERAL INTRODUCTION:

To meet the huge increase in demand for food products from a rapidly rising
human population, seen especially in the developing countries, new improved methods
of animal husbandry based upon sound scientific research and management techniques
are essential.

In many third world countries, the goat has always been of great significance,
with over 90% of the world’s goat population being located in the tropical and
subtropical regions (Wilkinson and Stark, 1987). Its value in terms of meat, milk and
hide production is enhanced by virtue of the fact that it can survive and prosper on a
relatively poor quality fodder; it also has a high tolerance to tick-borne diseases and
trypanosomiasis factors, which tend to limit cattle production in subtropical and tropical
regions. Even in developed temperate countries the importance of the goat as a milk
producer has increased and their popularity is reflected in the fact that some veterinary
practices are presented with more goat than sheep cases (Mews, 1980).

Improved methods of goat husbandry would inevitably entail intensified
management systems involving the confinement of large numbers of animals in a limited
space. Such conditions usually favour the rapid growth of disease causing organisms.

Respiratory diseases have already been shown to pose a major clinical problem
in such intensive goat production systems (Ndamukong et al., 1989) Indeed a number
of studies have shown that respiratory problems are ohe, if not the major cause, of
deaths in goats. A mortality rate of 33% due to pneumonia and gastroenteritis and
19.2% by pneumonia alone, was reported by Chawla et al. (1982), alsoKumar and
Prasad (1986), after examining 4360 goats at post mortem over a period of ten years
found a mortality rate of 25.6% due to pneumonia. while Vihara et al. (1986) working
on Jamunapari goats, even noted a much higher figure of 42%.

Major disease conditions observed in the respiratory system include fibrinous

pneumonia, purulent and nonpurulent bronchopneumonia, and pulmonary oedema and
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congestion (Jubb et al., 1985); the causative agents of such respiratory diseases may be
extremely wide spread. There are however a variety of micro-organisms that have been
consistently associated with pneumonia and their aetiological role can not be disputed
(Almeida er al., 1986). For example, Mycoplasma m. mycoides , the causative agent of
contagious caprine pleuropneumonia, has been reported in 31 countries (McMartin et
al., 1980) including Nigeria ( Ojo, 1976; Okoh and Kaldas, 1980; Opasina, 1985;
Ndamukong ez al., 1989), India (Kapur et al., 1974; Sharma et al., 1978; Upadhyaya ez
al., 1983), Kenya (Rurangirwa et al., 1981), Sweden (Bolske et. al., 1982) Mauritania
(Jan er al., 1987), Senegal (Faugere et al., 1987), Brazil (Almeida et al., 1986),
Malaysia (Zamri-Saadi et al., 1987) and Portugal (Gongalves, 1983), whilst Pasteurella
multocida and Pasteurella haemolytica have frequently been isolated from many of the
fibrinous pneumonias (Ojo, 1976). |

Helminthiasis also plays a role in respiratory conditions of the goat. Lungworms
Dictyocaulus filaria and Mullerius capillaris have been associated with bronchitis. Viral
agents, such as the causative agent of stomatitis pneumoenteritis complex, which is
immunologically and morphologically identical with peste des petits ruminants have also
been shown to cause serious clinical problems, especially in temperate regions (Hamdy
et al., 1975; Robinson and Ellis, 1984).

Such diseases cause very significant economic losses, and effects include
mortalities, delay in reaching slaughter weight, poor carcass quality and increased
veterinary expenses. Indeed Akerejola et al. (1979) working in Nigeria, estimated a loss
of between 30-60 million Naira annually due to contagious caprine pleuropneumonia
alone.

It can be appreciated, therefore, that if economic return from intensively or semi-
intensively managed goats are to be maintained or even increased, respiratory diseases
(amongst others) must be successfully controlled or eradicated where possible. The
development of such a successful and necessary therapy depends, in part, on a detailed

knowledge of the pathological changes that affect the lining of the respiratory tract as a
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result of respiratory infection. Such changes can only be assessed if the normal baseline
parameter of the topographical appearance of the lining epithelium (first line of defence)
as well as its histochemical nature are available.

It is the purpose of this study therefore to provide for the first time a systematic

account of the morphology of the entire airway epithelium of the goat, from the nasal

vestibule to the alveoli.
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CHAPTER 1.
AN OUTLINE OF THE GROSS ANATOMY OF THE RESPIRATORY
TRACT OF THE GOAT.



INTRODUCTION,

Many of the standard textbooks on veterinary anatomy provide little specific
information on the gross anatomy of the goat and the reader is usually left to assume
that anatomical descriptions provided for the sheep are also to be applied to the goat.
What specific information that is available on the caprine respiratory system is scattered
piecemeal amongst many different sources and it was therefore thought worthwhile to
draw all this information together into a brief description of the gross anatomy of the
respiratory system of the goat before embarking on detailed studies at the histological
and ultrastructural level. This review thus summarises information derived from the
following sources: Hare, 1975; Nickel et al., 1979; Dyce et al., 1987; Garret, 1988;
Habel, 1989, and also from observations of dissections of gross specimens in the
present study. The respiratory system consists of a conducting portion and a respiratory
portion. The former comprises the external nares, nasal cavity, nasopharynx, the
larynx, the trachea and, within the lungs, the bronchi and bronchioles as far as the
respiratory bronchiole; this portion serves not only to conduct air down into the
respiratory regions of the lung, but also to warm, humidify and trap particulate matter,
thus improving the quality of the inspired air. The latter, respiratory portion comprises
the respiratory bronchioles, the alveolar ducts, alveolar sacs and the pulmonary alveoli,
and serves primarily to provide for the exchange of gases between the inspired air and

the blood.

NOSE,

The nose of the goat is embodied in the skeleton of the face and extends from
the transverse level of the eyes to the rostral extremity of the head, which carries the two
nostrils. The nostrils in the apex lead into the nasal vestibule, and then on into the nasal

cavity, to which are connected , directly or indirectly, several paranasal sinuses. The



nasal septum forms a partition between the nostrils and divides the cavity into the right
and the left halves. The rostral part of the nasal septum widens along its dorsal and
ventral margins to form the dorsal and ventral lateral nasal cartilages. Attached to the
dorsal lateral cartilages are the lateral accessory cartilages which provide the ventral and
lateral support of the nostrils.

The mobile nostrils (external nares) of the goat appear as narrow slits in a
narrow area of modified skin (planum nasale) (Fig. 1.1), which is devoid of hairs and
particularly prominent on the dorsal aspect. This area is kept moist by glands which

secrete through pores (foveolae) grouped into small polygonal fields.

NASAL VESTIBULE.

The paired nasal vestibules correspond closely in extent and contour to the
cartilaginous portion of the nasal wall, and each forms an entrance chamber to the
corresponding half of the nasal cavity. The skin covering the nostril of the goat is
reflected to line the vestibule. For a short distance within the vestibule the skin retains
its characteristic keratinized nature and carries numerous hairs, after which it changes

into a nonkeratinized epithelial lining without hairs.

NASAL CAVITY (Fig. 1.2).

The roof of the nasal cavity is provided by the dorsal lateral cartilages, the nasal
bones and part of the frontal bones, while the floor is formed by the ventral lateral
cartilages and the parts of the incisive, maxillary and palatine bones. The lateral walls
are irregular and are formed by the lateral parts of the dorsal and ventral lateral cartilages
and by parts of the incisive, maxillary, palatine, ethmoid and lacrimal bones. The caudal

boundary is formed by the cribriform plate of the ethmoid bone. The cavity is divided



into two halves by a median septum, the nasal septum, and the term “nasal cavity” may
refer to the entire cavity or to one of the halves.

Most of the space in the nasal cavity is taken up by the nasal conchae (Fig. 1.2).
These are scrolls of bones attached to the lateral walls by a basal lamella; the recesses
formed by these scrolls are in wide communication with the nasal cavity. The nasal
conchae project mesiad almost to the nasal septum. The dorsal nasal concha is a thick
shelf supported by the basal lamella which is made up of compact bone and extends
from the level of the supraorbital foramen to the junction of the rostral and middle thirds
of the nasal bones. Rostrally, the dorsal nasal concha extends into the nasal vestibular
region as the unsupported straight fold. In the caudal two thirds of the concha a spiral
lamella is present. It coils first ventrally, then laterally, and then dorsally, and it
encloses the dorsal conchal sinus.

The ventral nasal concha originates from the conchal crest and medial plate of
the maxilla. The basal lamella passes ventromedially for a short distance where it
bifurcates giving rise to two lamellae. The ventral lamella coils ventrally, laterally,
dorsally, then medially and ventrally in a small circle; whereas the bigger dorsal lamella
coils dorsally, laterally, ventrally, then medially to form one and a half turns. In the
goat, the free borders of the spiral lamellae form subdivided bullae which communicate
through small openings with their respective recesses. Rostrally, the ventral nasal
concha continues to form the alar fold dorsally and the basal fold ventrally.

In the caudal part of the nasal cavity lie the ethmoturbinate bones, of which the
longest is referred to as the middle nasal concha, which in the goat has the shape of an
arrow-head projecting primarily rostrally and lies just ventral to the dorsal nasal concha
and dorsally to the ventral nasal concha. The middle nasal concha consists of a basal
lamella and ventral and dorsal spiral lamellae; in the goat, the dorsal spiral lamella
encloses a sinus, while the the ventral lamella encloses a second sinus rostrally and a
recess caudally.

The dorsal and ventral conchae divide the nasal cavity into three meatuses. The



dorsal nasal meatus is a narrow passage between the roof of the nasal cavity and the
dorsal nasal concha, and leads into the caudal part of the cavity. The middle nasal
meatus is located between the dorsal nasal concha and the ventral nasal concha and
caudally it is split into two channels by the middle nasal concha. An aperture which
provides communication between the meatuses and the paranasal sinuses (the
nasomaxillary opening) is found in this area. The ventral nasal meatus (which is the
largest of these channels) is situated between the ventral nasal concha and the floor of
the nasal cavity, and leads into the nasopharynx. The common nasal meatus extends
from the roof of the nasal cavity to the floor and is bounded medially by the nasal
septum; laterally it is continuous with the other meatuses. Caudally and ventrally the
nasal cavity communicates with the nasopharynx through the choanae.

The mucosa covering the walls of the nasal cavity, the nasal septum and the
nasal conchae is reddish in colour in fresh specimens, indicating its very vascular
nature. In the goat there is a lateral nasal gland producing serous secretions located in
the mucous membrane of the nasomaxillary opening, and its duct opens into the nasal

cavity close to the nostril in the region of the straight fold.

NASOPHARYNX (Fig. 1.3).

The nasal part of the pharynx lies caudodorsal to the soft palate and extends
from the choanae to the intrapharyngeal ostium. The choanae are separated dorsally by
the crest of the vomer, which is covered by a mucosa overlying a thick submucosal
venous plexus. In the goat there is an incomplete septum arising from the rostral roof of
the nasopharynx and projecting into the narrow fornix.The pharyngeal tonsils are
located at the caudal end of this septum, attached to the caudodorsal wall of the pharynx
(Habel, 1989). The sides of the tonsil are marked by long ridges and grooves. Each
auditory tube opens onto the wall of the nasopharynx just lateral to the tonsil. The

opening, which is a mere slit, lies in the transverse plane passing just rostral to the



temporomandibular joint at the level of ears (Habel, 1989).

PARANASAL SINUSES

These sinuses, which in the goat include maxillary, palatine, lacrimal, and
frontal sinuses, surround the nasal cavity almost completely. The maxillary, palatine
and lacrimal sinuses communicate with the middle nasal meatus through the
nasomaxillary aperture, while the frontal, and most of the conchal, sinuses open
separately into the ethmoidal meatuses in the caudal part of the nasal cavity (Nickel er.
al., 1979).

Amongst the various functions attributed to the paran‘asal sinuses is that of
olfaction, with the frontal sinus in particular being lined by extensions of the olfactory

epithelium.

LARYNX (Fig. 1.3).

The larynx provides a connection between the caudal region of the pharynx and
the trachea. In addition to acting as a valve to prevent foreign material entering the
trachea, it controls the entry of air by regulating the size of the glottis, regulates
intrathoracic pressure and is also used as a mechanism of phonation. The laryngeal
cavity is lined by a mucous membrane and is kept patent by a number of paired and
unpaired cartilages including an unpaired cricoid cartilage caudally, an unpaired thyroid
cartilage ventrally and laterally, paired arytenoid cartilages dorsally and an unpaired
epiglottic cartilage rostrally.

The cavity of the larynx connects the laryngopharynx with the trachea. At the
entrance to the larynx the aryepiglottic folds pass from the lateral margins of the
epiglottis to the dorsal wall of the larynx bypassing the arytenoid cartilages laterally.

That part of the cavity between the entrance to the larynx (aditus) and the level of the



vocal folds is called the vestibule. Some domestic animals have vestibular folds and
lateral laryngeal ventricles located in this region, but these are absent in the goat.
Because of the absence of the ventricles, the nearly vertical vocal folds are covered with
mucosa only medially and rostrally, and consequently appear more like heavy ridges
than true folds.

That part of the laryngeal cavity bounded ventrally by the vocal processes and
dorsally by the adjacent areas of the medial surfaces of the arytenoid cartilages is known
as the rima glottidis and is the narrowest part of the laryngeal cavity. The caudal
infraglottic compartment of the cavity is bounded by the cricoid cartilage.

The goat has paraepiglottic tonsils which extend from the free edge of the
aryepiglottic folds to the floor of the vestibule. Solitary nodules are present on the

epiglottis and the vocal folds.

TRACHEA.

The trachea is a noncollapsible tube supported by cartilage rings (Fig. 1.3). It
extends from the larynx to the tracheal bifurcation. In the neck region the trachea lies
ventral to the oesophagus and longus colli and longus capitis muscles which cover the
ventral surfaces of the vertebral column. Dorsolaterally, the trachea is accompanied by
the common carotid arteries, the vagosympathetic trunks and the tracheal lymphatic
trunks.

In the thoracic region the trachea lies dorsal to the cranial vena cava, whilst the
oesophagus, which has assumed a lateral position in the caudal cervical region, returns
to a position dorsal to the trachea. At the level of the fourth to sixth intercostal spaces,
the trachea divides, at the tracheal bifurcation, into the two principal bronchi, and just
before it branches, it gives off a tracheal bronchus which supplies the cranial lobe of the
right lung. The number of tracheal cartilages is not constant for any species, and varies

even between individuals of the same species. In the goat the average is 42. Between



the ends of each tracheal ring there is a considerable gap which is filled by connective
tissue and the tracheal muscle. The muscle is made up of smooth muscle fibres arranged
in a circular fashion.In the goat the left ends of the cartilage rings overlap the right to
form a characteristic dorsal crest.

The walls of the trachea consist of four layers, a mucosa, a submucosa, a
musculocartilaginous layer and an adventitia. Seromucous tracheal glands are numerous
in the deeper layers of the propria and submucosa. These tracheal glands share essential
features with the glands of the larynx and the pulmonary bronchi. The submucosa is
thin but well developed dorsally where the cartilages are incomplete. Numerous elastic
fibres present in the mucosa help the trachea to return to its normal length after it has

been stretched by the extension of neck.

LUNGS.

Each lung is contained within a pleural sac formed by the parietal and
mediastinal pleura. Both sacs occupy the thoracic cavity, although the right pleural sac
is larger than the left, in order to accommodate the larger right lung which is subdivided
into a greater number of lobes.

The lobes are separated from each other to varying degrees among different
animal species but are confluent medially in the vicinity of the hilus of the lung. Hare
(1955) defines a lobe as “ a large area of pulmonary tissue which is ventilated by a large
bronchus arising from a main bronchus or from the trachea; being separated from
neighbouring lobes by interlobular fissures which may be continued by connective
tissue planes.” Using this definition, the right lung of the goat is composed of four
lobes: cranial (or apical), a middle (cardiac), a caudal (or diaphragmatic) and an
accessory lobe. The left lung is composed of two lobes, a cranial and a caudal lobe.

For the purpose of description, each lung is described as presenting a cranial

apex, a caudal (diaphragmatic) base, two surfaces(costal and medial) and three



borders(dorsal, ventral and basal). It is thus cone-shaped with a narrow apex directed
into the cupula pleura at the thoracic inlet. The base is wide and concave following the
contour of the diaphragm to which it is applied. The large costal surface is convex and
is in contact with the ribs and intercostal muscles. The less extensive medial surface is
irregular and is divided into a small vertebral part related to the bodies of the thoracic
vertebrae and a larger mediastinal part related to the mediastinum and the structures
contained therein. Cranially the mediastinal part bears a well marked concave area, the
cardiac impression, for the heart.

The ventral border is acute and irregular. In the right lung the ventral border is
indented at the level of the heart to form the cardiac notch. The dorsal border is thick
and rounded. It forms the dorsal boundary between the costal surface and the vertebral
part of the medial surface. The costal and diaphragmatic surfaces meet at the basal

border which is sharp and runs in a caudodorsal to cranioventral direction.

BRONCHIAL TREE,

At the level of the fourth to sixth intercostal spaces, the trachea branches into
two thick, but short, principal bronchi.Upon entering the lung, these principal bronchi
divide into separate lobgr bronchi, each of which ventilates one lobe of the lung. The
walls of the principal bronchi outside the lungs resemble that of the trachea. Within the
lungs the supporting cartilages of the bronchial walls form irregular plates instead of
incomplete rings and the smooth muscle is in the form of a double spiral.

The left cranial bronchus, arising from the left principal bronchus caudal to the
hilus of the lung, immediately divides into cranial and caudal segmental bronchi which
serve the two parts of the cranial lobe. The right cranial lobe is served by branches of
the tracheal bronchus.

The middle lobar bronchus arises from the right principal bronchus a short

distance caudal to the hilus and serves the middle lobe. The accessory lobar bronchus



which serves the accessory lobe arises at almost the same level as the middle lobar
bronchus and is directed ventromedially.

The continuation of the principal bronchus into the caudal lobe of the lung is
termed the caudal lobar bronchus.

The lobar bronchi give rise to a large number of segmental bronchi, each of
which enters and ventilates a bronchopulmonary segment. Within this segmental
bronchi further branch to give rise eventually to the bronchioles. Each bronchiole
ventilates a lung lobule.

The bronchioles are the smallest branches of the conducting tree, and are
characterised by a diameter of usually less than 1mm and the absence of cartilage plates
in their walls. The bronchioles themselves branch repeatedly, before terminating as
terminal bronchioles. Each terminal bronchiole divides into two daughter branches
called respiratory bronchioles. They resemble the terminal bronchioles in all aspects
save for the fact that their walls are interrupted by saccular outpocketings the alveoli.
The respiratory bronchioles terminate in the alveolar ducts, from which the alveolar sacs

and alveoli arise.



CHAPTER 2.
GENERAL MATERIALS AND METHODS.



SOURCES OF ANIMALS,

Seventeen normal adult goaté;;j:l;éd in the study of the normal histology and
ultrastructure of the respiratory epithelium. These animals were of various breeds,
although the majority were of Cashmere breed, and were aged between eight months
and one year. Those animals used in the study of the postnatal development of the
respiratory epithelium were also of Cashmere breed and were aged between 3 hours and
twenty one days. All animals appeared free from clinical respiratory disease on
presentation, and showed no abnormalities of their respiratory systems at post-mortem
and histological examination.

Clinical materials were obtained from two small East African goats from
Tanzania, aged about one year, and one and half years, respectively, and also from a
locally purchased Cashmere goat aged about 10 months. All three individuals presented
obvious clinical signs of respiratory distress; Pasteurella haemolytica was isolated
following microbiological examination in these three cases. A fourth individual,
obtained as a normal adult was found to have gross pneumonic lesions at post-mortem,

and was therefore included in this clinical section.
POST-MORTEM TECHNIOQUES.

Animals were killed by an overdose of pentobarbital sodium (Euthatal: May and
Baker, Dagenham) administered intravenously through the cephalic vein. In each
individual an incision was made from the submandibular space down to the thoracic
inlet. Access to the thoracic cavity was achieved by cutting through the sternochondral
joints and the sternum removed. The tongue, larynx, trachea, heart and lungs were
removed intact. The trachea was sectioned at the bifurcation, and one lung was perfused
with Karnovsky’s fixative and tied off, the other lung being perfused with buffered

neutral formalin (BNF). The head was cut off at the atlanto-occipital joint and sagittaly
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sectioned using a band saw, so as to gain access to the nasal cavity and nasopharynx.
After removing the nasal septum, the surface of one half was washed with Karnovsky’s
fixative and the other half with BNF. The halves were then used for SEM and LM
samples respectively.
Tissue samples were taken from preselected sites as follows (Figs 2.1, 2.2, 2.3)
1. Nasal vestibule.
2. Alar fold.
3. Basal fold.
4. Ventral concha: At the level of 2nd cheek tooth.
5. Dorsal concha: At the level of 2nd cheek tooth.
6. Middle nasal concha: From the rostral tip.
7. Nasal septum: At the level of the 2nd cheek tooth.
8. Nasopharynx: A few millimetres rostral to the opening of the auditory tube.
9. Epiglottis: Laryngeal surface, caudal to the apex.
10.Vocal fold.
11. Infraglottic cavity.
12. Dorsal cranial trachea.
13. Ventral cranial trachea.
14. Dorsal caudal trachea.
15 Ventral caudal trachea.
16. Extrapulmonary principal bronchus.
17.Caudal lobar bronchus.
19, Lung parenchyma to include the following:
a) Large bronchiole.
b) Terminal bronchiole
c¢) Respiratory bronchiole.

d) Alveolar duct and alveoli.

11



HISTOLOGICAL AND STAINING METHODS,

a) Fixation, embedding and sectioning.
Tissues for examination with the light microscope were fixed in buffered neutral
formalin for seven days, then trimmed and post-fixed for two days in mercuric chloride

formol. These fixatives were prepared as follows:

Buffered Neutral Formalin

Formaldehyde (40%) 200 ml
Sodium chloride 10g
Sodium sulphate 30g
Distilled water 1800 ml

Mercuric Chloride Formol
Saturated aqueous mercuric chloride 900 ml

Formalin 100 ml

After fixation, tissues were dehydrated, cleared and impregnated with paraffin wax.
Paraffin embedded sections were cut at 3um with a Leitz Rotary Microtome and

mounted on glass slides

b) Staining:

Mounted sections were routinely stained with standard Haematoxylin and Eosin (H&E)
and by the Alcian Blue /Periodic Acid Schiff (AB /PAS) (pH 2.5) method for acidic and
neutral mucosubstances according to a modification of the method of Mowry and

Winkler (1956) as detailed below:
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Solutions:

1. 1% Alcian Blue in 3% acetic acid (pH 2.5).
2. 1% Periodic Acid.

3. Schiff’s reagent.

Procedure:

[
.

Hydrate sections.

Solution (1) for 4 minutes.

Wash in distilled water.

Solution (2) for 2 minutes.

Wash in distilled water.

Solution (3) for 8 minutes.

Wash in running water for 10 minutes.

Mayer’s haematoxylin for 4 minutes.

0 © N kR w DN

Wash in running water.

—t
e

Differentiate in acid alcohol for 10 seconds.

Pk
p—
.

Wash in running water.

—
N

Blue nuclei in Scotts tap water substitute.

—
hed

Wash in running water.

14. Dehydrate, clean and mount.

Results:

Acidic mucosubstances stain blue .
Neutral mucosubstances stain red
Mixed mucosubstances stain purple
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SCANNING ELECTRON MICROSCOPIC METHODS,

Samples ranging between 0.5mm-2mm thick were left in Karnovsky’s fixative
overnight, then washed in 0.2M cacodylate buffer for 4hrs and thereafter cold
dehydrated in a series of graded acetones as follows:

70% acetone for 4 hours.

90% acetone for 2 hours.

100% acetone for 2 hours.

100% acetone overnight.

The samples were then critically-point dried using liquid carbon dioxide in a
critical-point-drier (Polaron: Watford, U.K.).

The specimens were orientated such that the mucosal surface was uppermost,
and stuck on aluminium stubs using silver paint and placed in an oven at 37°C for half
an hour. The specimens were then coated with a gold-palladium mixture in a sputtering
system.

The fixatives and buffers were made up as follows.

0.2M Cacodylate buffer (500 ml)
0.4M sodium cacodylate 250 ml
0.2M hydrochloric acid 40 ml
Distilled water 210 ml
Karnovsky’s Fixative 500 ml

10g paraformaldehyde dissolved in 100 ml of distilled water at
60°C together with 10 drops of NaOH, and the mixture added to the

stock solution.
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Stock solution:

0.2M cacodylate buffer 250 ml
25% glutaraldehyde 50ml
Distilled water 100 ml

TRANSMISSION ELECTRON MICROSCOPIC METHODS,

Small portions of mucosa from preselected sample site numbered 1 to 18 were
removed, minced in a petri dish to sizes of approximately 0.5 mm3, and then placed in
chilled Karnovsky’s fixative for at least 24 hours.

The fixative was then drained off and 0.2M cacodylate buffer was added. After
one hour, the specimens were post-fixed with 1% osmium tetroxide for a further hour.
Then the specimens were washed three times using distilled water before being
dehydrated in a graded series of acetones. After dehydration the specimens were put
through two changes of propylene oxide for 20 minutes each, before being placed in a
1:1 Emscope Emix resin (Emscope, Ashford- Kent) / propylene mixture for an hour. At
the end of this time, the mixture was replaced by pure emix resin, in which the
specimens were left for 3 hours before being placed in plastic mounting moulds and left
to polymerise in an oven at 60°C.

Thick sections (at 1pM thickness) were cut from blocks of embedded tissues on
an 9LKB microtome, (Croydon, Surrey). These sections were stained with toluidine
blue and examined with a Leitz Laborlux II microscope to enable selection of suitable
areas for thin sectioning and mounting.

Each block was then subsequently trimmed in preparation for further sectioning.
Ultrathin sections in the silver or gold-pale range (60 - 90 nm thick) were cut on an
LKB Mk III ultramicrotome, flattened using xylene vapour, and picked up on Polaron
300 mesh grids. Grid specimens were stained with uranyl acetate and lead citrate (see

below) and examined with an Hitachi HS8 transmission electron microscope.
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Toluidine Blue:

1% Borax (sodium tetraborate) lg

1% Toluidine blue 1g
Distilled water 100 ml
Staining time 15 seconds
Uranyl acetate:

0.2g of uranyl acetate was dissolved in 10 ml of distilled water,
providing a saturated solution.

Staining time 5 minutes

Lead citrate:

1.33g of lead citrate and 1.76g of sodium citrate were dissolved in
30ml of distilled water and shaken for 30 minutes.

8 ml of 0.1M NaOH were added, followed by distilled water, to give a
final volume of 50 ml.

Staining time 5 minutes

PHOTOGRAPHIC METHODS

a) Light microscopy:

A Leitz Laborlux 12 microscope equipped with a Wild MPS45 Photoautomat Unit was
used. For black and white photography, Agfa PAN 35mm film (12 ASA) was
employed. For colour transparencies Kodachrome 25 (25 ASA) film was used. For
black and white prints Agfa-Gevaert Rapitome Photographic paper P1-P4 using an

Agfa-Gevaert Rapidoprint PD 3700 automatic processor was employed.
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b) Scanning electron microscopy:

All SEM samples were examined using a 501B SEM (Philips, Holland) and viewed at
an accelerating voltage of 15KV using spot sizes between 200 and 1000. An attached
automatic Rolliflex camera fitted with Ilford FP4 120 (125 ASA) film was used in

taking pictures. Black and white prints were prepared as for light microscopy.

¢) Transmission electron microscopy:
Electron micrographs were taken using Ilford Technical EM plates (3 1/4” X 43/4”),

developed in PQ Universal and fixed in Ilford Ilfospeed fixer. Black and white prints

were prepared as above.
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CHAPTER 3.
HISTOLOGICAL AND HISTOCHEMICAL STUDY OF THE
EPITHELIAL LINING OF THE ADULT GOAT.



INTRODUCTION.

The objective of this study was to provide for the first time a concise account of
the basic histology of the epithelial lining of the goat’s respiratory tract from the nasal
vestibule to the alveolus, as well as a preliminary account of the basic histochemistry of
the respiratory tract mucosubstances.

It was hoped that this would provide a baseline against which future histopathological
observations could be interpreted, and, in addition, also\assist in the interpretation of
SEM observations, which, although possessing many advantages in revealing surface
details of large areas of tissue at a wide range of magnifications, are limited where

examination of subsurface structures are involved.

LITERATURE REVIEW,
HISTOLOGICAL STUDIES.

The earliest documented finding that the trachea and bronchi possess a
membranous lining was provided by Laurentius in 1602. Later in 1712 Morgagni
described precisely the nature of the tracheal glands and their ducts. In 1834, Purkinje
and Valentine described the presence of ciliated cells in the epithelium lining the
mammalian respiratory tract, observations later supported and augmented with the
description of the goblet cell (Sharpey, 1836; Henle, 1837; Bowman, 1847; Schulze,
1872). These descriptions dealt with single cell types however, and it was not until
1880 that a complete account of the basic histology of the lining epithelium of the
mammalian respiratory system was first proposed by Aeby. Since then many research
workers (Waller and Bjorkman, 1892; Ebner, 1902; Kopsch, 1926; Jarvi, 1935;
Huber, 1945; Engstrom, 1951; Bloom and Engstrom, 1953; Moe, 1955; Rhodin and
Dalhamn, 1956; Ali, 1965; Bloom and Fawcett, 1976; Mariassy and Plopper, 1983;
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Sorokin, 1988; Adams, 1990; Pirie ez al., 1991a,b) have contributed towards an
understanding of the subject in a variety of mammalian species.However the goat,
amongst domestic animals, has received little attention as far as studies of the
respiratory system are concerned, the available literature only apparently concerning
itself with the PAS-positive inclusions in the alveolar Type II cells (Atwal ez al., 1979).

Light microscopical studies have shown that the rostral part of the vestibule is
lined by a keratinized stratified squamous epithelium continuous at the external nares
with the outer skin covering. In the respiratory part of the nasal cavity, this epithelium is
replaced by a pseudostratified ciliated columnar (typical respiratory) epithelium (Bloom
and Fawcett, 1976; Dellman and Brown, 1976; Sorokin, 1988) via a narrow zone of
transitional epithelium (Andrews, 1979; Adams, 1990). The nature and nomenclature of
the epithelium lining this transitional zone has been the subject of controversy, although
it is now generally accepted that it is primarily composed of stratified cuboidal cells
(Andrews, 1979; Sorokin, 1988; Adams, 1990). The respiratory epithelium is typically
made up of ciliated, mucus-producing, and basal cells, and covers most of the nasal
conchae and nasal septum (Greenwood and Holland, 1972; Andrews, 1979; Boysen,
1982; Adams and Hotchkiss, 1983; Popp and Martin, 1984; Majid, 1986; Menco and
Farbman, 1987; Pirie, 1990).

The lining epithelium of the nasopharynx changes from a pseudostratified
ciliated columnar epithelium rostrally (similar to that seen in the nasal cavities), through
an ‘intermediate’ epithelial type to a caudally distributed stratified squamous epithelium
(Bryant, 1916; Ali, 1965; Ham, 1969; Greenwood and Holland, 1972; Bloom and
Fawcett, 1976; Nakano, 1986), continuous at the intrapharyngeal ostium with that
lining the oropharynx and laryngopharynx.

While most of the laryngeal cavity is lined by a pseudostratified columnar
epithelium, the epiglottis is covered by a stratified squamous epithelium; the vocal cords
may be lined by either a pseudostratified ciliated columnar (Dellman and Brown, 1976),

a stratified squamous (Bloom and Fawcett, 1976) or an ‘intermediate’ (Andrews, 1979)
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epithelium.

Histologically the lower respiratory tract, from the trachea down to the level of
the smaller bronchi, is lined by a typical pseudostratified ciliated epithelium (Bloom and
Fawcett, 1976; Dellman and Brown, 1976; Plopper et al., 19833; Sorokin, 1988) in
which ciliated, mucus-producing and basal cells are the only cell types discernible.
Smaller bronchi and bronchioles are lined by a simple columnar or cuboidal ciliated
epithelium (Dellman and Brown, 1976); as the diameters of the bronchioles decrease,
the number of mucus-producing cells and ciliated cells decreases, whereas there is a
concomitant increase in the number of nonciliated bronchiolar epithelial (Clara) cells and
nonciliated microvillous cells (Dellman and Brown, 1976; Sorokin, 1988). At the level
of the respiratory bronchioles, characterised by the presence of scattered alveoli opening
into their lumina, the epithelial lining is composed primarily of cuboidal Clara cells,
some of which have apical protrusions. Previous studies have demonstrated that
respiratory bronchioles are present and well developed in rat, mouse, monkey
(Castleman et al., 1975), dog (Majid, 1986) and man (Sorokin, 1988), but poorly
developed in the ruminants (Getty, 1975) and absent in the horse (Pirie ez al., l991b).
The alveolus itself, the site of respiratory gaseous exchange, is lined primarily by the
alveolar Type I cells, a cell type also known as the squamous alveolar epithelial cell,
interspersed between which are the less numerous alveolar Type II cells, also known as

cuboidal alveolar epithelial cells (Atwal and Sweeny, 1971; Sorokin, 1988).

SECRETORY CELL TYPES.

It is generally accepted that the epithelial lining of the conducting airways of the
mammalian respiratory system contains at least three cells types which are considered to
be secretory (Jones and Reid, 1978; Nadel ez al., 1979; Dixon, 1992). These are the
mucus-producing, serous and nonciliated bronchiolar epithelial (Clara) cells. They have

been distinguished from each other by both cellular morphology and anatomical
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distribution (Breeze and Wheeldon, 1977; Reid and Jones, 1979). In addition,
histological criteria have also been used to further divide the mucus-producing cell type
into four categories (Mariassy and Plopper, 1983), although these categories have since
been reduced to three on the basis of later ultrastructural studies (Mariassy and Plopper,
1984).

The mucus-producing and serous cells of the submucosal glands and of the
surface epithelial lining constitute the secretory apparatus of upper and lower respiratory
airways down to the level of the terminal bronchioles (Jones and Reid, 1978; Breeze
and Turk, 1984), whereas Clara cells are the secretory cells in the bronchiolar system
(Pack er al., 1981; Mariassy and Plopper, 1983), although in some species such as the
rabbit they are distributed in the tracheobronchial airways as well (Plopper et al.,
1983b). By light microscopy Clara cells can be distinguished from mucous cells by the
presence of a characteristic apical protuberance, by their location, and also by their
negative staining reaction to PAS (Cutz and Conen, 1971; Mariassy ez al., 1988).

The submucosal glands are present in the upper respiratory tract as well as in the
tracheobronchial tree of the lower respiratory tract. In the latter region, glands lie in the
submucosa either between the cartilage and the epithelial surface, or between, and
occasionally external to, the plates of cartilage; they are also present in the membranous
wall of the trachea (Bozarth and Strafuss, 1974; Mariassy and Plopper, 1983; Iovannitti
et al., 1985; Majid, 1986; Pirie, 1990). Studies on the bronchial submucosal gland
show that it is composed of tubules, each formed by mucous or by serous cells,
connected by a duct system to the airway surface (Meyrick ez al., 1969; Spicer ez al.,
1983). The surface epithelium is seen to dip into the mouth of the gland to form a
ciliated duct. This region of the duct system is considered to regulate the balance of
electrolytes and water in the bronchial gland secretion (Meyrick ez al., 1969; Jones and
Reid, 1978). From the collecting ducts arise the secretory tubules, with serous tubules
always distal to mucous ones, being usually arranged in clusters at the distal end of the

mucous tubule. Thus serous cell secretion flows over the surface of mucous cells before

21



the total secretion passes into the duct system and onto the airway surface (Jones and

Reid, 1978; Spicer et al., 1983).
MUCUS BLANKET.

The earliest study on mucus is that provided by Bostock in 1805, who pointed
out the ambiguity which accompanies the use of the term mucus. To date, two centuries
later, the situation has not improved and the term is still being defined differently in
various disciplines, as discussed by Jones and Reid (1978). Stedman’s Medical
Dictionary (1966) defines mucus as “a clear, viscid secretion of mucous membranes,
consisting of mucin, epithelial cells, leucocytes, and various inorganic salts suspended
in water”, a similar definition also being provided in Bailliere’s Veterinary Dictionary
(Blood and Studdert, 1988). The major component of this mucus is water, amounting
to 95%, while the other 5% is composed of a fractionated mixture of carbohydrates,
proteins, lipids and inorganic materials (Jeffery, 1978; Dixon, 1992). The
carbohydrates and proteins are usually found in the form of a number of different
glycoproteins, each differing in the ratio of its protein to carbohydrate moieties and its
degree of acidification. Mucin itself is the term used to describe this glycoprotein
component of the mucus, and is also known to contain 40% carbohydrate in the form of
numerous side chains (Hafez, 1977).

The secretions of the mucous cells (a term covering those mucus-producing cells
distributed within the lining epithelium of the respiratory surface, and of the submucosal
mucous glands) are regarded as glycoproteinaceous in nature, belonging to that group
generally referred to as epithelial glycoproteins (Gibbons and Mattner, 1966). The
mucus of domestic animals is known to have two discernible layers, the outer viscous
gel, whose structure depends primarily on long glycoprotein chains (Cohen and Gold,
1975), and the inner sol which has little if any elastic or gel character (Veit and Farrell,

1978). Submucosal gland secretions appear to contribute significantly to the sol layer,
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while surface mucous cells contribute to the gel layer (Dulfano, 1973).The mucus
produced from these two sources (Reid, 1954; McCarthy and Reid, 1964; Chakrin and
Saunders, 1974; Jones et al., 1975) forms a blanket in which inhaled particles and
gaseous pollutants are trapped or dissolved, and this blanket, together with the cilia,
forms the mucociliary escalator system which propels trapped material towards the

pharynx, where it is then swallowed (Wright et al., 1983; Dixon, 1992).
THE HISTOCHEMISTRY OF MUCUS

Histbchemistry is a biological approach which permits chemical characterisation
of cell and tissue components in relation to in situ structural organization. Thus it
combines histology and analytical chemistry under controlled conditions to identify and
‘localisc chemical substances on a cytological scale (Weiss, 1988).

The histochemistry of the carbohydrate moiety of the mucus has been
characterised by the use of the Periodic Acid Schiff (PAS) staining reaction (McManus,
1946), a procedure used routinely in most histology and pathology laboratories (Mowry
and Winkler, 1956; Wheeldon et al., 1976; Reid and Clamp, 1978; Spicer et al., 1983).
It permits the localisation of carbohydrate-rich macromolecules such as glycogen and
glycoconjugates (glycoproteins and proteoglycans), the technique thus being used to
characterise these glycoconjugates within the mucus blanket and within secretory cells
of the respiratory tract. Glycoconjugate itself is a term used to describe polymeric
substances consisting of carbohydrates covalently linked to a non-carbohydrate moiety,
usually lipid or protein (nucleic acids are excluded).

Two types of glycoconjugates, the proteoglycans and glycoproteins, in which
carbohydrate is linked to protein, exist within the mucus. The chief difference between
the two is that while the former is made up of long, unbranched carbohydrate chains,
most of which have a repeated disaccharide structure, the latter is composed of relatively

small carbohydrate units commonly referred to as oligosaccharides (Phelps, 1978; Reid
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and Clamp, 1978). Also the two substances tend to occur in different tissues with the
proteoglycans occurring in skeletal and supporting tissues, and glycoproteins in body
fluids such as blood and in seromucous secretions (Clamp et al., 1978).

Glycoproteins comprise a wide range of materials with differing properties and
functions. Mucus glycoprotein, when freshly produced, has a molecular weight of
several million and about 50% of this is made up of carbohydrates (Reid and Clamp,
1978). The carbohydrate units project out from the central core of polypeptide. Different
acid groups (sialic and sulphate) are terminally attached to some of the oligosaccharide
units. Oligosaccharide units do not completely surround the central core of polypeptide
but do leave some free stretches (“naked” peptide) to which neighbouring chains can be
joined by disulphide cystine bonds.

There are four major groups of glycoproteins which have been identified by
histochemical methods, namely neutral glycoproteins, sialylated glycoproteins in which
sialic acid is sensitive to the enzyme neuraminidase, sialylated glycoproteins in which
sialic acid is resistant to neuraminidase and sulfated glycoproteins.

The Periodic Acid Schiff method employed to identify various carbohydrate
moieties recognises the presence of characteristic vicinal hydroxyl groups attached to
carbohydrate moieties. A wide range of other stains, including Alcian Blue (AB), are
routinely employed to identify the various acid groups, allowing further characterization
of the carbohydrate-rich molecules by assessing their degree of basophilia. The
presence of sulphate groups or sialic acid in glycosaminoglycan confers a distinct
basophilia in appropriately fixed material. Glycans with polyanionic groups can also be
identified by staining with Alcian Blue. A combined Alcian Blue/ Periodic Acid Schiff
(AB/PAS) stain thus offers a basis for identification of a number of types of
glycoprotein (Mowry and Winkler, 1956), all active mucous-producing cells staining
with either PAS or AB, or with both. Stained cells can be assigned to one of four main
colour groups for qualitative descriptive purposes:

1.Red. Magenta of PAS with no AB; indicative of neutral mucosubstances
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2.Red-Blue. Magenta of PAS with some AB; indicative of mainly neutral with some
acidic mucosubstances.

3.Blue-Red. Magenta of PAS with AB, the AB predominating, indicative of mainly
acidic and some neutral mucosubstances.

4.Blue, strong AB masking the PAS indicative of acidic mucosubstances.

Changes in the glycobroteins of the respiratory mucus have long been known to
be associated with the pathogenesis of obstructive lung diseases, usually these changes
being brought about by the abnormal activity of the enzyme glycosyltransferase, which
is responsible for the synthesis of the mucus. Knowledge of the normal histochemistry
of the respiratory tract mucosubstances can therefore be of value in interpreting the
pathological changes which occur in different disease conditions, as shown by
Wheeldon et al. (1976), in cases of chronic bronchitis in the dog, where there was a
qualitative shift resulting in increased amounts of acidic mucosubstances being
produced.

This study of the mucosubstances in the goat’s respiratory tract provides a
semiquantitative, and a qualitative assessment of the mucus-producing apparatus based

on simple histochemical procedures.

STUDIES OF MUCOSUBSTANCES IN MAMMALIAN SPECIES.

DOG :

Reports of the histochemical composition of canine respiratory mucosubstances
employing the AB/PAS staining technique have been provided by several workers
(Goco et al., 1963; Spicer et al., 1971; Wheeldon et al., 1976). The earliest report by
Goco et al. (1963) using PAS stain only was of use solely for estimating the number of
mucosecretory units. Later studies by Spicer et al. (1971) were more informative as
they employed a variety of histochemical methods and were able to demonstrate that

acidic mucosubstances predominated in the canine tracheobronchial tree. This was later

25



confirmed by Wheeldon et al. (1976) in their study of tracheobronchial mucosubstances
in normal dogs and in dogs suffering from chronic bronchitis; they found that in both
groups, the majority of surface and glandular mucus-producing cells contained
predominantly acidic mucosubstances when stained by the AB/PAS method.

Studies on the dog by Majid (1986) incorporated the upper respiratory tract, in
addition to the tracheobronchial tree. Using the AB/PAS method, he clearly established
that throughout the respiratory airways of the normal dog, mucus-producing cells at the
surface and in the submucosal glands contained predominantly acidic or mixed

mucosubstances.

PIG :

The glycoproteins in the respiratory epithelium of the lobar bronchi of the
normal pig have been identified by AB/PAS (Jones et al., 1975), with the use of
sialidase digestion and AB staining either at pH 2.6 or pH 1.0. Qualitative analysis of
mucus-producing cells shows that in the normal glands most of the glycoproteins are
neutral and that the small amount of acidic glycoprotein is sialidase-resistant sialomucin.

Other areas of the respiratory airway of the pig do not appear to have been studied.

Cow :

A histochemical study of the mucosubstances in the bovine respiratory tract has
been provided by Allan et al. (1977). Samples from three clinically normal 6-month old
calves were taken from segmental bronchi. Further characterization of acidic
mucosubstances was achieved by neuraminidase digestion followed by AB/PAS at pH
2.6; this enabled the localisation of neuraminidase-sensitive sialomucins. Sulfomucins
were identified by acid hydrolysis followed by AB/PAS staining at pH 2.6. Results
showed that the bronchial surface mucus-producing cells contained almost exclusively

sulfated acidic mucosubstances, but a few sialylated acidic mucosubstances were also

encountered.
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In the submucosal glands, there was a wide variation in the quantities of the
differing mucosubstances, although, overall, approximately equal amounts of neutral

mucins, and acidic sialomucins and sulfomucins were produced by the glandular cells.

RHESUS MONKEY:

The mucosubstances in the Rhesus monkey have been investigated by St.
George et al. (1984, 1986), and they established that the surface mucus-producing cells
within the trachea are predominantly acidic in nature whilst within the submucosal
gland, mucus-producing cells were mainly neutral in character. Later studies (Plopper ez
al., 1989 included samples from the bronchial airways. The results showed that the
majority of all granule-containing cells within the epithelial lining were acidic in nature
(i.e. AB™), with sulfomucins predominating (High iron diamine positive, i.e. HID*; a
test used to distinguish between sialylated and sulfated glycoproteins). Only a few of
the cells were PAS™, these cells being AB™ and HID". In the glands the staining pattern
was reversed, the majority of the secretory products being neutral in nature. Regional
variations were apparent however; whilst acidic mucosubstances predominated in the
tracheobronchial surface epithelium, in the more distal airways the mucosubstances
were mixed in character, with only a few being acidic and HID". In addition, the
amount of sulfated material in both surface epithelial mucous cells and submucosal

glands (HID™) decreased in these distal airways.

PATHOLOGICAL ASPECTS OF MAMMALIAN RESPIRATORY
MUCOSUBSTANCES.

Many respiratory diseases are seen to be associated with the impairment of the
mucociliary escalator system (Wheeldon et al., 1976; Allan et al., 1977; Jeffery, 1978;
Nicholls, 1978; Dixon, 1992). This may be due to deficiencies in the ciliary component
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or in the mucous component of the system. The contribution of each component in the
dysfunction of the system does not yet appear to have been quantified in any species:
(Dixon, 1992).

In disease conditions, changes in glycoprotein secretions do occur (Wheeldon et
al., 1976; Nicholls, 1978), although these changes are seen to occur in line with the
proportions of the various types of glycoproteins normally found. The types of granules
are the same, but the proportion of various granules within a cell changes, as does that
of the various cell types, so that the mucus produced may be very different (Jones and
Reid, 1978). These changes are also reflected in the amount of mucus produced as well
as in the viscosity of the mucus, the latter being dependent on the biochemistry of the
glycoproteins (Dixon, 1992).

In most disease conditions, e.g. chronic bronchitis, mucus-producing cells of
the airway surface epithelium increase in number and extend into the bronchiolar
airways (where they are normally absent) down to the level of the respiratory
bronchioles. In the bronchial submucosal glands, mucus-producing cell populations
increase in number (Reid, 1954, 1960 Ellefsen and Tos, 1972). In these cases, the
degree of sulphation of the glycoprotein in mucus-producing cells is increased (Lev and
Spicer, 1965; Lamb and Reid, 1969). This increase may be due to a change in the
degree of sulphation of molecules, or an increase in the concentration of molecules with
sulphate radicals. In addition, in chronic bronchitis or cystic fibrosis associated with
lung infection, there is also usually an increase in the proportion of mucous cells in the
glands containing neuraminidase-resistant sialylated glycoprotein. The same findings
have been reported by Wheeldon ez al. (1976) while investigating mucosubstances in
naturally occurring cases of canine chronic bronchitis.

Experiments in the rat have also shown that irritation of the airway epithelium
results in a change in the proportion of cells producing acidic and neutral glycoproteins,
and thus in alteration to the regional distribution of acidic, neutral and mixed

mucosubstances along the respiratory airway (Jones and Reid, 1978).
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Changes in the predominant type of acid group have been noted in mucous cells
in hypertrophied bronchial submucosal glands in pigs with enzootic pneumonia induced
by intranasal inoculation of Mycoplasma hyorhinis (Jones et al., 1975). Increase in
gland size was accompanied by a proportional increase in the number of cells containing
acidic glycoprotein, along with a relative increase in the amount of neuraminidase-
sensitive sialylated and sulfated glycoprotein and a decrease in the neuraminidase-
resistant type.

Similar changes have been observed in the nasal epithelial lining of primates
exposed for a short period to high ambient levels of ozone, resulting in a significant
initial increase in both acidic and neutral glycoconjugates stored in transitional zone and
respiratory epithelium of the nasopharynx. However, over a longer period, the
nasopharyngeal epithelium was minimally affected (Mellick et al., 1977).

Allan et al. (1977), employed a variety of histochemical staining techniques to
determine the nature of the mucosubstances in calves with cuffing pneumonia, a
proliferative pneumonia characterised histologically by the accumulation of cuffs of
lymphocytes around the airway. They found that pneumonic calves, along with an
increase in the number of surface epithelial mucus-producing cells, also produced larger

amounts of neutral mucosubstances and sulfomucins compared to the normal calves.

MATERIALS AND METHODS,

Seventeen clinically normal, adult Cashmere goats of both sexes were used in
the present study. The method of destruction, post-mortem procedures and sample sites

were described in Chapter 2
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a) Fixation, embedding and sectioning.

Tissues for examination with the light microscope were fixed in neutral buffered
formalin for seven days then trimmed and post-fixed for two days in mercuric chloride
formol. After fixation, tissues were dehydrated, cleared and impregnated with paraffin
wax. Paraffin embedded sections were cut at 3um with a Leitz Rotary Microtome and

mounted on glass slides

b) Staining:

Mounted sections were routinely stained with standard haematoxylin and eosin (H&E)
and by the Alcian Blue /Periodic Acid Schiff (AB /PAS) (pH 2.5) method for acidic
and neutral mucosubstances according to a modification of the method of Mowry
(1956) as detailed below:

Solutions:

1) 1% Alcian Blue in 3% acetic acid (pH 2.5).

2) 1% Periodic Acid.

3) Schiff’s reagent.

Procedure:

1) Hydrate sections.

2) Solution (1) for 4 minutes.

3) Wash in distilled water

4) Solution (2) for 2 minutes.

5) Wash in distilled water.

6) Solution (3) for 8 minutes.

7 Wash in running water for 10 minutes.
8) Mayer’s haematoxylin for 4 minutes.
9) Wash in running water.

10)  Differentiate in acid alcohol for 10 seconds.

11)  Wash in running water.
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12)  Blue nuclei in Scotts tap water substitute.
13)  Wash in running water.

14)  Dehydrate, clean and mount.

Results:

Acidic mucosubstances blue
Neutral mucosubstances red
Mixed mucosubstances purple

NASAL VESTIBULE.

The epithelium lining the rostral portion of the nasal vestibule was of a
keratinized stratified squamous type (Fig. 3.1) with a few hairs projecting out from the
surface. Within the submucosa, in the rostral region of the vestibule, simple, tubular,
sweat glands were abundant.

The caudal part of the vestibule was lined by an epithelium similar to that in the
rostral part, except that in this region it was non-keratinized and no hairs were seen.

The basal surface of the epithelium was seen to undulate, forming epidermal
papillae which dipped into the submucosa (Fig. 3.1). No mucus-producing cells were
observed in the surface epithelium, and glands in the submucosa stained negative with

AB/PAS.

ALAR FOLD.

The rostral mucosa of the alar fold was found to consist of a thick, non-
keratinized, stratified squamous epithelium containing a few hair follicles. On moving

caudally there was a gradual change from a stratified squamous to a stratified cuboidal
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type of epithelium (“intermediate”), the cells of which exhibited a slight apical bulge.
Occasional mucus-producing cells, cuboidal in shape, were observed within the
epithelium lining the caudal region of the alar fold (Fig. 3.2); these stained blue with
AB/PAS, thus indicating the presence of acidic mucosubstances. Many glands were
also found in the submucosa; although a few stained purple with AB/PAS, indicative of
the presence of mixed mucosubstances, the majority did not stain. Unlike the glands,

the gland ducts were lined by cells producing acidic mucosubstances.

BASAL FOLD.

The histology of this region showed that the epithelium was also stratified in
nature, with the rostral region being stratified squamous and caudally changing into a
stratified cuboidal type. Within the epithelium, mucus-producing cells were observed
either singly or aggregated together in a row. With AB/PAS,such mucus-producing
cells stained blue, indicating the presence of acidic mucosubstances.

Submucosal glands were abundant. Although most of them did not pick up the
AB /PAS stain, those few that did show a positive reaction were found to be mainly

mixed in character, with only a small minority being acidic or neutral (Fig. 3.3).

NASAL SEPTUM.

The nasal septum, at the level of the third upper cheek tooth (PM 3), was lined by a
typical respiratory epithelium, i.e. a pseudostratified ciliated columnar epithelium.
However, the majority of the cells within the epithelium were nonciliated with only a
few cells bearing short cilia. These nonciliated microvillous cells were observed to be
numerous in H&E stained specimens. However, with AB/PAS staining, most of the
cells were observed to be mucus-producing cells while the rest stained negatively. The

epithelium was quite thick relative to other areas of the nasal cavity examined. Mucus-
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producing cells were very numerous throughout the epithelium; these demonstrated
exclusively acidic mucosubstances when stained with AB/PAS.

The majority of cells within the submucosal glands demonstrated the presence of
mixed mucosubstances, although a few cells were seen to contain neutral or, in very

few cases, acidic mucosubstances.

NASAL CONCHAE

The mucosa of the nasal conchae was found to be lined by a pseudostratified
ciliated columnar epithelium, in which numerous surface mucus-producing cells were
seen (Fig. 3.4). The occasional gutters identified on the surface were lined by both
ciliated and mucus-producing cells. Although no quantitative assessment of the mucus-
producing cells was carried out, a subjective assessment suggested that they were more
numerous in the epithelial lining of the middle concha than that of other conchae. The
histochemistry of the nasal conchal epithelial lining indicated that the surface mucus-
producing cells contained predominantly acidic mucosubstances (Fig. 3.4). A thin layer
of acidic mucosubstances located at base of the cilia was frequently observed in the
epithelium covering the concha.

Submucosal glands were abundant on the nasal conchae. On the ventral concha
AB/PAS staining indicated the presence of equal amounts of neutral and mixed
mucosubstances with very little acidic mucosubstances. The dorsal nasal concha had
equal amounts of the three types of mucosubstances, whereas on the middle nasal
concha, although neutral, mixed and acidic mucosubstances were also found, tke

amounts of each decreased in that order.
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NASOPHARYNX.

The thickness of the epithelium, as well as the type of epithelium, varied within
the nasopharynx. Although the rostral region was lined by a pseudostratified ciliated
columnar epithelium, this changed into a transitional “intermediate” epithelial zone, and
then into a stratified squamous epithelium caudally. It was within this transitional zone
that there was a gradual changing and merging of the typical pseudostratified ciliated
epithelium into a stratified cuboidal epithelium, which itself then changed and merged
into the caudal stratified squamous epithelium The mucosal lining was frequently highly
folded in both the transitional zone and the caudal region of the nasopharynx. Beneath
these folds, aggregates of lymphoid tissue were seen (Fig. 3.5). The epithelium
covering these lymphoid areas was seen to be attenuated in thickness, with only
occasional mucus-producing cells being encountered. In the gutters between the folds,
the epithelium was relatively thick and mucus-producing cells more numerous.

Generally surface mucus-producing cells, which were virtually all acidic in
nature, decreased in number on moving from rostral to caudal regions. Submucosal
glands were numerous, being abundant in the middle and caudal regions of the
nasopharynx. These glands were seen deep in the submucosa, usually below the
lymphoid tissue in the transitional zone. The glands in the nasopharynx exhibited
predominantly acidic mucosubstances with occasional neutral mucosubstances (Fig.

3.5).

EPIGLOTTIS.

The laryngeal surface of the epiglottis was found to be lined by a non-
keratinized stratified squamous epithelium. The occasional taste buds observed
embedded within the epithelium presented a shape similar to an onion bulb, with the

long axis of the constituent cells lying perpendicular to the luminal surface (Fig. 3.6).
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Predominantly acidic submucosal glands were seen beneath this lining epithelium, being
connected to the luminal surface by ducts lined by low columnar to cuboidal epithelial

cells. No mucus-producing cells were seen in the surface epithelium.

VOCAL FOLD.

The rostral surface of the vocal fold was also lined by a typical non-keratinized
stratified squamous epithelium (Fig. 3.7). This continued caudally over the fold,
changing gradually into a stratified squamous epithelium characterised by a sharp
demarcation between a one or two cell thick layer of squamous surface cells resting on
an inner mass of underlying cuboidal cells. This stratified squamous epithelium showed
an abrupt change to the pseudostratified ciliated epithelium found lining most of the
caudal surface of the vocal fold. In this latter region however, ciliated cells, as well as
mucus-producing cells, were very few, the majority of cells being nonciliated columnar
cells.

The submucosa was rich in glands. The glands demonstrated almost equal
amounts of acidic and neutral mucosubstances with AB/PAS staining (Fig. 3.7).

Surface mucus-producing cells were exclusively acidic in character.
INFRAGLOTTIC CAVITY.

Three types of epithelia were identified lining the infraglottic cavity. Rostrally,
the cavity was lined by a non-keratinized stratified squamous epithelium. This gradually
gave way to an “intermediate” type of epithelium. This intermediate epithelium, being
similar to that observed in the rostral region of the nasal cavity and also in the
nasopharynx, gradually changed from a stratified cuboidal type of epithelium, through a
pseudostratified low columnar, into a caudally located typical pseudostratified ciliated

columnar epithelium.
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Within the epithelium mucus-producing cells were rarely seen, but where
present exhibited the presence of acidic mucosubstances with AB/PAS staining.
Submucosal glands were very well developed and equal amounts of acidic, neutral and

mixed mucosubstances were demonstrated by the use of AB/PAS staining.

TRACHEA.

Except for a slight increase in the number of mucus-producing cells on moving
caudally, no striking differences in the histological appearance of the epithelium lining
the cranial and caudal portions of the trachea were observed.

Differences were observed between dorsal and ventral tracheal epithelial linings
however. The mucosa of the dorsal trachea was highly folded forming alternating
relatively tall folds and deep gutters; the former were sometimes approximated leaving
the gutter as a narrow cleft. The epithelium was of a pseudostratified ciliated columnar
type, punctuated with mucus-producing cells. Ducts leading from submucosal gland
orifices were seen opening into the base of the gutters (Fig. 3.8).

In contrast, the mucosal folds of the epithelium lining the ventral trachea were
lower and wider than those of the dorsal trachea, resulting in the formation of relatively
shallow, widely spaced gutters in this region.

AB /PAS staining indicated that the surface mucusfproducing cells, which were
few in number, were all acidic in character. A slight increase in the number of mucus-
producing cells was noted on moving caudally, although the histochemical nature of the
mucosubstances was not altered. Mucosubstances within the submucosal glands were
predominantly acidic, with only a few producing a mixed reaction; neutral

mucosubstances were only occasionally observed.
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BRONCHIL

Although the height of the epithelium decreased as the airway decreased in
diameter, a pseudostratified ciliated columnar epithelium still lined the bronchial tree at
every level.

The mucus-producing cells encountered within the epithelium increased in
number on moving down into the smaller bronchi; in contrast, submucosal glands
became less numerous. There was a gradual increase in the amount of mixed
" mucosubstances in the surface mucus-producing cells with the decrease in airway
diameter, such that in the smallest bronchi AB/PAS staining demonstrated almost equal
proportions of both acidic and mixed mucosubstances. In the submucosal glands of the
larger bronchi, there was a greater proportion of acidic mucosubstances, with only a
few neutral being neutral, whereas down the smaller bronchi neutral mucosubstances

predominated, with only a few acidic and mixed glands being found (Fig. 3.9).

BRONCHIOLES.

These were identified by the absence of cartilage in their walls. At the level of
the terminal bronchioles, the pseudostratified ciliated columnar epithelium that lined the
proximal generations of the bronchioles changed into a poorly ciliated, simple columnar
epithelium. The lining epithelium of the bronchioles proximal to the terminal
bronchioles was composed of ciliated, mucus-producing, and nonciliated bronchiolar
epithelial (Clara) cells. The later cell type was identified histologically by its negative
reaction to AB/PAS, and also the presence of a characteristic apical protuberance.
Further distally into the respiratory bronchioles, characterised by the presence of alveoli
along their walls (Fig. 3.10), the lining epithelium was of a simple cuboidal type,
composed of a few ciliated cells and numerous Clara cells.

A few mucus-producing cells, producing both acidic and mixed mucosubstances
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were observed in the bronchiolar epithelium proximal to the terminal bronchiole (Fig.
3.11). In the terminal bronchioles as well as the respiratory bronchioles, mucus-
producing cells were not observed. Submucosal glands were not observed within the

bronchiolar tree.

ALVEOI AR MEMBRANE.

The cells lining the alveoli were seen to be attenuated, such that most of the cells
consisted of long thin,cytoplasmic processes. Occasional gaps were observed in the
alveolar walls.

Two cell types could be identified. One, the alveolar Type II cell, which was
almost cuboidal in shape and usually seen to be located in a recess of the alveolar
lumen. The second, the alveolar Type I cell, which had a bulging ovoid mass projecting
into the lumen of the alveolus and long thin, flat cytoplasmic processes. AB/PAS

staining did not indicate the presence of any mucosubstances in the lining epithelium.

DISCUSSION.

The purpose of undertaking this study was to provide a histological description
of the lining epithelium of the entire respiratory tract of the goat, and to establish the
histochemical nature of the mucosubstances found in the mucus-producing cells of the
epithelial lining and submucosal glands.

The present study established that the nasal vestibule was lined by a thick
keratinized stratified squamous epithelium, containing a few hairs, hair follicles and
sebaceous glands, together with numerous AB/PAS-negative serous submucosal
glands. Such findings reported for the goat are in agreement with observations of the

nasal vestibule in the mouse (Greenwood and Holland, 1972), rat (Andrews, 1974) and
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dog (Adams and Hotchkiss, 1983; Majid, 1986). As this region of the respiratory tract
is exposed to significant mechanical insult, a thick keratinized lining epithelium 1is
necessary to protect the underlying cells and tissues against both wear and tear and fluid
evaporation.

Caudal to the nasal vestibule, in the nasal cavity, an “intermediate” epithelium,
forming a nonciliated transitional zone between the stratified squamous epithelium of the
nasal vestibule and the ciliated epithelium of the nasal concha, was seen to line part of
the alar and basal folds. Although the standard histological textbooks appear to describe
only a stratified squamous and a typical respiratory epithelium as lining this region of
the nasal cavity (Banks, 1981; Weiss, 1988). A similar type of what, in the present
study, has been termed “intermediate” epithelium has been described previously,
although variously, as transitional in the dog (Adams and Hotchkiss, 1983; Majid,
1986) or stratified cuboidal in the calf and pig (Adams 1986; 1990). This transitional
zone of “intermediate” epithelium in the caprine nasal cavity was seen to be lined by a
stratified cuboidal epithelium rostrally; further caudally within this zone, the uppermost
cells became low columnar in morphology, with a few ciliated cells beginning to
appear. A few individual cuboidal (surface) mucus-producing cells were also observed
in the rostral region of the zone, the number of these cells increasing caudally. These
individual mucus-producing cells stained blue with AB/PAS, indicative of the presence

of acidic mucosubstances, contrasting with reports in the rat (Katz and Merzel, 1977)
and horse (Pirie, 1990) where the individual mucous cells exhibited a mixed or neutral
reaction with AB/PAS.

Within this transitional zone in the goat, submucosal glands were found to be
numerous. The majority of such glands exhibited no reaction to AB/PAS staining, a
result indicative of their serous nature. The observation of numerous serous glands in
this region of the nasal cavity supports similar observations in the rat (Katz and Merzel,
1977) and horse (Pirie, 1990). These glands, as well as those observed in the nasal

vestibule, are associated with the copious watery secretions provided by the nasal
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epithelium in the goat, such secretions being a familiar feature of the nasal cavity in
many mammalian species including rat (Katz and Merzel, 1977), dog (Majid, 1986),
man (Thaete et al., 1981) and horse (Pirie, 1990). Such serous secretions are essential
to maintain the required humidity of the inhaled air and prevent the dessication of the
underlying epithelium. In addition this layer of serous glands, found only in this region,
probably provides the source for much of the abundant watery secretion released in
allergic or inflammatory states (Phipps, 1981). Long excretory ducts from these
AB/PAS negative, compound acinous glands are reported to be lined by mucous cells in
the horse (Pirie, 1990) and mouse (Thaete et al., 1981), these were also seen in the goat
in the present study.

Caudal to the transitional zone the nasal cavity was lined by a typical
pseudostratified columnar (respiratory) epithelium, composed of ciliated and mucus-
producing cells. Nonciliated microvillous cells were not always discernible with the
light microscope. Individual mucus-producing cells, which produced an acidic reaction
with AB/PAS, were seen to increase in numbcr on moving caudally within the cavity.
This observation in the goat supports previous observations in man (Tos, 1982) where
a rostrocaudal increase in the number of mucus-producing cells was reported on the
ventral and middle nasal conchae. The present findings are also in agreement with
findings in the Bonnet monkey (Harkema et al., 1987), where it was established that
there was a general rostrocaudal increase in the quantity of total epithelial
mucosubstances produced along the septal and lateral walls of the nasal cavity, and that
there were more acidic than neutral mucosubstances in the caudal nasal airway than in
the rostral region.

Whereas acidic mucosubstances predominated in the individual mucus-
producing cells in all areas of the nasal conchae, a variation of the types of
mucosubstances present in the mucus-producing cells of the submucosal glands of the
ventral, dorsal and middle conchal epithelium was noted in the goat. In the dorsal

concha, submucosal glands were seen to have equal amounts of mixed, neutral and
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acidic mucosubstances, whilst in the ventral and middle conchae, submucosal glands
produced primarily neutral and mixed mucosubstances and very little of the acidic type.
These observations differ from those made in the dog, where acidic mucosubstances
were seen to predominate within the submucosal glands of the middle nasal conchae.
(Majid, 1986). Indeed, Bang and Bang (1977), investigating a number of small
mammals and over 100 species of birds, noted that the submucosal glands of the nasal
cavity showed significantly different staining properties in regard to acidic, neutral or
mixed moieties according to the species studied.

In the nasopharyrix the lining epithelium differed from the rostral to the caudal
regions. Rostrally, the nasopharynx was lined by a relatively thick pseudostratified
ciliated columnar epithelium, similar to that which lined the nasal conchae. An
intermediate epithelium, similar to that observed and discussed in the rostral region of
the nasal cavity, itself grading from a low columnar to a stratified cuboidal epithelium,
was then seen to extend further caudally. A stratified squamous epithelium was
observed to line the most caudal region of the nasopharynx. Beneath the intermediate
and stratified squamous epithelia, aggregates of lymphoid tissue were encountered; the
epithelium overlying these structures was seen to be attenuated and devoid of mucus-
producing cells.

Such observations in the goat nasopharynx as made in the present study are
similar to those made previously in a number of mammalian species including man
(Bryant, 1916; Schumacher, 1927; Copenhaver, 1964; Ali, 1965, 1967; Greep, 1966;
Ham, 1969; Takahashi, 1973; Bloom and Fawcett, 1976), non-human primates (Leela
and Kanagasuntheram, 1973), dog (Majid, 1986) and mouse (Nakano, 1986). In all
these studies, however, a number of different terms have been employed to described
the lining epithelium of the transitional zone; these terms have included the intermediate
epithelium (Bryant, 1916; Ali, 1965, 1967), the transitional epithelium (Ali, 1965,
1967; Leela and Kanagasuntheram, 1973; Majid, 1986) and the stratified columnar
epithelium (Schumacher, 1927; Copenhaver, 1964; Greep, 1966; Ham, 1969;
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Takahashi, 1973; Bloom and Fawcett, 1976). In the present study, the term
intermediate epithelium, as previously defined in the rostral region of the nasal cavity as
well as the nasopharynx, has been used to refer to this lining epithelium between the
rostral pseudostratified ciliated columnar epithelium and the caudally-directed stratified
squamous epithelium. Lymphocytes were often seen infiltrating the nasopharyngeal
epithelium in the goat, an observation also noted in previous studies in non-human
primates (Leela and Kanagasuntheram, 1973) and the horse (Mair er al., 1987),
although, in these latter cases, the observed infiltration of lymphocytes was more
noticeable. Mair et al. (1987) also observed free lymphocytes in the nasopharyngeal
lumen of the horse, although no such observation was made in the goat in the present
study. The present observations of follicle-associated epithelium (FAE), commonly
referred to as a “lymphoepithelium”, overlying the lymphoid aggregates in the
nasopharynx in the goat has also been noted in several mammalian species including the
horse (Mair et al., 1987; Pirie, 1990), the dog (Majid, 1986), and the sheep (Chen et
al., 1991). Such lymphoepithelium was observed in the goat to be attenuated and
devoid of mucus-producing cells, features also observed in the horse (Mair et al., 1987,
Pirie, 1990) and sheep (Chen er al., 1991). It is believed that the FAE consists of
specialised cells which are concerned with the uptake and transport of exogenous
proteins (Richardson ez al., 1976; Chen et al., 1991; Schuh and Oliphant, 1992).

Individual mucus-producing cells were frequently observed in the rostrally
situated respiratory epithelium lining the nasopharynx, their numbers decreasing
considerably in the intermediate epithelium, and disappearing completely in the stratified
squamous epithelial lining of the caudal region. Such individual mucus-producing cells
were found to produce exclusively acidic mucosubstances in the goat, as were those of
the well developed submucosal glands usually observed deep below the aggregates of
lymphoid tissue.

Very few studies of the histochemistry of the mucosubstances produced by

mucus-producing cells in the nasopharyngeal region in mammals appear to have been
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carried out. It is therefore all the more interesting that a comparison of the present
results with those of other studies available in this area (Pirie, 1990) show that in both
the goat and horse individual mucus-producing cells within the epithelium produce
acidic mucosubstances, while the mucus-producing cells of the submucosal glands
show a marked species difference in the mucosubstances produced, those in the goat
being acidic in nature while those in the horse produce both acidic and mixed reactions
with AB/PAS.

The entire laryngeal surface of the epiglottis of the goat was lined by a thick,
non-keratinized stratified squamous epithelium which functions to provide protection
against the wear and tear to which the laryngeal surface is exposed. Whereas in the
present study only one type of epithelium was seen to line the laryngeal surface of the
epiglottis, in the mouse three types of epithelia (keratinized squamous, transitional (the
intermediate epithelium of the present study) and ciliated) have been observed to line the
rostral, middle and caudal regions of the laryngeal surface of the epiglottis respectively
(Nakano and Muto, 1987). The transitional epithelium reported in the mouse took the
form of a stratified cuboidal epithelium. Such an epithelial type has also been observed
in the epiglottis of the horse (Pirie, 1990) and the dog (Majid, 1986). A ciliated
epithelium located towards the base of the epiglottis has also been reported in man
(Copenhaver, 1964, Ham, 1969; Bloom and Fawcett, 1976).

It was also noted in the present study that taste buds are a feature of the
epiglottic epithelial lining. These presented an appearance similar to an onionbulb. Such
extra-oral taste buds have been previously reported in the lining epithelium of the
pharynx and larynx of several mammalian species including human (Lalonde and
Eglitis, 1961), ox (Palmieri ez al., 1983), goat (Palmieri ez al., 1983), sheep (Bradley ez
al., 1980), cat (Stedman et al., 1983) and mouse (Nakano and Muto, 1987). Some
workers have gone further to provide a numerical assessment of these extra-oral taste .
buds in a number species including the sheep (Bradley er al., 1980) and the cat

(Stedman et al., 1983). In some species these taste buds account for a considerable
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percentage of the total taste bud population; for example in the hamster they account for
about 11.1% (Miller and Smith, 1984). It is believed that these extra-oral taste buds
probably play little or no role in food selection, but serve to protect the airway (Stedman
et al., 1983) although the mechanisms through which this is achieved are not well
established (Travers and Nicklas, 1990).

The absence of individual mucus-producing cells and the presence of numerous
submucosal glands in the epithelium lining the epiglottis in the goat are features which
have also been noted in many mammalian species including dog (Majid, 1986), rat
(Andrews, 1974), horse (Pirie, 1990) and mouse (Nakano and Muto, 1987). Such
glands in the goat demonstrated the presence of both acidic and neutral mucosubstances
produced in abundancy, whilst mixed mucosubstances, were only occasionally
observed. The present findings in the goat are similar to findings in the dog (Majid,
1986) and horse (Pirie, 1990), where both mixed and acidic mucosubstances were
encountered. The histochemistry of this region in other mammalian species does not
appears to have been widely investigated.

In the present study, three types of epithelia (non-keratinized stratified
squamous, intermediate and pseudostratified ciliated columnar) were observed in
different locations within the infraglottic cavity. Individual variations in the distribution
of these various types of epithelia were noted, with some individuals presenting
predominantly a stratified squamous lining epithelium, while other individuals presented
mainly an intermediate type of epithelium. The typical pseudostratified ciliated columnar
epithelium was only observed in the caudal regions of the infraglottic cavity, and its
extension within the cavity was also observed to vary from individual to individual This
is in agreement with findings in the dog (Majid, 1986) where, out of 18 animals
examined, five had a complete ciliation of the ventral larynx, six had a stratified
squamous epithelial lining in this region, and the remaining seven animals, had a larynx
lined by both stratified squamous and pseudostratified ciliated epithelia inbetween which

a “cobblestone” type of epithelium (intermediate) was observed.
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The surface ep_ithelium of the vocal fold and infraglottic cavity had relatively few
mucus-producing cells, all producing acidic mucosubstances. The paucity of these cells
in the laryngeal mucosa has also been reported in the dog (Majid, 1986). This paucity
seems to be compensated for by the well developed submucosal glands in these regions,
such glands being seen to be abundant in the vocal folds and infraglottic cavity in the
goat, supporting similar observations in the mouse (Pack et al., 1981) and the dog
(Majid, 1986). Whereas in the present study acidic, mixed and neutral mucosubstances
were found in almost equal amounts in the laryngeal submucosal glands, in the dog
only a few neutral mucosubstances were encountered in the glands of the ventral larynx,
most mucosubstances being acidic in character (Majid, 1986).

The tracheobronchial system of the goat presented a similar basic histological
morphology to that of other mammalian species, being lined by a pseudostratified
ciliated columnar epithelium which decreased in thickness with decreasing airway
diameter.

In the present study, individual mucus-producing cells were relatively few in the
trachea in comparison to those seen in the upper respiratory tract, although the numbers
of individual mucus-producing cells gradually increased from the cranial to caudal
tracheal regions. Within the bronchial system, however, individual mucus-producing
cells became much more numerous. The observation of numerous submucosal glands in
the tracheobronchial epithelium in the goat supports similar observations in the sheep
(Goco et al., 1963; Mariassy and Plopper, 1983), man (Thurlbeck et al., 1961) and cat
(Florey et al., 1932; Gallagher et al., 1975), but contrasts with observations in the
rabbit and guinea pig (Nadel ez al., 1979) and the mouse (Hansell and Moretti, 1969;
Pack et al., 1981), where tracheal submucosal glands are infrequent or even absent. The
equine trachea is markedly different from that of the goat in that surface mucus-
producing cells are numerous while submucosal glands are few (Pirie, 1990).

As in the larynx, surface mucus-}?roducing cells within the caprine trachea were

exclusively acidic in character. Within the bronchial tree, however, a shift in the
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histochemistry of individual mucus-producing cells was observed, such that both acidic
and mixed mucosubstances were encountered in equal proportions. Submucosal glands
exhibited an inverse relationship to surface mucus-producing cells in relation to their
abundance;. cranially, the glands were numerous and well developed, but as the airway
diameter decreased, fewer glands were encountered. Within the tracheal submucosal
glands the mucosubstances were predominantly acidic, with a few being mixed; neutral
mucosubstances were only occasionally observed.

The present findings in the goat are in agreement with previous observations
made in the dog where it has been established that acidic mucosubstances predominate
both in the surface mucus-producing cells and in the submucosal glands (Spicer er al.,
1971; Wheeldon et al., 1976; Majid, 1986). In addition, the histochemistry of the
surface mucus-producing cells observed in the present study appears to be similar to
that observed in a number of mammalian species including the ox (Allan et al., 1977),
sheep (Mariassy et al., 1988), Rhesus monkey (St. George et al., 1984) and man
(Spicer et al., 1983) and even in species where surface mucus-producing cells are few
such as the rat (Mochizuki et al., 1982) and rabbit (Plopper et al., 1984). Species
differences in the histochemical nature of the surface mucosubstances has been noted in
the hamster, where most of the surface mucus-producing cells in the trachea secrete
neutral mucosubstances; in addition, a regional shift in the nature of the secreted
mucosubstances, as noticed on moving from the trachea into the bronchial tree in the
goat, has also been observed in the hamster where, at the bronchial level, the
mucosubstances are primarily mixed (Becci et al., 1978).

The histochemistry of the tracheobronchial submucosal glan‘d mucosubstances
of the goat observed in the present study differs markedly from that observed in the
sheep (Mariassy et al., 1988), pig (Jones et al., 1975), ox (Allan et al., 1977), man
(Spicer et al., 1983), Rhesus monkey (St. George et al., 1986; Plopper et al., 1989),
mouse (Pack et al., 1980 1981) and rabbit (Plopper et al., 1984), where neutral

mucosubstances have been observed to predominate with only a few acidic
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mucosubstances being present.

Within the bronchiolar tree the lining epithelium was seen to differ at different
levels. The proximal bronchiolar generations arising from the smaller bronchi were
lined by a pseudostratified ciliated columnar epithelium which gradually changed to
simple columnar and then low columnar at the level of the terminal bronchioles, the cell
population in the bronchioles proximal to the terminal bronchiole being composed of
ciliated, nonciliated (AB/PAS negative) and mucus-producing cells. The histology of
the bronchioles proximal to the terminal bronchiole in the goat appears therefore to be
similar to that seen in most mammalian species, including the pig (Baskerville, 19702),
monkey (Castleman et al., 1975), horse (Mair et al., 1987; Pirie, 1990), coyote
(Morrison et al., 1983), dog (Majid, 1986) and man (Ten Have-Opbroek et al., 1991).

The histology of the distal conducting airways (terminal bronchioles, respiratory
bronchioles and alveolar ducts) has been extensively covered in various mammalian
species including pig (Baskerville, 19702), monkey (Castleman et al., 1975; Tyler et
al., 1988Plopper et al., 1989;), ferret (Hyde et al., 1979), guinea pig (Lechner and
Banchero, 1982), rat (Massaro et al., 1984), coyote (Morrison et al., 1983), rabbit
(Hyde et al., 1983; Plopper et al., 1983b), dog (Majid, 1986), horse (Pirie, 1990) and
man (Ten Have-Opbroek et al., 1991). The present study established that in the goat
respiratory bronchioles, characterised by a simple cuboidal epithelial lining and the
presence of alveoli within their walls, are prominent and well developed. This contrasts
with previous observations that respiratory bronchioles are poorly developed or even
absent in ruminants (Getty, 1975), including the ox (Iovannitti et al., 1985). Although
respiratory bronchioles are present in most of the mammalian species so far examined,
including dog (Majid, 1986), ferret (Hyde ez al., 1979), coyote (Morrison ez al., 1983),
pig (Baskerville, 1970?) and guinea pig (Lechner and Banchero, 1982), they have been
shown to be rudimentary in the rat (Massaro et al., 1984) and fabbit (Hyde et al., 1983;
Plopper et al., 1983b), and absent in the horse (Pirie, 1990). In the present study,

ciliated cells were seen to be present in the epithelium lining the respiratory bronchiole,
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supporting previous observations made in the ferret (Hyde et al., 1979), coyote
(Morrison et al., 1983), pig (Baskerville, 19702) and guinea pig (Lechner and
Banchero, 1982). However, observation made in the present study of the presence of
ciliated cells in the respiratory bronchioles contrasts with findings made in the dog
(Majid, 1986), where no ciliated cells were observed in the respiratory bronchioles.

Similar to other mammalian species (Plopper et al., 1989), the present study
noted that submucosal glands were absent in the bronchiolar tree of the goat, and thus
mucosubstances were produced solely by the individual mucus-producing cells in the
lining epithelium. Such mucus-producing cells, relatively fewer in number than those in
the bronchi, produced both acidic and mixed reactions to AB/PAS. The paucity of
mucus-producing cells in the bronchiolar epithelium was compensated for by the
presence of numerous nonciliated bronchiolar epithelial (Clara) cells, which are known
to be secretory (Breeze and Wheeldon, 1977; Reid and Jones, 1979; Pack et al., 1981).
No mucus-producing cells were observed from the terminal bronchioles distally. The
absence of mucus-producing cells in the terminal and respiratory bronchioles noted in
the present study, although in agreement with previous observations in numerous
mammalian species including the ox (Iovannitti ez al., 1985), ferret (Hyde et al., 1979),
guinea pig (Davis et al., 1984), dog (Majid, 1986) and horse (Pirie, 1990), differs from
observations in the Rhesus monkey (Plopper et al., 1989) and in humans (Ten Have-
Opbroek et al., 1991) where individual mucus-producing cells producing acidic to
neutral mucosubstances have been observed within these distal airways.

The architecture of the caprine alveolus was observed to be similar to other
mammalian species, and indeed at the light microscope level no species differences werz
observed, although at the ultrastructural level species differences are apparent. Ths
ultrastructure of this region, being part of the distal airways, is discussed in detail in
Chapter 5.

In the present study of the alveolar membrane of the goat, AB/PAS staining did

not indicate the presence of any mucosubstances in the lining epithelium. Although such
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an observation is in agreement with findings in several mammalian species including
sheep and buffalo (Atwal et al., 1979), it contrasts with a previous study in the goat

(Atwal et al., 1979), where PAS- positive inclusions were observed in alveolar Type I

cells.
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CHAPTER 4.
EPITHELIUM OF THE NORMAL RESPIRATORY TRACT OF THE
ADULT GOAT: A SCANNING ELECTRON MICROSCOPICAL
STUDY.



INTRODUCTION,

The development of a rudimentary type of scanning electron microscope in 1937
(Wang and Thurlbeck, 1970), and the subsequent dramatic advances in SEM
technology, were instrumental in allowing detailed ultrastructural studies of the surface
features of the mammalian respiratory tract to be undertaken. One of the major
advantages of the SEM in such studies is that large areas of tissue can be surveyed with
ease, either at low or high magnifications, with a high degree of resolution compared
with the light microscope or any other electrical optical system (Kimoto and Russ,
1969). In addition, specimen preparation is relatively straight forward. The many SEM
studies carried out to date have involved examining different sites within the respiratory

tract of various mammalian species (Table 4.1).

LITERATURE REVIEW,

Information on the presence, distribution and surface characteristics of those cell
types previously identified by the LM, the details of which were discussed in the
previous chapter, has been considerably augmented by such SEM studies, and a brief

review of the major points of these features, as revealed by SEM, is given below.

UPPER RESPIRATORY TRACT.

SEM studies of the stratified squamous epithelium which lines the nasal
vestibule of most mammalian species have demonstrated polygonal, flattened cells on
the surface, and such cells are often grouped into patches separated by grooves
(Andrews, 1979; Nakano, 1986). Such features are also observed where the stratified

squamous epithelium extends onto the rostral part of the alar fold and straight fold

(Adams and Hotchkiss, 1983; Adams, 1990).
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Caudal to this vestibular region, the cuboidal surface cells of the epithelial lining
of the transitional zone appear spherical or irregularly polygonal in outline and are
characterised by a bulging apical surface carrying short surface microvilli (Andrews,
1979).

Mucus-producing cells throughout the epithelial lining of the respiratory tract are
seen to have variable surface characteristics (Popp and Martin, 1984). Typically, the
apical surface has a prominent central protuberance beneath which mucous granule
outlines are often seen (Andrews, 1979; Davis and Smallman, 1988). Other cells
demonstrate a flat, sometimes depressed apical surface, with an aggregation of
microvilli around the periphery (Popp and Martin, 1984).

SEM studies have shown that the ciliated cells of the pseudostratified epithelium
covering the nasal conchae, walls and septum of the nasal cavity bear microvilli
intermingled between straight or wavy cilia exhibiting smooth, rounded or curled tips.
At the ultrastructural level regenerating ciliated cells can be seen to have many more
microvilli and fewer cilia per cell than those seen on ciliated cells (Menco and Farbman,
1987). Polygonal or rounded nonciliated microvillous cells, characterised by a convex
apical cell surface carrying a dense population of microvilli, are another cell type
revealed at the ultrastructural level in the nasal cavity epithelial lining (Boysen, 1982).

The detailed SEM studies carried out by Nakano (1986) on the mouse, as well
as confirming histological observations that the nasopharynx was lined rostrally by a
typical respiratory epithelium and caudally by a stratified squamous epithelium, also
demonstrated the presence of an intermediate type of epithelium organised into zones
composed of numerous different cell types. Andrews (1979), Majid (1986) and Pirie et
al., (19912) made similar observations on the presence of a transitional zone, lying
between the rostral ciliated and the caudal squamous epithelia, in the mouse, dog and
horse respectively

SEM studies of the rat (Andrews, 1974), dog (Majid, 1986) and mouse
(Nakano, 1986) have shown that the dorsal surface of the epiglottis is lined by a
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typically flattened stratified squamous epithelium, the surface cells of which are
characteristically similar to those seen in the nasal vestjbule. Squames are frequently
seen detaching from the underlying surface.

Similar studies have shown that the vocal folds are lined primarily by a stratified
squamous epithelium, the cells of which have a tendency to bulge out from the surface.
In some individuals, however, an intermediate type of epithelium, composed of
nonciliated microvillous cells with surface microprojections, appears to line the caudal
region of the folds. A few progenitor ciliated cells are found intermingled inbetween the
nonciliated cells (Andrews, 1979). Most of the infraglottic region is seen, under SEM,
to have a lining epithelium organised into longitudinal folds and is clothed by a heavy

carpet of cilia (Majid, 1986; Pirie et al., 19912).

LOWER RESPIRATORY TRACT.

At low magnification, the lining respiratory epithelium of the trachea and
bronchi of most mammalian species studied (Table 4.1) is seen to be organised into
longitudinal folds and gutters, with submucosal gland orifices being located mainly in
the latter. This typical respiratory epithelium is composed of ciliated, mucus-producing
and nonciliated microvillous cells (Greenwood and Holland, 1972; Alexander ez al.,
1975; Andrews, 1979; Wilson er al., 1984; Pirie et al., 1991b). SEM studies have
shown that the distribution and proportion of these cell types along the tracheobronchial
tree differ from species to species, and sometimes, within a species, from individual to
individual (Hyde er al., 1979Tandler et al., 19833:b).

At the bronchiolar level, there is the appearance of the nonciliated bronchiolar
epithelial (Clara) cell, which, under SEM, may exhibit different morphologies.
Typically, the round, oval or polygonally shaped Clara cells are characterised by dome-
shaped protuberances at the apical surface (Mariassy er al., 1975); these protrusions do

not usually carry surface microvilli (Plopper et al.,19833:b) and instead have a rough,
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knobby surface (Andrews, 1979). None of the mucus-producing cells in the
bronchioles appear to exhibit the typical central secretory protuberances characteristic of
many of these cells elsewhere in the respiratory tract. Instead they have a flattened or
low concave apical surface with a sparse distribution of microvilli, similar to mucus-
producing cells sometimes seen on the nasal septum. Ciliated cells in the bronchioles
are similar to those seen elsewhere, although their cilia seem to be relatively shorter and
fewer per cell (Mariassy et al., 1975).

Where present, low magnification SEM observations of the respiratory
bronchioles, which are characterised by the presence of small numbers of alveoli
opening off the bronchiolar lumen, show the epithelial lining to have a “roughened”
appearance due to the presence of many Clara cells exhibiting typical dome-shaped
apical protuberances. In some species, such as the dog (Majid, 1986), the epithelium
appears devoid of ciliated cells, although in other species such as the rat and mouse,
ciliated cells, although few in number, remain a component of the epithelial lining of the
respiratory bronchioles (Wang and Thurlbeck, 1970Mariassy ez al., 1975).

Much of the work on the mammalian respiratory tract with SEM has dealt
primarily with the ultrastructural features of the lung parenchyma itself (Table 4.1) The
alveoli, which constitute the bulk of the lung parenchyma, are separated by thin
interalveolar septa. SEM studies have provided detailed observations of the surface
features of the alveolar Type I and Type II cells which line the alveolar walls.

The alveolar Type I cell is characterised by a bulging central region, and
extensive cytoplasmic sheets ending in slightly raised cell borders, this cell type has
relatively few surface microprojections. In contrast, the alveolar Type II cell, which is

raised above the general surface, has a characteristically rounded outline and a dense

population of surface microprojections (Nowell and Tyler, 1971; Mariassy et al.,

1975Greenwood and Holland, 1972; Andrews, 1979). A third epithelial cell (alveolar

brush cell or Type III cell) has been reported in the rat (Meyrick and Reid, 1968; Hijiya,
1978a.b),
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Alveolar macrophages have been observed, appearing to have variable shapes
(Majid, 1986), and are occasionally seen migrating through alveolar pores. The latter
appear as perforations in the alveolar walls and are rounded or oval in outline with
variable diameters. Their abundancy differs from species to species (Mariassy et al.,

1975; Iovannitti ez al., 1985; Pirie, 1990).
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ANNING ELE N MICR!

Rat

Mouse

Hamster

Guinea Pig

Rabbit

TABLE 4.1
PY OF THE RESPIRATORY TRACT OF

YARI MAMMALIAN SPECIES.

SAMPLE SITE /CELL TYPE

Alveolus

Trachea and Bronchi
Bronchioles

Alveolar brush cell

Larynx and Trachea

Trachea and Bronchi
Terminal Bronchiole

Clara cell

Pulmonary Macrophage
Alveolus '

Nasal cavity

Clara cell

Lung: bronchiole

Nasal Cavity

Respiratory Tract Surface
Lung: Alveolus

Alveolus

Lung: Bronchiole and Alveolus
Lung: Neuroepithelial bodies
Clara cell

Nasopharynx

Lung: Alveolus
Tracheobronchial Epithelium
Lung

Trachea

Clara cell

Trachea

Distal airway

Lung: Alveolus

Bronchus

Lung: Neuroepithelial Body
Clara cell
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RE NCE

Kuhn and Finke (1972)
Alexander et al.,(1975)
Ebert and Terracio (1975)
Hijiya, (19752:b)

Smolich et al.(1977)
Luchtel (1978)

Lum et al., (1978)

Smith et al., (1979)
Warheit and Hartsky(1988)
Scheuermann et al., (1988)
Spit et al.(1989)

Okada (1969)

Wang and Thurlbeck (1970)
Adams, (1972)

Greenwood and Holland, (1972)
Kuhn and Finke (1972)
Amy et al., (1977)

Zitnik et al. (1978)

Hung et al., (1979)

Smith et al., (1979)
Nakano (1986)

Kuhn and Finke (1972)
Becci et al., (1978)

Krause and Leeson (1973)
Althoff et al., (1981)
Okada (1969)

Dahlgren et al., (1972)
Davis et al., (1984)

Holma (1969)

Sturgess (1977)

Cutz et al., (1978)

Smith et al., (1979)



Coyote
Ferret
Monkey

Dog

Cat

Sheep

Pig

Entire Respiratory Tract
Lower Respiratory Tract
Trachea, bronchi and alveolus
Intrapulmonary airway

Lung: Respiratory Bronchiole
Tracheobronchial epithelium
Nasal epithelium

Lung: Bronchus

Lung: Bronchiole

Lung: Parenchyma

Lung: Bronchiole and Alveolus
Trachea, Gland orifice

Lung: Bronchiole, Alveolus
Interalveolar Pores

Nasal Cavity

Trachea and Lung

Trachea

Lung: Bronchiole
Bronchus,Bronchiole & Alveolus
Clara Cell

Lower Respiratory Tract

Lung: Bronchiole,Alveolus
Pharynx

Lung: Bronchiole

Trachea and Bronchi

Trachea and Lung

Lung: Bronchiole and Alveolus
Nasal Mucosa

Lung: Bronchiole

Larynx

Lung

Bronchus

Trachea and Lung

Clara cell

Nasal Mucosa

Nasal Mucosa

Nasal Cavity

Proximal border of respiratory unit
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Morrison et al.(1983)

Hyde et al.(1979)

Greenwood and Holland, (1973)
Castleman et al., (1975)

Mellick et al., (1977)

Wilson et al., (1984)

Harkema et al., (1987)

Maina (1988)

Tyler et al., (1988)

Groniowski et al., (1972)

Kondo et al., (1973)

Nadel (1977)

Hyde et al., (1978)

Parra et al., (1978)

Edwards et al., (1983)

Wright et al., (1983)

Tandler et al., (19832.0)

Plopper et al., (19833)

Mariassy et al., (1975)

Smith et al., (1979)

Tovannitti et al., (1985)

Tyler et al., (1971)

Chen et al., (1991)

Wang and Thurlbeck (1970)
Mebus and Underdahl (1977)
Williams and Gallagher (1978)
Winkler and Cheville (1984)
Adams (1990)

Wang and Thurlbeck (1970)
Biondi and Biondi-Zappala, (1974)
Gonzales-Crussi and Boston, (1974)
Ebert and Terracio (1975%)
Greenwood and Holland, (1975)
Smith er al., (1979)

Boysen (1982)

Winther ez al., (1984)
Moor-Gillon (198S)

Ten Have-Opbroek et al.(1991)



Horse

Lung: Bronchiole and Alveolus
Lung: Bronchus and Alveolus
Respiratory Bronchiole

Upper Respiratory Tract
Lower Respiratory Tract
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Tyler et al., (1971)
Nowell and Tyler (1971)
Tyler et al., (1988)
Pirie et al., (19912)
Pirie et al., (1991P)



MATERIALS AND METHODS,

Seventeen clinically normal, adult Cashmere goats of both sexes were used in
the present study. The method of destruction, post-mortem procedures and sample sites
were described in Chapter 2.

For SEM, samples measuring about Smm x Smm and 0.5mm-2mm thick were,
left in Karnovsky’s fixative overnight, then washed in cacodylate buffer and thereafter
cold dehydrated in a series of graded acetones.

The samples were then critically-point dried using liquid carbon dioxide
(Polaron; Watford, U.K.) in a critical-point drier (Polaron; Watford, U.K.).

The specimens were orientated such that the mucosal surface was uppermost,
stuck on aluminium stubs using silver paint, and placed in an oven at 37°C for half an
hour. The specimens were then coated with a gold-palladium mixture in a sputtering
system. All SEM samples were examined using a 501B SEM (Philips, Holland) and
viewed at an accelerating voltage of 15KV using spot sizes between 200 and 1000. An
attached automatic Rolliflex camera fitted with Iiford FP4 120 (125 ASA) film was used
in taking pictures.

LM samples were fixed in neutral buffered formalin for seven days then
trimmed and post-fixed for two days in mercuric chloride formol.After fixation, tissue
were dehydrated, cleared and impregnated with paraffin wax. Paraffin embedded
sections were cut at 3um with a Leitz Rotary Microtome, mounted on glass slides and
routinely stained with standard Haematoxylin and Eosin (H&E) and by the Alcian Blue

Jperiodic acid Schiff (AB /PAS) (pH 2.5) method Mowry (1956).
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NASAL VESTIBULE.

The epithelial surface in the rostral part of the vestibule was composed of
flattened, polygonally shaped squamous cells (Fig. 4.1),characterised by the presence
of numerous microplicae on the apical surface and frequently seen detaching, either
singly or in groups, from the underlying layers. A few caudally directed hair shafts
were seen projecting from the hair follicles (Fig. 4.1).

Further caudally in the vestibule, hair follicles disappeared although the
squamous surface cells of the now highly folded epithelium retained their typical surface
characteristics. Occasional circular arrangements of squamous cells surrounding a
central pore (Fig. 4.2) were seen on the surface; these were assumed to be the openings
of submucosal serous glands identified histologically as being present in this region.

Further caudally towards the alar fold, the squamous nature of the cells changed
to present a more rounded outline (Fig. 4.3) and microplicae or microvilli, or a mixture
of the two, on their apical surfaces (Fig. 4.4). Individual cell boundaries were clearly
seen. In this region the presence of mucus-producing cells was revealed by the presence
of mucous strands being extruded at the apical surface (Fig. 4.5). Occasional cells
presenting a wrinkled apical surface were observed; these were presumed to be dying

cells (Fig. 4.3).

ALAR FOLD

A narrow strip of rostral epithelium lining the alar fold had squamous surface
cells characteristically similar to those seen in the middle of the nasal vestibule.
On moving away from this rostral zone, surface cells of the epithelium were

cuboidal cells. The histology of this region showed a stratified cuboidal type of
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epithelium (Fig. 4.6). With the SEM these polygonal cuboidal cells, sometimes
exhibiting rounded cell boundaries, were seen to have bulging apical surfaces, giving
the epithelium a “cobblestone” type of appearance (Fig. 4.7). At high magnification, a
dense population of microvilli was observed on the apical surface (Fig. 4.8). Some of
the apical cells had their surfaces thrown into folds, thus giving them a wrinkled
appearance, and some could be seen detaching from the cells beneath.

In the caudal region of the alar fold, another cell type, smaller than the cuboidal
cells and characterised by a flattened or slightly depressed apical surface carrying a
sparse population of microvilli, was observed (Fig. 4.9). The concentration of surface
microvilli around the periphery of this cell made the cell borders much more prominent;
such cells were considered to be mucus-producing cells (Fig. 4.10). Submucosal gland

orifices were occasionally found opening onto the epithelial surface (Fig. 4.11).

BASAL FOLD

Light microscopy of the rostral region of the basal fold showed the epithelium to
be stratified and composed of cuboidal cells. With SEM, the “cobblestone” appearénce
of the epithelium, similar to that of the alar fold, was again obvious (Fig. 4.12). SEM
studies also showed that, although most of these cells carried microprojections in the
form of short microvilli, these were not easily discernible on some of the cells.
Intermingled between the cuboidal cells were mucus-producing cells characterised by
slightly depressed apical surfaces and a peripheral aggregation of microvilli. Most of the
mucus-producing cells in this region were seen actively secreting coalescing mucous
granules (Fig. 4.13).

Although in some individuals there was a gradual transition, in a few cases even
an abrupt transition (Fig. 4.14), from this more rostral nonciliated cuboidal epithelium
to a caudally located ciliated epithelium, in most individuals these two epithelia were

separated by a transitional zone composed of a mixture of ciliated and nonciliated cells,
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the latter often in different stages of ciliogenesis (Fig. 4.15). Where present, this ciliated
epithelium was marked by short, longitudinal grooves (Fig. 4.16) of variable depth.
Mucus-producing cells were also present within this ciliated epithelium, being
concentrated in and around the gutters and typically presenting a slightly shallow apical
surface carrying a sparse distribution of microvilli. Outwith the gutters, mucus-
producing cells were usually encountered singly or in groups of three or four. These
frequently exhibited an irregular apical protuberance projecting above the level of the
cilial tips (Fig. 4.17), such actively secreting cells being apparently absent within the

gutters.
NTRAL NASAL CON

The ventral concha was covered by a ciliated epithelium within which
nenciliated cells were distributed either individually or in groups (Figs. 4.18, 4.19).
Most ciliated cells exhibited a high density of individually separated, tall, slender cilia,
often appearing matted at their tips (Fig. 4.19). In a few areas, the ciliated cells carried
short, matted cilia, of uneven lengths and of low surface density (Fig. 4.20); these cells
were considered to be regenerating ciliated cells.

Small patches composed primarily of two types of nonciliated microvillous cell
were observed within the ciliated epithelium. One cell type was characterised by a
polygonal shape presenting distinct cell borders and a primarily convex apical surface
with a small radius of curvature, carrying an even distribution of short microvilli (Fig.
4.20). The other cell type, characterised by a peripheral aggregation of microvilli, could
be identified as a mucus-producing cell either by a depressed apical surface frequently
covered by a thin layer of mucus (Fig. 4.21) or a central apical protuberance resulting
from mucus granules accumulating beneath the pl‘zismalemma (Fig. 4.22).The
distribution and abundancy of ciliated and nonciliated cells varied from one area to

another in a given individual, as well as from individual to individual, however in
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totality the ciliated cells appeared to be the dominant cell type (Fig. 4.21).

Occasional bigger patches consisting of regenerating ciliated cells were also seen
(Fig. 4.23); these cells were characterised primarily by the presence of cilia of unequal
lengths and sparse surface distribution. Both mature and regenerating cells carried
surface microvilli, relatively longer than those seen on the cuboidal cells of the basal
fold.

Although under light microscopy numerous submucosal gland orifices were
frequently observed, with SEM these were only occasionally encountered.In three
individuals, no 6riﬁces could be visualised as the surface was completely covered by

sheets of mucus.

DORSAL NASAL CONCHA.

At low magnification the heavily ciliated epithelium, containing numerous
individually scattered microvillous cells, was normally seen to be organised into
longitudinal folds. Patches of nonciliated microvillous cells, many of which appeared to
be mucus-producing cells and some to be regenerating ciliated cells, were observed
(Fig. 4.24). Occasional submucosal gland openings, usually surrounded by a rim of
nonciliated microvillous cells, were noted (Fig. 4.25).

In some of the specimens examined the surfaces were extensively covered by
mucous sheets. In the few occasional areas devoid of mucus, the underlying epithelium

was seen to be ciliated, although the cilia were matted and disorganised (Fig. 4.26).

MIDDLE NASAL CONCHA.

The epithelial lining of the middle nasal concha presented a characteristic
longitudinally orientated pattern of folds and gutters of variable depths, the former being

seen to run for only a short distance compared to those on the ventral and dorsal nasal
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conchae (Fig. 4.27).

Individual mucus-producing cells were frequently observed protruding above
the surface of a heavily ciliated epithelium (Fig. 4.28), with mucous granules frequently
being seen through the plasmalemma. In some individuals, the scattered nonciliated
cells showed a relatively flat apical surface covered by a thin layer of mucus (Fig.
4.29). Patches of nonciliated microvillous cells were very infrequently distributed
throughout the ciliated epithelium.

The ciliated cells were similar to those on both the dorsal and ventral nasal
concha, bearing long, slender and free-standing cilia, in most cases with a wave in their
middle (Fig. 4.30). Occasionally cilia would appear clumped and matted (Fig. 4.31).

Islands of regenerating ciliated cells were not uncommon.

NASAL SEPTUM.

The nasal septum was normally covered by a ciliated epithelial lining differing
from that of the middle nasal concha in containing many small, scattered, irregularly
shaped patches of nonciliated microvillous cells, giving the epithelium as a whole a
“moth-eaten” appearance. A few individuals had a complete carpet of cilia lining the
nasal septum. The cilial carpet was occasionally interrupted by single mucus-producing
cells protruding from the surface in the characteristic manner seen in the nasal conchae
(Fig. 4.19). Again, as in the ventral nasal conchae, developing ciliated cells seen in
different stages of ciliogenesis had fewer cilia than the normal mature cell, these cilia
appearing disorganised, and of unequal lengths (Fig. 4.32).

Two apparently separate types of nonciliated microvillous cell could be
identified. One was polygonal in outline with pentagonal or hexagonal borders
predominating, with a slightly convex apical surface and a high density of apical
microvilli. The other had a more or less circular cell boundary, with a slightly depressed

apical surface carrying fewer although taller microvilli (Fig. 4.32). Some of the latter
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type of nonciliated microvillous cells could be seen discharging mucus in the form of

granules.

NASOPHARYNX

The epithelium of the rostral part of the nasopharynx was seen to be similar to
that lining the nasal conchae. It was again organised into longitudinally orientated
gutters, and composed of ciliated cells amongst which nonciliated microvillous cells
were scattered either individually or in groups of two or three (Fig. 4.33). In some
areas the carpet of cilia was interrupted by islands of nonciliated microvillous cells,
some of which were identifiable as mucus-producing cells, characterised by a typical
apical protuberance of mucus (Fig. 4.34).

In the middle, transitional zone, region of the nasopharynx the epithelial lining
~ was seen to exhibit a gradual change-over from a heavily ciliated rostral region, through
a less ciliated but more secretory epithelium, to a final squamous epithelial lining typical
of the caudal region of the nasopharynx. In this middle region the epithelium was
initially seen to be thrown into deeper and more irregular corrugations (Fig. 4.35), and
the number of ciliated cells, themselves carrying fewer and shorter cilia per cell, were
seen to decrease at the expense of microvillous cells (Figs. 4.36). The nonciliated
microvillous cells in this transitional zone were polygonal, or occasionally rounded,
with distinct cell borders and slightly bulging apical surfaces (Figs. 4.37, 4.38). Small
numbers of cells were commonly seen extruding thick columns of mucus in this region
(Figs. 4.39, 4.40). Further caudally, but still in the transitional zone, the epithelial
lining was characterised by a lack of ciliated cells and the presence of exclusively
microvillous cells arranged in a "paving-stone" fashion(Fig. 4.41); the latter were
hexagonal in outline, with evenly distributed surface microprojections, the lengths of
which varied from cell to cell (Figs. 4.42). Occasionally cells would be seen lifting off

from the epithelial surface (Fig. 4.43).
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Further caudally, towards the oropharynx, the epithelium was lined by
squamous surface cells. Flattened squames could be seen detaching from the underlying
surface. Only occasional submucosal gland orifices were encountered.

In the transitional and caudal regions of the nasopharynx, the epithelium was
seen to be punctuated by low domes (Fig. 4 44). In the latter region these domes were
characterised by covering squamous surface cells which were arranged in a circular
fashion and had relatively larger apical surfaces than the cells surrounding the dome,
which appeared wrinkled (Fig. 4 44). Within the dome, intercellular pores or fissures
were sometimes found to contain what appeared to be cellular aggregates. In the
transitional zone, where the lining epithelium was made up of both ciliated and
nonciliated microvillous cells, exaggerated fissures between adjacent cells covering the

domes were a common feature (Fig. 4.45).

EPIGLOTTIS.

The epithelial surface of the laryngeal aspect of the epiglottis was composed of
squamous surface cells (Fig. 4.46), and was of a similar nature to that observed in the
nasal vestibule. The flattened squamous cells, bearing apical surface microplicae (Fig.
4.47), were arranged in an irregular paving-stone fashion; a few desquamating cells
could be seen at the surface. Towards the base of the epiglottis there was a tendency for
the mucosa to form transverse folds. Here the squamous cells had a “spongy”
appearance, with the majority of cells exhibiting a wrinkled apical surface carrying
microplicae or microvilli.

The rounded or oval orifices of submucosal glands were seen to be sparsely
distributed across the epiglottal surface (Fig. 4.46).

Taste buds were also often seen. They were characterised by a central pore from
which sensory hairs projected out, and occasional droplets were seen being discharged

(Fig. 4.47).
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VOCAL FOLD:

In most of the individuals examined (13/17), the epithelium lining the vocal fold
was found to be of a squamous type. In these individuals the epithelium was similar to
that seen on the laryngeal surface of the epiglottis, except that the squamous cells were
relatively thicker and most of them carried surface microvilli instead of microplicae.
Occasionally squamous cells with wrinkled apical surfaces were seen to be lifting off
from the underlying surface; these were thought to be dying cells. This part of the
larynx differed also from the epiglottis in that no taste buds were encountered, in spite
of an extensive search of the area. However, submucosal gland orifices were not
uncommon (Fig. 4.48).

In three individuals, flattened polygonal microvillous cells and mature and
regenerating ciliated cellé covered the surface (Fig. 4.49).

The change-over from the nonciliated to a ciliated epithelium was quite abrupt
(Fig. 4.50). In the ciliated portion of the epithelium, a few regenerating ciliated cells
could be seen, characterised by the presence of surface microvilli interspersed between
short cilia of uneven lengths (Fig. 4.51). The ciliated portion of the epithelium had
many ciliated cells carrying dense aggregations of cilia of approximately equal lengths;
these cilia were, however, of relatively short length as compared to those in the nasal

cavity.
INFRAGLOTTIC CAVITY.

At low magnification the mucosa of the infraglottic cavity in all individuals was
seen to form irregular longitudinal ridges separated by deep (Fig. 4.52) or occasionally
shallow gutters (Fig. 4.53). The nature of the epithelial lining of the infraglottic cavity,

however, exhibited a great deal of individual variation. In two of the individuals
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examined, the cranial half of the cavity was covered by a squamous type of epithelium
(Fig. 4.54), while the caudal half was lined by an intermediate epithelium composed of
nonciliated microvillous and regenerating ciliated cells. In three individuals, the cranial
half of the infraglottic cavity was lined by this intermediate epithelium and the caudal
half by a ciliated epithelium with occasional patches of nonciliated microvillous cells. In
four individuals the infraglottic cavity was lined by a ciliated epithelium except for a
narrow cranial zone which was lined by the intermediate epithelium. The majority of
animals examined, (8/17) had an infraglottic cavity lined entirely by a ciliated epithelium
composed primarily of cells bearing tall, slender cilia similar to those seen in the caudal
regions of the nasal conchae. Readily identifiable mucus-producing cells, characterised
by apical protuberances, were infrequently observed.

Submucosal gland orifices of relatively bigger diameters than those seen in the
nasal conchae were frequently encountered in the gutters; in areas where the epithelium

was ciliated, the orifices were surrounded by nonciliated microvillous cells.

Crani rsal trachea.

Under low magnification the dorsal surface was seen to be thrown into high
folds and deep intervening gutters (Fig. 4.55). In most of the individuals examined, the
epithelium covering the folds was extensively ciliated (Fig. 4.56), with only occasional
patches of nonciliated microvillous cells apparent. Nonciliated microvillous cells found
on the folds had slightly raised apical surfaces carrying a dense population of microvilli
of uniform lengths; some cells had short microvilli while others in the vicinity had
relatively taller microvilli (Fig. 4.57). Regenerating ciliated cells, characterised by few
cilia of uneven lengths, were occasionally found inbetween the nonciliated microvillous
cells (Fig. 4.57). Although it was not always possible to visualise the floors of the

gutters due to the highly folded nature of the epithelium, in areas where the floors were
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exposed, there were relatively few ciliated cells, the majority of the cell population being
of the nonciliated microvillous type (Fig. 4.58). These latter cell types, however, were
different from those found on the surface of the folds in that their apical surfaces were
flat or shallow (Fig. 4.59), bearing relatively taller and more sparsely distributed
microvilli; corresponding histological study showed this cell type to be, in all
probability, a mucus-producing cell. Microvillous cells were also observed around
submucosal gland orifices, the latter being infrequently observed, and located in the
exposed portions of the gutters.

A few functional mucus-producing cells characterised by the presence of typical
apical protuberances were observed, primarily on the folds, scattered singly or in pairs

amongst the ciliated cells.

Cranial ventral trachea.

The mucosa lining the ventral surface of the cranial trachea was heavily ciliated
with many irregular depressions giving the epithelium a characteristic surface pattern
(Figs. 4.60, 4.61). In contrast to the dorsal cranial trachea, submucosal gland orifices
were frequently observed opening onto the floors of the gutters. Regenerating ciliated
cells, characterised by numerous microvilli intermingled with few cilia of uneven
lengths, were not uncommon, and were observed amongst patches of nonciliated

microvillous cells.

Caudal trachea.

In general, the lining epithelium of the caudal region of the trachea resembled
that of the cranial trachea. The only noticeable difference under SEM was that, caudally,
fewer patches of nonciliated microvillous cells were seen, especially on the ventral
surface. The dorsal surface, which was still heavily ciliated, remained virtually

unchanged along the entire length of the trachea.
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EXTRAPULMONARY BRONCHUS.

The extrapulmonary bronchial epithelium was similar to that of the trachea in
being ciliated and thrown into folds. Submucosal gland orifices were significantly fewer
in the bronchial epithelium than in the cranial ventral trachea, and were confined to the
gutters, where the density of ciliated cells was much less compared with that on the
fold.

A marked increase in the number of nonciliated microvillous cells distributed
amongst the ciliated cells was noted on moving from the trachea into the
extrapulmonary bronchus. These nonciliated cells were characterised by a relatively flat
apical surface carrying sparsely distributed microvilli. A cell type, identified as a mucus-
producing cell, was characterised by a circular and depressed apical surface covered by
a thin film of mucus (Fig. 4.62). More typical mucus-producing cells with apical

protrusions were occasionally observed, mostly on the fold.

CAUDAL LOBAR BRONCHUS.

The folded ciliated epithelium of the extrapulmonary bronchus continued into the
caudal lobar bronchus. At low magnification the epithelium was again seen to be thrown
into alternating folds and gutters. The depths of gutters were variable; in some areas
they were quite wide and very shallow, whereas in other areas they were relatively
deep. Within the gutters a number of oval or rounded submucosal gland openings were
observed, these orifices being surrounded mainly by nonciliated microvillous cells,
some of which could be seen discharging mucous droplets (Fig. 4.63). The lining
epithelium carried a thick carpet of cilia, being more densely organised on the folds
rather than on the floor of the gutters; the cilia were straight and slender, and had
rounded tips which curved to form small hooks (Fig. 4.64). Scattered, nonciliated

microvillous cells and identifiable mucus-producing cells could be seen between the
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ciliated cells.

In the smaller bronchi, there was a marked decrease in the ratio of ciliated to
nonciliated microvillous cells. In addition, the number of submucosal gland openings
decreased.

In the smallest bronchi, ciliated cells, the cilia of which appeared curved and
entangled with each other, especially at the tips, were organised into small patches

separated by mucus-producing cells (Fig. 4.65).
BRONCHIOLE.

Bronchioles were not readily distinguishable from the smallest bronchi by their
epithelial surfaces; only those bronchioles confirmed as such in fractured specimens by
the absence of cartilage plates in their walls were therefore examined.

Immediately after the bronchioles branched off from small parent bronchi, the
epithelium was found to be composed of a mixture of four readily identifiable cell types,
the ciliated, nonciliated microvillous, mucus-producing and nonciliated bronchiolar
epithelial (Clara) cells. In the bronchioles proximal to terminal bronchioles, the relative
numbers of these cells differed from individual to individual, although in each case
ciliated cells were numerically dominant. Nonciliated microvillous cells were less
numerous, while Clara cells were few in number, and identifiable mucus-producing
cells infrequently observed.

Ciliated cells bore relatively shorter cilia compared to those in the upper
respiratory tfact, and, although cilia formed matted clumps in some individuals, these
cilia frequently appeared relatively straight and slender (Fig. 4.66). Mucus-producing
cells had a rounded, slightly depressed surface with relatively few tall apical microvilli;
their identification was confirmed by the presence of mucus granules, observed in
fractured specimens. Nonciliated microvillous cells had flattened apical surfaces

carrying a dense aggregation of relatively thin microvilli.
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Clara cells presented different shapes and different apical Qurface characteristics,
but were always seen to carry a characteristic surface population of many thick, stubby
microvilli (Fig. 4.67). Some had a polygonal cell surface outline with prominent raised
pentagonal boundaries predominating (Fig. 4.67). The circular cell boundaries of other
cells were not prominent. Clara cells also presented different apical cell surface
characteristics. Some had a flattened surface (Figs. 4.66, 4.68), others a low bulge
centrally, with a flattened periphery (Fig. 4.67). Still other Clara cells had their whole
apical surface raised into a dome projecting beyond the cilial tips; these were especially
obvious in the terminal and respiratory bronchioles (Fig. 4.70). Such dome-shaped
Clara cells became more numerous as the diameter of the bronchiole decreased. In most
cases this dome-like protrusion appeared full and bulging, and carried few short surface

microvilli. Occasionally it was seen to be “withered” and collapsing (Fig. 4.71).
TERMINAL BRONCHIOLE

From the level of the terminal bronchioles distally, there was a marked shift in
ratio of cell types, with an increase in the number of Clara cells, a significant decrease in
the number of ciliated cells, and the disappearance of mucus-producing cells. In these
smaller bronchioles, ciliated cells appeared to carry fewer cilia per cell, these cilia
appearing relatively short and wavy compared to those in the larger bronchioles. In
these regions, Clara cells presenting a dome-shaped apical surface predominated over

those which had a flat, oval apical surface

RESPIRATORY BRONCHIOLE

The presence of respiratory bronchioles arising at the termination of terminal
bronchioles in the goat lung was established at low magnification with SEM. These

were identified as short tubes whose walls were perforated by a number of alveoli (Fig.
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4.69). The epithelium was essentially composed of two cell types, ciliated cells and
nonciliated bronchiolar epithelial (Clara) cells. The latter were the more numerous of the
two cell types, ciliated cells being fewer in number and appearing to be squeezed
between adjacent Clara cells (Fig. 4.70). The cilia of these ciliated cells were short,
ruffled and fewer in number per cell in comparison to ciliated cells of the upper
respiratory tract or trachea, and frequently clumped at their tips (Fig. 4.71). Many
microvilli of variable lengths were intermingled between cilia.

Although Clara cells of variable surface morphologies, such as those in the
proximal bronchiolar generations, were frequently encountered,Clara cells exhibiting an
apical dome-like protrusion were much more dominant in the respiratory bronchioles
(Fig. 4.70). Occasionally, Clara cells presenting a "withered" apical protuberance were
also observed (Fig. 4.71).

At high magnification the junction between the respiratory bronchiole and the
alveolus was seen to be an abrupt one, such that ciliated cells and Clara cells had a

common boundary with the alveolar Type I cellof the alveolar wall (Fig. 4.72).

ALVEOLUS

Alveoli were first observed at low magnification in the respiratory bronchiole as
shallow outpocketings (Fig. 4.69; 4.72) lined predominantly by alveolar Type I cells
characterised by extensive thin cytoplasmic sheets spreading over the alveolar surface,
away from the raised central nuclear region. Thin, slightly raised borders sometimes
defined junctions between two adjacent alveolar Type I cells.

Alveolar Type II cells were round or oval in outline, and slightly raised from the
epithelial surface. The apical surface bore characteristic, densely packed surface
projections in the form of stubby or sometimes thin microvilli (Fig. 4.73). Although the
lengths of the microvilli on the same cell were fairly unifofm, they were seen to vary
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