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ST'M¡,IARY

lftris thesis presenÈ the first detailed account of the submicroscopic

sÈructure of the bronchial tree and lungs of a dolpt,jrn, Tursiops

tm¿ncatus. The dolphin respiratory system is the most highly modified

from the usual mammalian paÈtern of alt the ma¡runals. I consider,

however, that the modifications are within the expressive range

exhibited by marunalian lungs. Further, they are particularly suited

to the marine existence of the dolphin.

The trachea is short but wide. It is completely surrounded by

anastomosing plates of hyaline cartilage embedded in a fibro-

elastic membrane. fhree tlpes of epithelium line the trachea: (a)

proxi-rnaliy there is a transitional tlpe which has an asyrûnetric unit

membrane on its surface cells. This epithelium is similar to the

transitional epithelium of the urinary bladder; (b) most of the

trachea is lined by a stratified col,umnar epithelium wíth micro-

villous surface cells, but no cilia. Proximally the asynunetric

unit membrane extends into the surface ceIls, but disÈally these

cells have a clear apical zone, a mitochondrial zone and a supra-

nuclear organelle zone. This epithelium looks very like gallbladder

epiÈhelium; (c) the distal parts of the trachea and the bronchi

are lined by tlpical respiratory epithelium rdith cilia and goblet

celIs. On the ventral aspect of the larlmgo-tracheal junction there

are tonsil-like lymphatíc collections. Throughout the sr:bmucosa there

are abundant rnucous and serous glands with ducts opening onto the

surface. A rich vascular plexus and, a d.ense internal elastic lamina

complete the submucosa.



The air-conditioning of the inspired air is performed, in the trachea

because of the modifications in the blowhole a¡rd nasal cavities. This

means that the epithelium of the proximal trachea is sr:bjected to the

particte load carried by the air, resulting in an increase at these

leve}s. Protection of the ai::way is provided by the transitíonal

epithelium, ttre flow of secretions from the glands and the tonsil-

like ll'mphaÈic collections in the most dependent parts. Clearance of

the trachea, in the absence of cilia is by gravity and mucous flow

towards the lar1mx. The excess mucus and secretions are removed

during the explosive expiratory phase of Èhe "b}o\r" . In addition '

the trachea must warm and hr:midify the inspired air a¡rd conserve

water from the expired air. The venous plexus and the secretions

from the glands assist with the former, while the microvillous

epithelium Perfot:ns the latter function.

Cartilage is present in the ainrays to their ternrination in the

alveolar ducts. A system of myo-elastic sphincters in the terminal

ai:*rays controls the flow out of the alveoli during the apneustic

phase of respiration and diving. In this segment of the airway there

is also an extensive capillary plexus covered only by squ¿rmous

epithelial cetls. I have called this the respiratory bronchus.

lltre alveolar septum has a thick connective tissue core $tith a

capillary plexus on each surface. The alveoli are lined by tlpical

tlpe I and tlpe II cells. Macrophages are frequently seen on the

surface. The blood-air barrier is reduced to 200 nm in many areas.

During diving the alveoli collapse due to the increasing hydro-

static pressure and air is forced into the bronchial tree. The

alveolar septr:rn folds in the gaps between the capillaries on



complimentary surfêcês¡ thus maintaining the absorptive surface. It

has been shown that dolphins use up to 958 of the inspired oxygen.

I consider that the reduction in thickness of the blood-air barrier,

a¡rd the double capillary plexus are responsible. The main fu¡rction

of the respiratory bronchus is to remove the excess nitrogen which

is absorbed by a counter-current flow, thus reducing the risk of the

"bends" developing after a dive to shallow depths.
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't ALL e?eatuîes thwt haue a bLouhoLe respír'e

and ínspíre, fot, they ane prouíded tLth Lungs "

Az,LstotLe.



I. INTRODUCTION

tì ALL Land anímaLs breathe, qrtd etten some uater animaLs,

sueh as the uVnLe, the doLphin and aLL- the spouting

Cetaeea tl

ArLstotle

Dolphins are air-breathing mammals which spend their entire life

in the water. They are members of the order Cetacea, or whales and

belong to the Odotocete, or toothed whale family. Dolphins range in

size from the harbour porpoise, less than two metres in length' to

the killer wha1e, up Èo nine metres in length. They are found in

oceans and coastal waters around the world and even far inl-and in

the great rivers of Asia, India and Souttt America.

Dolphins and whales have had a special place in the minds of man

for thousands of years. lltrey aPPear 'in some of the earliest rock

carvings; in many myths and legends of coastal dwellers Èhroughout

the worldr and in numerous passages in the bible and other religious

writings (Slijper L962, 1976¡ Alpers 1963; Matthews 1968; Mclntyre

L974). fhere has been increasinçt concern for the biology and

conservation of all animals over Èhe last thirty years, and the

dolphin has featured prominently in this. This concern has arisen in

the case of the dolphin because: Èhe threat of extinction of the great

whales by the commercial fishery of some nationst the inadvertent

slaughter of large numbers of dolphins in the commercial tuna fishery

in the Eastern Pacific Ocean; the rapid increase in the number of

marinelands, aquaria and zoos using these animals for display purposest
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a¡rd the suggestion that dolphins may be intelligent beings and the

subsequent fear that man may exploit this to his own ends (evil or

otherwise). Much of this has an emotional bias associated, with the

priuritive beliefs mentioned above. (See Mclntyre I974i Lilly 1975¡

Greenwood 1976)

The early writers in the field of Cetologry appear to have ignored

Aristotle's description of tt¡e dolphin as a manmal and called them

fish. It was only during ttre last century that dolphins and whales

were generally accepted as air-breathing mammals (see Matthews 1968

and Harrison 1972 for a review of the controversy). Dolphins are

playfut inquisitive creatures in their native envirorunent' and are

often seen cavorting in small grouPs close to the beach. Often all

that is seen is a dorsal fin arching out of the water. When one looks

at the external features of the dolphin it is not surprising that they

t{ere considered for many years to be'fish.

.Do1phins have a streamlined fusiform body tapering from the

thoracic region to the base of the tail. The vertebral column extends

dístally almost to the base of the tail, but proximally a true neck

ís not present and there is shortening and fusion of vertebrae. the

forelimbs have evolved into flippers wittr the usual arr¿rngement of

bones within, while the hind limbs have disappeared completely

externally. The horizontally placed tail flukes have no skeletal

supporÈ consisting only of fibrous tissue. Some species have a dorsal

fin othe::v¡ise there are no external append.ages to break the streamlined

appearance. The ears have been replaced by sma1l orifices between the

eyes and the anterior angle of Èhe flippers. The genital organs are
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placed in slits anterior to the anus' or retained within the body

cavity. The skull is asymmetric and exhibits some degree of telescoping

in most species. The maxillary bones are drawn backwards, the occipital

bones are pushed forewards and the jaws are elongated a¡rd catry teeth.

The nostrils have been replaced by a blowhole whích is situated at the

highest point of the head, just rostral to the frontal bones.

One of the difficulties in accepting dolphins as mammals has been

a satisfactory explanation of their diving ability. This ability to

dive beneath the surface of the water to search for food and to escaPe

from predators was probably the first and one of the most important of

ttre adaptations which permitÈed the terrestrial forebears of the modern

dolphins to return to the water. Most ma¡unalsr ¡tlan inclusíver ârê

r¡¡rabte to endure submersion for more than a few minutes because of lack

of oxygen to the vital tissues of the brain and heart. ì{an through his

ingenuity, has overcome this problem by taking hís air supply with

hín., A great variety of devices have been developed for this purpose

in recent years but with them has come an increase in the complications

Of diving such as "CaiSSon" disease, or rrthe bends", and a variety

of other problems. The dolphins on the other hand carry onty the air in

their lungs when they dive - stay sr:bmerged for long periods - return

to the surface - take a few breathes a¡d dive again. Al1 without

apparent ill-effects.

The physiological and anatomical adaptations necessary in diving

manrunals have been more than adequately reviewed in recent years

(Harrison and Tomlinson 1963;Scholander 1964¡ Andersen L966, Andersen

1969¡ Harrison and Kooyman I97I; Ridgway L972). The problem associated

with deep diving have also been extensively reviewed (Kooyman and
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Andersen L969¡ Kooyman 1972, 1973). I will not attempt to precis

these accounts but would like to point to some interesting observations

before proceeding with an account of the mammaliar¡ lung in general

terms and the ilolPhin lung.

prolonged breathe holding is essential for successful diving in

a¡y air-breathing animal. Cessation of breathing results very quickly

in a deficiency in the amount of oxygen available to the vital areas

of the brain and the heart. Ttris is accentuated by the muscular

activity which goes with diving. It has been shown that there is a

marked reduction in aerobic metabolism in all marine mammals during

díving, which is a marked distinction from their usual metabolic rates'

which are generally higher than terrestrial mammals of the same size

(Scholander 1940, Lg64; Andersen 1966; Ridgrway L972). The reduction in

aerobic metabolism is due to a change in ttre distribution of the blood

supply which is caused by the diving reflexes with bradycardia and

shunÈing of the blood to vítaI areas (Scholander 1940, 1964; Andersen

L966¡ Elsner 1969); there are insufficient oxygen stores in the body to

sustain aerobic meÈa-bolism for the whole duration of tlle dive, and

there is good evidence that the oxygen stores in the lungs are not

available to the blood during the dive due to collapse of the alveoli

and sequestration of the air in the tracheo-bronchial tree (Irving 1939;

Scholander 1940, Lg64; Andersen 1966; Kool¡man and Andersen 1969; Kooyman

L973¡ Ridg1ray L972). It is true however, that there are additional

stores of oxygen available to the muscles in the form of myoglobin, but

these are soon exhausted and are not capalcle of replenishment until the

circulation returns to normal on completion of the dive.
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In ttris thesis I have used the term dolphin as a general term to

inclu.de aII of the members of this group, incJ-uding Killer whales,

Ìrcinus orcaì Pilot whales, GlobicephaLa meLaena, G. seønoní; and

mernbers of the following species z Lagerørhynehus, TUrsiops, SteneLla.

Where I have intended only a particular species be referred to, I have

included its generic name. There is still some debate concerning the

classification of ttre Cetaceans (see Gaskínl972; Ridgway 1972¡

Mitchell L975 for details), and I have chosen this method to refer to

a group of animals which have similar structural and fr¡¡rctional

characteristics with respect to their respiratory systems.
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2-r

2-2

TI¡E MAMMALIAN RESPIRATORY SYSTEM

Introduction

The mammalian respiratory system has traditionally been

divÍded into three zones: (1) ttre conducÈing zonei Q) the

intermediate zone; (3) the respiratory zone.

The components of tJ:e three zones are:

(I) The conducting zorrei the nose and nasopharlmxt the lar1mx;

the trachea; the right and left main bronchi; the

secondary, or lobar bronchi; the tertiary, or segrmental,

bronchi and their branches.

(21 The intermediate zone: the terminal bronchi; the

bronchioles; the respiratory bronchioles; the alveolar

ductst and the alveolar sacs.

(3) The respiratory.zone: the alveoli.

Not all the components are present or well developed in every

species, and even within spgcies there may be considerable

variation. Tller Çt aI (1971) have attempted a classification

based on the fr:nctional unit of the lung, but at this tine it

is still very general. My main aim in this work is to discuss

the microscopic structure so I will not consider the sub-

divisions of the respiratory system at the mâcroscopic level

any further.

The microscopic structure.

The microscopic structure of the respiratory system is now well

known a¡rd is described in many textbooks and reviews (see Krahl

L964¡ Nagaishi l-97L¡ Sorokin L973¡ Rlrodin L974¡ Murray L976¡ Eo

mention only a few). I will discuss the structure of the nose,
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nasopharynx and the larynx in the section on fr¡nctional

aspects. I will therefore conmence a review of the current

concepts of ttre microscopic structure of ttre respiratory

system with the trachea.

2-2 A The Trachea.

The wall of the trachea is composed of: mucous membranei

sr¡bmucosa; tunica fibro-cartilaginosa; and the adventitia

(x¡ant 1964) -

2-2 A-]- The mucous membrane.

The mucous membrane consists of: the epithelium; a prominent

basement membrane; and the lamina propria'

(a) the ePithelium-

The epithelium was first described in detail by Kolliker

(1853 and again in 1881) and by Miller (1932) as a

pseudostratified, ciliated, columnar epithelium with

goblet celIs, forrt cell tlpes are described by light

microscopy: basal cells; ciliated cells and goblet cells.

The first transmission electron microscopic (fEI'{) studies

of ma¡unalian Èrachea were by Rhodin and Dalhmann (1956)

using the rat. Ttre first scanning electron microscopic

(SEM) studies lvere on the ra-bbit by Holma (1969) '

Since these early descriptions most laboratory animals,

many of the larger animals, many of the primates, and man

have been described. The following is a tist of many of

' the descriptions: the Rat (Rl¡odin 1959 TEM; Andrews 1974

TEl,[ and SEM; Alexander et aI 1975 TEM and SEM) ; the Mouse
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(Hansell and MoretÈi 1969 TEM; Greenwood and Holland' L972

ssM); the Guinea piq (Dahlgren et a1 L972 lEM and SEM);

the Hamster (Harris et aI 1971 TEM; Port et aI 1973 SEM);

the Rabbit (Hitding and Hilding 1966 TEM; Konradova 1966

TEI'Í ; !'Iang et al L972 mM and SEI[) ; the Dog (Frasca et al

1968 a TEM; Groniowski et al 1972 sEM),; cat (Rtrodin

1974 TEM); the Bat (Sorokin 1973 fE¡4); the Cow (Mariassy

et al 1975 sEM); the Horse (Ðzler et aI 197I TEM and sEM);

Non-human i:nates (Greenwood and Holland 1972 SEM; Rtrodin

1974 TEM); and Human (Rhodin 1966 TEM).

It is nold generally agreed that at least six cell tlpes may

be present in the epithelium of the marmnalian trachea (Krahl

L964¡ Sorokin 1973¡ Rtrodin L974). The cells are: ciliated

cells; goblet cells; basal cells; intermediate cells; brush

cells; and small granule cells.

The ciliated ceII is the rrost numerous ceII seen in the

epithetium. In LM preparations and low power TEI"I the ovoid

nuclei of these cells occupy varying heights within the

cells, giiing Èhe appearances of a stratified epithelium.

llhey are columnar in shape tapering below the nucleus to

extend thin processes betrreen the basal cells to reach the

basement membrane. A featr:re of this epithelium is that all

cells, with the exception of the occasional wandering

leucocyte, have attachments to the basement membrane.

Nr.¡nerous mitochondria, a prominent Golgi colrrplex, some

profiles of endoplasmic reticulum' In¿my free ribosomes
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a¡d some lysosomes occupy the supra-nuclear region of the

cell. Slender microvilli 0.8 to 1.0 pm long and cilia up

to 5.0 ¡rrn in length project from the luminal surface of

the celI. The basal bodies of the cilia are situated

inunediately beneath the plasma membrane in close proximity

to the mitochondria. Each cilíum has the typical 9+2 micro-

tubular structure (Satir 1974). It has been estimated that

each cell has about 25O cilia (Krahl L974), however, recenÈ

SEM studies suggest that the actual nr:mber is very variable

(Andrews 1974). Near the luminal surface the cells are

attached by tight junctions, but deep to the surface the

lateral plasma membrane has numerous plications and inter-

digitating processes joined only by occasional desmosomes.

The gobleÈ cells are typical of those found elsewhere in

nammalian tissues (Rtrodin L974). They are flask-shaped cells

with the nucleus towards the base of the cells. The luminal

portíon of the cell is usually packed with mucus droplets

whích sometimes coalesce. Microvilli 0.4 x 0.I2 pm with a

prominent filamentous coat are aggregated around the

periphery of the cell. These cells are the most variable

of the epithelial cells in theír appearance, often being

empty, or in one or other of their secretory phases.

The basal cells are small polygonal cel1s resting on the

basement membrane. The nucleus is rounded, fairly densely

staining and, surrounded by scanty cytoplasm containing few

organelles. The cells are attached by prominent half

desmosomes and associated bundles of tonofilaments to the
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basement membra¡re.

lltre intermediate cells are pyralrid.al cells with a broad

base, which may rest on the basement ¡nembra¡re, or send

processes between the basal cells, and a¡r apex wed'ged.

between the goblet cells and t?re ciliated cells. The

round. to ovoid nucleus is usually sÍtuated above the level

of ttre basal cell nuclei a¡rd is paler staining- The cyto-

plasm generally contains many free ril¡osomes and tonofila-

¡rents. Transitional stages are observed, where the cells

take on some of the ctraracteristics of the goblet or

ciliated. cells.

Ttre bfustt- cells are most frequently seen in rodentsfsorokin

L973¡ Rhodin !9741 but are occasionally seen in ottrer

na¡mals. They are co\¡¡n¡rar cells with. numerous microVilli

up to 2.O x 0.2 pm, containing prominent central filaments.

Oth.er cells, which have been called. brush cells, probably

represent d,eveloping ciliated. or goblet cells.

fhe small granule cells occupy a basal position and are

so naned because they contain many smallrd,ense:core,

granules 100 to 200 pm in d.ianeter. Tfaese cells resemble

enterochromaffi¡r. cells a¡rd have been described in the uPper

part of the mouse tracheatEricson et al L97L¡ Sorokin 1973)

and al-so in tlre bronchi of rnarry species fLauweryns and.

Peuskens L972¡ Lauwerlms et al L972' L973, L974¡ Tersakis

et al ]972I.
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Às well as these six,resident ce1ls, wandering laucocltes

have also been described (xent 1966). L1'mphocytes are the

most frequently seen but p]-asma cells and mast cells are

often seen.

There is still some disagreement between the sEM and TEM

descriptions because of the difficulty of recognising cells

whic.h are not typical ciliated, goblet or brush cells. The

ciliated cells are easily recognised by the clearly visible

cilia protruding from the surface. Andrews (L974) has des-

cribed three tlpes of microvillous cells; goblet cells with

smaller peripheral microvilli interconnected by fine strands

a second type with a dense population of microvilli I x 0.0(

p:m rwithout a prominent filamentous coat, but with occasion¿

cilia emerging from the surfacet and brush cells with a

dense population of longer and wider microvilli 1.5 x 0.17 
¡l

Alexander et aI (1975) described only four tl4)es of cells iI

the rat: ciliated; microvillous; brush; and goblet cells in

that order of frequency. Greenwood and Holland in the mouse

(L972) and non-human primate (1973) descriSed only ciliated

and microvill0us cells. These differences will no doubt be

resolved during the next few years. Several species

differences have been described within each cell ty¡re, but

they are generally of degree rather than subsÈa¡ce.

Neuronal processes are also seen within the epithelium but

no definite nerve endings have been identified (Rtrodin and

Dalhmirnn 1956¡ Rhodin L966¡ Sorokin L973¡ Castleman et aI

1975).
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l5
(b) The basemenÈ membrane.

The basement membrane is prominent in all species which

have so far been exa¡nined. It consists of a basal lamina

and a thick, dense network of collagenous and reticular

fibres which is continous with the lamina propria.

(c) The lam-i-na propria.

lltre lamina propria consists of two layers; an inner layer

which is relatively narrow contains a plexus of thin-walled

bloodvessels and. wandering leucocytes; the outer layer is

thicker and consisÈs of longitudinally running elastic

fibres. This layer of elastic tissue extends from the

lar1mx to the termination of the bronchi and is often called

the internal elastic lamina.

The submucosa.

The submucosa lies between the internal elastic lamina and the

tr¡nica fíbro-cartilaginea. It varies in ttrickness and is thinner

where it is applied to the cartilages and thicker between the

cartilages and dorsally. This layer consists of loosely

organised connective tissue containing plexuses of blood

vessels, nell¡es, lymphatics and the bodies of the tracheal

glands.

(a) Tracheal glands.

The nrost important component of the submucosa in most

- ma¡ma1s is the tracheal glands, which a:e located

principally in intervals between the cartilages. The

glands open onto the surface through ducts which are
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arranged in grooves beÈween the cartilages ($lang et al

L972). Dorsally however, the bodies of the glands lie

external to the trachealis muscle and their ducts open

into longitudinal furrows in the mucous membrane- The

glands vary in nu¡nber and complexity in different species

but. there is general agreement that the glands are compound

tubulo-acinar with mixed mucous and serous elements ' (Goco

et al 1963; Krahl 1964¡ Sorokin L973¡ Rtrodin L974).

1þs mucfrF.: secreting cells are tlpical pale-staining cells

containing membrane-bound droplets which tend to coalesce

near the luminal sr¡rface (Bensch et al 1965; Sorokin 1965;

Meyrich and Reid 1970).

The serous secreting cells are more pleomorphic and darker

staining than the mucous cells. They contain secretion

granules of varying electron-density ar¡d size. f\pical

myoepitheliat basket cells surround the acini between the

secretory cells a¡¡d the basement membrane.

Another cell tlpe' the Kultchitsky ceIl or argentaffin

cell, which contains small dense granules has also been

described (Bensch et al 1965; lleyrich and Reid 1970).

The ducts of ttre glands are lined by cuboidal to eolumnar

epithelial cells which in some animals (sorokin 1965;

Meyrick et al 19b9) appear to have a secretory ro1e. Near

the openings, the ducts are often lined by tlpical

ciliated epithelium with goblet cells.

Nen¡e plexuses are frequently seen surrounding ttre acini
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a¡1d nunerous l]¡'mphocytes and plasma cells are also for¡¡rd.

2-Z A-3 The tunica fibro-cartilaginosa, or fibrocaf.til-aginous membrane.

This layer is made up of two parts; the paries annulatus or

ventral three-fifths and the paries membra¡rosa or dorsal two-

fifths.

(a) Paries annulatus.

The paries annulatus consists of generatly u-shaped hyaline

cartilages embedded in a dense outer fibro-elastic membrane.

This membrane consists of mainly longitudinally running

elastic fibres which are particularly prominent at the

dorsal tips of the cartilages (fratrt 1964) '

(b) Paries membranacea.

The paries membranacea consists of transverse and obliquely

oriented smooth muscle fibres connecting the cartilages.

In man the muscle is inserted into the perichondrium at

the tip of the cartilages; in carnivora the attachment is

onto the external aspecti and in ungulates and insectivores

the attachment is to +-he internal aspect (Miller 1947) -

2-2 A-4 The adventitia.

The adventitia is a layer of loose connective tissue rich in

blood vessels' ne¡r/es and llzmphatics which is external to the

fibro-cartilage layer and continuous wittr ttre fasciae of the

neck.

2-2 B The Bronchi.

The bronchi are gener¿lIy divideil into extra-pulmonary and

intra-pulmonary bronchi. Proximatly the extra-pulmonary bronchi

have the same structure as the trachea, while distally they
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show a transition to the intra-pulmonary pattern.

Ítre intra-pulmonary bronchi are usually subdívided into three

groups: secondary or lobar bronchi; terÈiary or segmental

bronchir and branches of tertiary bronchi (Rttodin L9741 i ori

large; medium; and snall bronchi (Krah1 1964) . The principal

differences between the groups are of degree and size so that

for the purposes of ease of descripÈion I have combined the

three groups together and will consider their structure under

the same headings as the trachea.

The mucosa.

(a) The epithelium.

The epithelium lining the larger bronchi is very similar

to that in the trachea, namely pseudostratífied ciliated

columnar epitheliurn with goblet cells. The goblet cells

are relatively more numerous in the smaller bronchi. The

epíthelium becomes thinner, the basal cells less numerous

and eventually there is a simple columnar ciliated

epittrelium with numerous goblet cells (Rtrodin L974¡

Castlemar¡ et aI 1975). SmaII dense-core vesicle cells are

relatively more frequently seen. Neuronal processes are

also more frequently found.

(b) lfhe lamina propria

lltre lanina propria becomes relatively more prominent in

_ the smaller bronchi, consisting of a rich capillary

network and loose connective tissue.

The internal elastic lamina is thicker and produces

prominent longitudinal folds in the relaxed state.
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2-2 B-2 The sr¡bmucosa.

In the bronchi the submucosa contains the muscularis which in

the trachea is confined to the dorsal waII external to the

sr¡bmucosa.

(a) The muscularis.

The muscularis is arranged in a geodesic network completely

encírcling the bronchi (Macktin 1929). Intertwining with

the muscle fibres and also forming a geodesic network, is

the connective tissue framework of the lung (Krah1 1964) -

Radially running elastic fibres ca¡t be found connecting the

perichondrium, or the outer elastic membrane, to the inner

elastic membrane in the lamina propria.

(b) The glands.

1rhe glands become more numerous in the medium sized bronchi

but gradually decrease in number after this point. Glands

are not found in the bronchioles-

2-2 B-3 The fibro-cartilaginous membrane.

l¡he hyaline cartilages which are U-shaped in the larger bronchi

become irregular plates in the smaller bronchi. Around the

bifurcations they form saddle shapes with longitudinal

connections. Sections of the smal-lest bronchi often shows only

small portions of cartilage in tt¡eir walls.

2:2 B-4 The adventitia.

l{hen the bronchi enter the hilum of the h.rng the adventitia and

the outer elastic membra¡e become continuous with the fibrous

framework of Èhe lung. This layer is now called the peri-
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bronchial tissue. It contains the bronchial vessels and is

continuous with the layer surrounding the pulmonary vessels.

The bronchioles.

The bronchioles are the smallest division of the conducting

zor,e. The defínition of "when is a bronchiole a bronchiole" is

still somewhat confused but. it is generally accepted that a

bronchiole has NO cartilage in its walls, no glands, and is

less than I run in diameter. It is the size of a bronchiole

about which there is much debate and I shall return to this

later. A bronchiole generally also has a well developed

circular muscle layer.

The mucosa.

(a) The epithelium.

The epithelium found in the bronchi gt"ao.tty changes from

a simple columnar ciliated tlpe with some goblet cells to a

siurple cuboidal ciliated with "non-ciliated" cells. The

bronchiolar epithelium was first described by Kolliker

(1881) who found ciliated cr¡l¡oidal and non-ciliated cuboidal

cells. C1ara (f937) repeated these obse:rrations and

described granules in the non-ciliated cell-s. These cells

a.tre novü generally referred to as Clara ceIls (Krahl 19641.

The Clara cetl has been the subject of numerous TEM invest-

igations, most of which have been on rodents. Ttris has led

to much debate, not only about the structure of these cells

but also about their function. In the mouse, the Clara ceIl

has a bulbous apex protuding well above Èhe ciliated cells

(Karrer 1956; Niden and Yamada 1966; Niden L967¡ Okada l-969t



21

Petrik and Collet 1970 a; 1970 b; Wang et al l97L¡

Etherton et aI 1973¡ Parkinson and Stephens 1973). This

bulbous portion of the celI contains whorls of concentric

lamellae of smooth endoplasmic reticulum, usually

surrounding mitochondria, and some secretory granules

containing amorphous material. One or sometimes two

prominent Golgi zones are found in the supranuclear region.

The surface of the cell has no microvilli. In the rat the

apex of the Clara cell is bulbous or dome shaped, with a

few microvilli projecting above the ciliated cells. The

cytoplasm contains well cleveloped secretory granules,

whorls of smooth endoplasmic reticulum and ovoid

mitochondria (Askin and Kuhn L97L¡ Gil and !{eibel L97I¡

Kr¡hn et aL L974; Smith et aI 1974¡ Kuhn and Callaway 1975¡

Jeffrey and Reid 1975).

SimíIar appearances have been described for Clara cells

in the following specíes: pigs (Baskerville I970a' b);

rabbits (Cutz and Conen 1971); and bats (Sorokin 1973).

In horses (Tyler et aI 1971); non-hr:man primates (Rtrodin

L974¡ Castleman et al 1975); and humans (Watson and

Brinkrnan L964¡ Jarkovska L97A¡ Basset et al L97L¡ CuÈz

and Conen L97L¡ Rosan ancl Lauweryns L972) the Clara cells

do not have such pronounced bullcous projections' but they

do contain very densely staining secretory granules and have

microvilli on their apical surface.

The SEM studies have confirsred ttre IEM appearances in the

species so far examined: mouse (Okada L969¡ Parkinson and
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Stephens 1973); horse (Tyler et aI 1971); cow (l4ariassy

et al L975) ; non-human primaÈes CaStleman et aI 1975) ¡

human (Ebert and Terracio 1975).

The ciliated cells are similar to those in the trachea and

need no further descriPtion.

At least tt¡ree other cell tlpes have been described in the

bronchial epithelium:- wa¡rdering white blood cells, also

called globu]-e leucocytes (Kent 1966); brush cells (Sorokin

L973¡ Rhodin L974), and small granule cells or Kulchitsky

celts (see above). These cells do not differ significantly

from those in the trachea and will not be described again.

Some authors have described neuro-ep ithelial bodies in the

bronchiolar epithelium (Bensch et al 1965; Lauweryns and

Peuskens 1972¡ Lauweryns et al L972, L973, 1974¡ Cutz and

Conen L972¡ Hung et al 1973 a; Castleman et aI 1975). These

bodies are Èhought to be receptors' possibly chemo- or

pressor- receptors (Hirsch and Kaiser 1969¡ Comroe L974).

Basement membrane.

The epithelium rests on a thin basement membrane-

Lamina propria.

The lamina propria consists of a narrow band of fine elastir

fibres and collagen fibres containing few celIs.

submucosa.

Muscularis.

The muscularis is a prominent bundte of predominantly

spirally nmning smooth muscle fibres proximaJ-ly'
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but becomes broken up into an incomplete spiral in the

smallest bronchioles.

The adventitia.

The adventitia is thin and continous with the framework of the

strucÈures in the intermediate and respíratory zones.

rHE INTERMEDIATE ZONE.

This zone derives its name from its position between Èhe

conducting and respiratory zones and because its structures

show a transition between the two zones. It is composed of:

terminal bronchioles; respiratory bronchiolesi alveolar ducts;

and alveolar sacs.

The terminal bronchiole.

The structure of the terminal bronchiole has been described in

the previous section. As its name suggests, it is the last of

the true bronchioles and gives rise to from one to three or

four respiratory bronchioles. The area of the lung supplied by

a terminal bronchiole is generally ca1led the primary lobule

or acinus (Green L973¡ Kilburn 1975).

The respiratory bronchiole.

Íhe respiratory bronchiole is so named because alveoli arise

directly from its walls as outPouchings, as well as from its

termination.. It is thus the first area in which gas exchange

is possible. The wall of the respiratory bronchiote consists

of_pillars of smooth muscle and connective tissue, between the

openings of ttre alveolar ducts, alveolar sacs and alveoli,

covered by an epithelium of ciliated cells and Clara cells.
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Despite its seemingly insubstantial wall, the respiratory

bronchiole is one of the most important sites of airway

resistance (See Comroe 1974 f.or a review). The respiratory

bronchiole may divide several times before terminating by

giving rise to up to four alveolar ducts.

Alveolar ducts and alveolar sacs.

These two components of the intermediate zone have a very

similar structure consisting or- a framework of connective

tissue pillars, with a few srnooth muscle fibres, covered by an

epitheliun of cuboidal cells or squamous cells. The SEM has

demonstrated the arrangement of the intermediate zone ín a $¡ay

that was only possible previously by reconstruction techniques

(Kuhn and Finke L972¡ !{anq and Thurlbeck L97O¡ Nowell and

Iyler L97l¡ Castelman et al 1975). All of the structures are

important in the control of air flow patterns.

TIIE RESPIRATORY ZONE.

The alveoli.

The alveoli vary considerably in size and shape between and

within species. Macklin and. Hartcroft (1943) reported a range

of diameters of:- 38.7 F* in the mouse to 166 ¡rm in humans-

Tenney and Re¡runers (1963) a¡rd more recently lrleibel (1973) , have

related alveolar size,and, in particular alveolar surface area'

to oxygen consumption in a series of logarithmic equations or

allometric relaÈionships. It has also been shown that the shape

of alveoli varies according to the following:- (a) the degree

of inflaÈion (Kuhn and Finke 1972¡ lrleibel et aI L973¡ Weibel

L973, (b) the method of fixation (K1inge1e and Staub 1970;
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Kuhn and Finke L972¡ weibel 1973); (c) Èhe region of Èhe lung

sampled (SiegwarE et al L97L¡ !{eibel L972) -

The walls of the alveoli consist essentially of a capillary

network supported by a fibrous tissue framework. In 1953 Low

demonstrated for the first tjme that epithelium lined the

alveolar septum. Bertalanffy (1964) and weibel (1971) have

reviewed the early literature and I will not attempt a precis.

The alveolar septum consists therefore of:' the alveolar

epithelium; the capillaries; and the interstítial tissues.

The alveolar epithelium.

This consists of three ceII tlpes resting on a basement membrane.

(a) ÍYpe I cells (cellula respiratoria)

This cetl has also been called variously: the small alveolar

cell; the squarnous epithelium cell; type I pneumonocyte

(pneumocyte); type A ceII; tlpe 1 ceII; membranous

pneumonocytet and many others. I will use the term type f

cell. This cell has the largest surface area of any of the

epittrelial cellsin the lgng. Its thin cytoplasmic Processes

often extend for 50 J¡m or more from the nucleus and may

appear on the surface of two or more alveoli (Weibel l97L;

Fanning unpublished data).

The nucleus of the cell is often d.ifficult to locate but is

usually for¡nd in a nichebetween capillaries. The perinuclear

cytoplasm contains a few mitochondria, a Golgi complex and

some profiles of endoplasmic reticulum. The thin lateral

extensions of the cell may be onty 0.2 ¡rm and contain some

ribosomes and pinocytotic vesicles. Adjacent cells are
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joined by tight junctions.

The cuboidal epithelium (cellula magna).

T\ro types of cuboidal ceIl have been described; the

tlpe II and tlpe fII cell. These have been variously

called:- the great alveolar cell; septal ceIls; alveolar

cells; type B cells; specific celIs; and other names.

(b) Type II cell.

This is by far the most numerous of the cuboidal cells and

has been found in aII mammalian lungs (Sorokin 1967 and

L973¡ Kikkawa and Spitzer 1969; Belton et aI L97I¡ Smith

et aI L972¡ Rtrodin L974). These cells occur in groups of

tvto or three, usually in the niches in the alveolar waIl.

The characteristic feature of these ce1ls is the presence

of osmiophilic lamellated bodies also called cytosomes.

These cytosomes vary greatly depending not only on methods

of preservation but also on the species (Kikkawa and Spitze:

L969¡ Schock and Pattle 1973). In optimally fixed

specimens the cytosomes contain whorls of regularly spaced

lamellae (Weibel 1973). Freeze fracture studies and

histochemical methods suggest that they contain phospholipir

The cytoplasm also contains mitochondria; free ribosomes;

a few lysosomesi some granular endoplasmic reticulum;

multivesicular bodies and a Golgi complex. These cells are

_ 
attached to adjacent type I and type fI ceIls by tighÈ

jrrnctions and desmosomes.

(c) Type III celIs.

The type III ce1ls, also called brush cells, were first
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described by Meyrick and Reid (1968), and later by Luciano

et al (1969). They are not seen very often in lungs other

than of rodents (Weibe1 1973). The type III ceIl presents

a small apical surface covered by 0.2 pm micrívilli with

blunt ends, containing bundles of fine filaments which

extend down into the cytoplasm. The lateral borders of the

cells are covered by the type I and II cells. The

distinguishing feature of ttrese cells is that they contain

no osmiophilic lamellated bodies. The cytoplasm contains

numerous glycogen granules and elongated mitochondria.

These cells resemble the brush cells seen in the trachea

(Rtrodin and Dalhamn 1956; Luciano et aI 1968) -

The epithelium rests on a basement membrane which fuses

with Èhat of the capillaries in the thinnest portions of

the blood-air barrier.

The pulmonary capillary network.

The capillaries form a very dense network in the alveolar

septun. They are lined by non-fenestrated endothelium- The

organelles are confined to the perinuelear region of the cell

and consist of mitochondria; a Golgi comPlex; and some profiles

of endoplasmic reticulum. The attenuated lateral processes of

the endothelial cells which contain only pinocytotic vesicles,

may be only 2O nm thick. fn some areas the basemenÈ membra¡res

of _the epithelium and endothelium fuse and in these regions the

blood-air barrier may be only 0-l to 0.3 ¡rm thick, consisting

only of epithelial and'endothelial processes seþarated by fused'
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basal laminae. The thinnest areas of the barrier are seen more

* frequently in the smaller animals (wei¡el 1973). True pericytes,

as defined by Rtrodin (1968) are rarely seen in the 1*g;

however, nrany,thin branching cell processes "t" dä"r, in the

basement membrane. Vleibel (Lg74) has recently discussed this

andconsidersthatmanyoftheseareinfactprocessesof

PericYtes.

2-2 G-3 The interstitial tissues.

The interstitiat tissues are in fact the alveolar septum- This

connective tissue framework consists of bundles of collagen

and elastic fibres running between the capillaries. The bundles

are connected to the fibrous framework of the intermediate and

conducting zones (rratrt 1964). Sobin and his co-workers have

proposed a model for the structure of the sePtun called the

sheet-flow model (sobin et al 1970, L972¡ Rosenquist et al 1973)

They consider that the septum is not unlike a "parking garage

with floor, ceiling and inter-running support posts". Ryan

(1969, 1973) however, suggests that the foetal pattern of two

separate networks with support posts between them is more

probable. Fibroblasts are infrequently seen in the septum' but

many celI processes are seen, many of which probably belong to

fibroblasts. occasionally other wandering cells, macrophages

a¡rd blood ce1Is, are seen, together with an occasional masÈ cel.

Nerve fibres have also been descrj-bed in the septrxr (Meyrick

and Reid L97L¡ Hung et aL 1972, 1973 b).

2-2 G-4 Alveolar macroPhages.

tvlacrophages arê found not only in the septum' but also on the
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surface of the alveoli and bronchioles and higher up the

respiratory tract. The origin of these ce1ls has been the source

of much debate in recent years (see Bowden 1971 for a review) -

These cells have the same st:rrcture as macroPf¡agðå elsewhere

in the body (Sorokin 1973¡ Rtrodin L974).

Pores of Kohn.

The pores of Kohn are inter-alveolar connections first describe<

by Kohn in 1893 (see Cordingley 1972). There has been much

debate as to whether they occur in normal lungs. This problem

has now been resolved (Cordingley L972; Weibel 1973). The best

demonstration of Èhe pores however, is seen in the SEM (fuhn

and Finke L972¡ Nowell and fller L97L¡ Wang and Thurlbeck 1970)

The Pleura.

The pleura is the investing coat of Èhe lung. It consists of

two parts, a visceral and a parietal layer. I will consider only

the visceral layer.

(a) the visceral pleura.

fhe visceral pleura consisÈs of mesothelial surface cells

covering a connecti¡¡e tissue layer of varying thickness

containing btood-vessels and lymphatics' Ttre mesothelial

cells wittr prominent microvilli in the perinuclear reg'ion-

Most of the organelles are accumulated in this region

while the thin lateral processes contain mainly pinocytotic

vesicles. The cells are joined by tight jr:nctions. The

mesothelir:¡r is separated from the connective tissue by a

basement membrane.
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(b) the connective tissue.

The connective tissue of the pleura contains collagen and

elasÈic fibres, fi-broblasts, blood vessels, lymphatics and

occasional smooth muscle ceIls. It is continúåus with the

framework of the subpleurat a1veoli. Attempts have been

made to relate the structure and thickness of the pleura

to the structure of the lung in different animals, but no

defínite conclusions have been reached (McLaugh1in and Tyler

196l a, b; Tl¡Ier eÈ aI , L97I) .

Lymphat,ics.

Lymphatics in the lung are confined to the peribronchial

perivascular and subpleural connective tissues (l(rahl L964¡

Nagaishi L97L¡ Sorokin L973¡ Rhodin L974¡ Murray 1976). No

llmphatics have been found in the adult ma¡runalian alveolar

septum, but they have been observed. in foetal lung (Lauweryns

1971) .

Functional Relationships.

In this section I will discuss some of the functional relation-

ships which have a structural basis and which may be modified

ín the dolphin lung. The mammalian respiratory system performs

two main functions:- (a) respiratory (see Comroe L974 for a

review) r and (b) non-respiratory rnainly metãbolic (see Heineman

and Fishnan 1969 for a review). The epithelial lining of the

respiratory tract is the largest epithelial surface in the body

exposed to the environment. There is an elaborate d.efence

mechanism in the respiratcry system to protect the delicate

epithelial ceIls, particularly those in the alveo1i, from
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noxious agents in the inspired air. This defence mechanism

consists of two parts:- (a) air-conditioning or warming and

hurniCi-fying; (b) filtration and cleansing.

Air-conditioning.

The principal function of the upper respiratory tract in all

mannnals is the air-conditioning of the inspired air so that

the air which reAches the alveoli is fully saturated wiÈh water

vapour a¡d at body temperature (!{atker et aI 1961; Comroe L974).

The nose, nasopharynx and oropharynx are generally regarded as

the sites of the airconditioning. The nasal cavity is the

principal site of the conservation of heat and water with its

extensive mucosal area over the turbinates. The average adult

hurian, under normal conditions loses 250 nI of water and 350

Kcal of heat per day. This will of course vary depending on the

prevailing conditions. In some abnormal situations such as

hlperventilation, fever, during anaesthesia and after

tracheostomy, there may be excessive heat gained or lost' and

the epithelium may become desiccated-

Filtration and cleansing.

Filtration is performed by two methods in the nasal cavity,

one is mecha¡tical by rneans of the hairs in the vestibule, the

other by precipitation caused by air flowing around the

turbinates and causing eddy currents. The particles removed

by both methods are trapped then in the mucous covering of the

epithelium and transported to the oral cavity by the action of

the cilia, or expetled by sneezing.
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Cleansing of the lower respiratory tract.

cleansing of the lower respiratory tract is also performed by

two methods, one is by the muco-ciliary escalator after

deposition of the parÈicles either by gravity or''üurbulent flow

and the other is by phagocytosis of the deposi-ued particules by

macrophages in the ai:rvrays and the alveoli. These mechanisms

are a very important part of the defence and have been the

subject of much research and excellent revie\^rs are available

(Morrow 1973¡ Green 1973).

An important part of the cleansing mechanism, whether in the

nasal cavity, bronchial tree or alveoli is the surface lining

Iayer. This lining layer varies depending upon the region being

iniestigated. In the uPper respiratory tract it appears to

consist mainly of mucus and to be principally protective, while

in the small airways and alveoli it is composed of "surfactants"

and appears to be important in maintaining the patency of both

air*rays and alveoli (see scarPelli 1968i Comroe L974¡ Murray

1976 for reviews).

The mucuous lining of the bronchial tree consists of two parts:-

a viscous surface layer; and a less viscous deeper layer (Dalfun¿

1956; Krahl 1964). The cilia beat in the less viscous layer'

or hlpophase, propelling the more viscous surface layer towards

the mouth. Until recently it had been assr¡med that all of the

mucus produced in the bronchial tree and, lung was removed eithe:

by coughing, sneezing or by swallowing. Recent evidence $¡ggests

that not all of the secretions are removed by this method
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because the flow rates necessary t-o achieve this in the trachea

would need to be about eight times the rate in the bronchi. The

observed rates in the trachea are in fact only twice those in

the bronchi and it has been suggested that water'ì." 
"lr=orbed 

frc

the mucus .( Asmr:¡rdsson and Kilburn L97O¡ Van As and !{ebster

L972, 1974¡ lrvana and Van As L972). Species differences have

also been described in the tlrpes of mucus which is secreted by

the goblet cells and the gÌands (Goco et al 1963; Meyrick and

Reid.197O; Lanb and Reid 1969 ' L97O; SPicer et aI 1971). The

sÍgnificance of tJtese differences is not yet clearly defined.

The surfactant system of Èhe distal lung is an important

contributor to the mucuous raft as we1} as being important in

the maintenance of alveolar distension. Von Neergard (L929) \¡Ías

the first to demonstrate that surface forces contributed

significantly to the elastic recoil of ttre lung. The surface

tining layer was not demonstrated until Pattle and Macklin'

independently, showed its existence in 1955. Since then numerour

attempts have been made to visualise electron microscopically

the surface lining layer (see Scarpelli 1968 and l{eibel 1973

for a review). The most convincing evidence so far has been

using freeze-fracture specimens (Untersee et al 1971) and

freeze-sr¡bstiÈution (Kuhn L972) .

The surface lining layer of the alveoli,is composed of a group

of phospholipiils, of which dipalmitoyl lecithin is a major

constituent. These function by lowering the surface tension as

the alveoli decrease in size, thus preventing total collaPse
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of the lung (Scarpelli 1968). The source of the surfactant has

been the cause of much debate in the literature some of the

conftrsion being due to the difficulties associated with the

preservation of material. Autoradiographic studiëé have shown

that both the type II ce1ls and the Clara cells are involved

in the secretion of parts of the surface linings of the alveoli

(Buckingham et aI 1966; Faulkner 1969; Askin and Kuhn I97L¡

Etherton et al 1973). It is believed that the surface lining

Iayer of the alveoli is moved towards the respiratory

bronchioles by the movements involved in expansion and collapse

of the alveoli (see Green 1973). Very little is known about the

rates of secretion of surfactant so that it is difficult to

estimate how much of the phopholipid found in the tracheo-

bronchial secretions arises from the a1veoli.

The immunotogical system ís another very important part of

the defence mechanisms of the respiratory system. There are

lymphatic collections scattered throughout the respiratory

tract from the nasal cavity to the bifurcations of the terminal

bronchi (Krahl 1964). Immr:noglobutins have been recovered from

the secretions at all levels of the respiratory system'

particularly IgA (Murray 1976). There is still much to be .Iearnt

about the function of the immunological system on the lung.

In this section I have attempted to outline the functional aspects of

the mammalian lung which have a structural basis. I will return to a

more detailed consideration of some of these points when discussing the

relevance of my findings in the dolphin lung-
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THE DOLPHIN RESPIRATORY SYSTEM

The blowhole and lar1mx.

The dolphin respi-ratory tract has been modified from the usual

mammalian pattern by the replacement of the nostr'iis by the

blowhole, situaÈed on the dorsal surface of the head, and- by

locating the larynx in a permanent intra-narial position

(Slijper L962¡ Green L972). The blowhole is a relatively simple

tube surrounded by a complicated system'of accessory air-sacs

and associated muscles (Lawrence and Schevill 1956, 1965) - No

structures similar to the turbinates found in the nasal cavities

of other ma¡¡una1s have been reported. The larynx is also a

relatively simple Èube without vocal cords (Blevins and Parkins

1973). The larlmx is held in an intra-narial position by two

very po\derful muscles attached to the base of the skull, the

occipito-thyroid and the patato-pharlmgeus. No opPosing muscles

have been found (Lawrence and Schevill 1965). There is a

sphincter muscle, the pÈerygo-pharlmgeus which seals off the

nasal cavity and the larlmx from the oro-pharlmx and the

oesophagus. The function of the blowhole, nasal cavities and

the larynx is not well understood, buÈ it has been suggested'

on the results of cine-rad.iograms, that this region is the'site

of sound production in dolphins (Norris et al 1971).

The trachea and bronchi.

The dolphin trachea is short but wide; tapering somewhat to the

points of its bifurcation. A traeheal bronchus arises on the

right proximal to the bifurcation (see appendix 1¡ for more

3-I

3-2
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details). The microscopic structure of the dolphin was first

described by Fiebiger (1916) ín DeLphinus deLphís- ne

described: anastomosing rings of hyaline cartilage; internaÌ

and external elastic lamellae i a prominent .t"ttorti'pfexus in

the submucosa; glands; and illustrated but did not describe

the epithelium. !.Iislocki (L929) described the trachea and

bronchi of. T1æsiops truneatus as consisting of: anastomosing

circular cartilaginous rings without a membra¡rous portion;

a high coh.l¡nnar ciliated epithelium with a row of smaller basal

cells; a fine elastic lamina forming a network with the

basement membrane; a stout elastic lamina situated midway

between the epithetium and the cartilages; longitudinally

running veins between this internal elastic lamina and the

cartilages; hyaline cartilages; a stout elastic tissue membrane

enclosing the cartilages, heavier on the outer surface than the

inner surfacer glands in the tunica propria, which were small

and infrequent in the trachea and larger bronchi, but not

found in the smaller bronchir and no muscularis. He did not

illustrate his findings in the trachea.

In 1933, LaCosta and BaudrimonÈ described the trachea ar¡d

Iungs ofPhoeoena, wt,j.ch contained: stratified columnar non-

cítiated epithetium without goblet cells; a thick elastic

lamina dividing the area between the cartilage and the epithelir

into two zones; abundant serous glands and lymphatic collections

in the inner zor,eì a plexus of venous sinuses in the outer

zor:ei and hyaline cartilages enbedded in a fibro-elastic membra¡
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They conrnented particularly on the absence of mucous

secreting elements. Simple columnar epithelium with areas

of pseudostratified epithelium, with numerous tubulo-acinous

glands,was described by Bonin and Belanger (1939)'," but they

cormnented, that their material was not well enough preserved

to describe the fine detail. Slijper (1962) found that there

were no mucous glands or cells in the dolphin trachea or bronchi

but said that this may have been due to poor material. In the

Beluga, DeLphinaptenus Leucas, Kleinenberg et aI (J-964,

translated in 1969) reported plicated stratified epithelium

with ducts of glands opening in Èhe base of the plications.

They also described glands, a vascular layer, Iongitudinal

elasÈic lamellae and, a muscular layer. Simpson and Gardner

(1972) state "ciliated pseudostratified columnar epithelium

arises abruptly from the squ¿rmous epithelium in the larynx

and extends throughout the air-conducting pathways". They also

reported Èhat mucous glands were fewer in nr¡mber than in

terrestrial mam¡rals; goblet cells !úere not often seeni and

llanphatic aggregates were sparse. Most authors have described

a simj-lar structure for the trachea, extrapulmonary and major

intra-pulmonary bronchi

The lungs.

The lungs are pyramidal in shape with the bulk lying caudally

and. dorsatly. There is no external lobulation (see appendix 1)

The first mi.croscopic description of the dolphin lung was by

KônÍgstein (1903) ínDeLphínus deLplzis. Barbosa (1914)
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described the bronchial sphincters in a preliminary report.

Fiebiger (1916) described the structure of the bronchial tree

and lungs of DeLphinus deLphis. He found plates of cartilage

present in the bronchi to their te:mination. He dåscribed a

"bronchiolus" which was a bronchus less than 0.5 mm in dia:neter

and contained a series of myo-elastic valves. The valves were

composed of rings of smooth muscle filcres situated between the

cartilage plates with radial etastic fibres connecting the

thin elastic fibres beneath the epithelium to the elastic

fibres adjacent to Èhe cartilages. The openings of Èhe

alveolar ducts and alveolar sacs off the "bronchiolus" were

guarded by a valve. He described a thick alveolar septum with

a êapillary netvrork on each surfacei many elastic fibres around

the openings of the alveoli; and elastic fibres in the pleura.

Wislocki (l-929) reported on the structure of the lung of

Tursiops' He found a sudden change in the morphology in

bronchioles of 0.5 ru¡r in diameter, when myo-elastic valves

appeared,. Six to eight branches arose from each bronchiole

with six to eighteen alveolar sacs arising from each of the

branches; each opening was gruarded by a valve. Each valve,

or sphincter, consisted of: circular smooth muscle fibres¡, rlot

connected by tongitudinal fibres, lying between the elastic

fibres of the tunica propria and the longitudinal elastic

membrane enclosing the cartilages; a¡rd radial elastic fibres

connecting the two elastic membranes. At the first valve he

noted a change in the epitheliun frorn high ciliated columnar

cells to delicaÈe non-ciliated cells resembling endothelium
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and the presence of an abundant plexus of capillaries in

intimate relationship with this new epithetium. He confirmed

Fiebigerrs observation (1916) of a thick connective tissue

septum in the alveoli, with a separate capillary plexus for

each alveolus, and a pleura containing etastic fibres without

muscle fibres. similar findings in other Delphinind lungs have

been described by Lacoste and Baudrimont (l-926l; Neuville (1928)

Bonin and Belanger (1939); Belanger (1940); Kleinenberg et al

(1964), and Ito et al (1967). Simpson and Gardner (L972) de-

scribed the alveolar septum of Èhe dolphin 1un9 in the electron

microscope. They found: the alveolar septum was 15 to 50 pm

thick with capillaries on each surfacet tyPe I and tlpe II

epithelial cells; a blood-air barrier 300 to 600 nm thick; and

intra-alveolar rnacrophages. They also conrnented on the relativel

poor Presentation of their material.

Fr:nctional relationshiP.

Introduction.

Dotphíns and whales breathe infrequently, averaging two to four

breathes per minute while at the surface. Breathing-is of the

apneustic type, that is, there is a pause which occurs at the eI

of inspiraÈion. when a dolphin or whale returns to the surface

after a dive, the firsÈ breathe or two generally cause a visiblr

plutrle of vapour called "the blow" or "the spout". This feature

was well known to whalers who used the "b]olv" to identify the

, type of whale from a distance (see slijper 1962; Matthews 1968)

The blow occupies only a short period of time' some 0.3 seconds

in Tlnsiops (Lawrence and Scheville 1956) to uP to one

minute in some of the baleen whales. During thís
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short period one complete cycle of expiration and inspiration

occurs. The flow rates necessary to complete the blor¿ in this

shorÈ period are extrenely high. It has been esti:nated that in

the dolphín, I1'tzsiops tmmcatus, a flow of between 30 a¡¡d 7O

litres per second is required, and in the California Gray !'lhale'

Eschz"iehtius robustue, flow rates of 2OO litres per second have

been recorded (Ridgway L972¡ Kooyman et al 1975). It has also

been reported that dolphins exchange 803 of their total lung

capacity (TLC) with each blow (Irving et aI 1941; Ridgway et

al 1969). In order to achieve this the flow rate must be main-

tained even down to 2Ot TLC. In man and other terrestrial

manunals it has been shown that at 2Ot TLC the flow rate is

almost zero (Hyatt et al 1958; Kooyman L973¡ comroe L974) ' The

limíting factor in terresÈrial ma¡runals is the size of the

terminal air:vrays at the end of expiration (Hyatt et al 1958;

Hughes et al 1970).

AIso it has been said, that because dolphins and whales live at

sea, they have no need for a filtration and cleansing mechanism,

such as is present in terrestrial manunals (Slijper L962¡

Cowan 1968). Anyboily who has visited the sea-shore, even on a

calm day, or ventured to sea, is ar,vare that the atmosphere

above the water contains maly particles, as well as an aerosol

of sea-water. Investigations have shown that even hundreds of

miles from land, the following may be present in the atmosphere:

salt nuclei; aerosols of sea-water; bacteria; diatoms; pollens;

and sand (Zobe11 and Matthews 1936; Jacobsen 1968; Corn 1968;

(rirst 1973).
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Respiratory function in dolphins had been difficult to measure

simply because of the technical problems, however, there are

norv some paraneters available. Ridgway et aI (1969) have shown

in a trained dolphin "Tuffy", that there are at least two

patterns of oxygen utilisation; in deep d,ives to 300 metres

which last approximately four minutes, they showed that there

was about 80t utilisation of oxygen; during shallow dives to

only 20 metres, which lasted longer periods up to seven minutes'

there vras up to 958 utilisation.

Karandeeva et al (1973) have observed in Black Sea dolphins a

similar pattern of utilisation, with the higher utilisation

occurring during the longer, but shallowér dives. Ridgway et al

(1969) have also shown that thoracic compression corunences at

depths c:f 20 metres a¡rd is almost completed at 100 metres. This

was a direct confirmation of the suggestion by Scholander (f940)

that ¡narine mammals avoid, the bends by forcing the air out of

the alveoli during the descent a¡rd therefore nitrogen is noÈ

absorbed. This explanation, however, is not the complete answer

to the question of how dolphins avoid the bends, because Kooyman

(1972, 1973) has shown that there is potentially enough nitrogen

present in the air in the lungs, if it was absorbed at depths of

20 metres to cause the bends. This would certainly be possible

if Ridgway et a1 (1969) observations are correct.

Problems.

these observations pose several interesting problems:-

(a) whaÈ is the nature of the visible portion, or plume, of

the blow;

(b) how is it possible for the upper ainøay to perform its
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air-conditioning functions ;

(c) how is it possible to exchange such a large proportion

of the TLC and to maintain such high flow ratesi

(d) what mechanisms are there which will allow increased

utilisation of oxygen during shallow dives, but which

avoid absorPtion of nitrogen-

I will now consider each of these points in turn in the light

of available evidence.

(a) The blow or sPout of dolphins and whales.

ttBut doLphins and uhaLes arú. aLL sueh Cetaeea dne uvithout

giLLs; øtd, hauing a Lwry a?e pToÐ¿ded uyith a blot¡lnLe. By

this tlæy diselarge the sea-uater uhíeh has been taken

ínto the mouth.t'

AristotLe

The debate concerning the nature of the sPout of whales

has continued since Aristotle's time until quite recently

(see Matthews 1968; lrrood. 1973). It is novr generally agreed

that the visible portion of ttre sPout is water vaPour which

condenses due to the sudden expansion of the expired air.

Ttris is said to occur in the tropics as well as in the

porar regions (slijper L962) ' Kooyman et al (1975) have

suggested that the spouÈ is due to water, but not water

vapour. They have said that a small amount of water is left

arorrnd the blowhole as the animal surfaces' or the blow

co¡nmences just below the surface' or a small amount of

water enters the btowholes as the animal díves- It is
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this water which account for the visible plume. Lawrence

and Scheville (1956, 1965) have shown that it is not un-

usual for a sma1l amount of water to enter the blowhole as

the animal dives, but that Ít enters the upper nasal sac

and does not enter the lar]mx. Fraser and Purves (1955)

suggested that the blow may be due to mucus which is

secreted by the lining of the nasal sacs.

I believe that there is another possibility.

The spout of dolphins is due in part to water trapped as

suggested above, in part to the mucus from the nasal sacs,

and in part to the respiratory tract mucus being expelled

from the lower regions of the respiratory tract. The

expiratory effort of the dolphin, although it is due to

passive recoil Kool¡man (f973) has a force not unlike that

found in a cough in terrestrial mammals. I will also show

that there is good structural evidence for the production

in the dolphin airways of similar amounts of secretion as

in the terrestrial manrrnals.

(b) Functions of the upper ainøay.

One of the principal functions of the upper ain^ray in

terrestrÍal mammals is the warming and humidification of

the inspired air, and. the conservation of heat. These

functions are also required by the dolphin, particularly

in colder climates. It has been shown that although there

is a complex series of accessory air sacs related to the

nasal cavity, ttre cavity itself is an uncomplicated tube
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without turbinates or similar structures. It would seem

unJ.ikely then, that with the high flow rates observed,

and the ajcsence of turbinates, that the nasal cavities

can function in the air-conditioning. Coulombe et aI

(1965) have reported that ttre respiratory \âlater loss for

two species of dolphins , IZtz'síops tmtneatus and :

Lagenoz'hyneLas obLiquíde??s, Idas only 30 and 70 per cent

of the expected loss from a terrestrial manrunal of the

samebodyweight.Theysuggestedthatthesavingoccured

due to the control of pressure and temperature of the air

in the nasal caviÈies. Krogh (l-939) proposed that there was

a reduction in the water loss from the respiratory tract

ín dolphins because of the reduced frequency of breathing.

Another function of the upper airway in terrestrial mammals

is the filÈration of particles from the inspired air. In

dolphins this function would still be necessary but cannot

be performed, therefore it must be transferred to the lower

respiratory tract. It has been shown that these functions

can be performed in extreme situations by the trachea in

terrestrial manru¡rals (Moritz and weisiger 1945) . I will show

that the structure of the dolphin trachea has been modified

to perform these fr¡nctions, and, that the apParent contra-

dictions in the earlier reports of the tracheal epithelium

are consisÈent with these modifications-

(c) Maintenance of high flow rates-

The dolphin respiratory system has cartilage present in the

walls of the bronchi to their Èermination, and a system of
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myo-elastic sphincters in the most distal bra¡¡ches. Kooyman

(1973) has suggesÈed that the function of the cartilage is

to maintain airway patency even at low volumes, and is

supported by the evidence of Hyatt et al (f958) that

compression of the termi¡raI ainlays is responsible for the

great increase in resistance, and hence decrease in flow

rate at low voLumes in terrestrial ma¡unalian lungs. Another

fi¡¡rction for the cartilage is to maintain the patency of

the airways as the animals dive so that the air can be

forced from the alveoli into the airways. Scholander (f940)

was the first to suggest that the air from the alveoli was

sequestered away from the absorptive surfaces in the

alveoli during diving. This has now been confirmed by

direct observation by divers and by television (see Ridryay

L972). The fu¡rction of the myo-elastic valves has not yet

been satisfactorily explained. Slijper (L962) has suggested

that they act as a series of taps on a pipe, regulating the

return of the air from the bronchial tree during the ascent

phase of the dive. Other suggestions that they play a Part

in sor:nd production have not been sr:bstantiated.

I propose that these sphincters close at the end of

inspiration trapping the air in the alveoli and allowing

relæration of the external respiratory muscles. If this

did not occur the elastic recoil would force the air into

the bronchial Èree when the external muscle relaxed.. During

the dive the sphincters act as Slijper has suggested to
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control the flow into and out of the a1veoli.

(d) Mechanisms to allow additional absorption of oxygen

during shallow d.ives.

This follows directly from the preceding section. l{islocki

(1929) showed that at the level of the first myo-elastic

valve there ldas a change in the lining of the bronchial tree

from a cr:boidal to a squamous Èl1)e of epithelium, and that

in this region capillaries became closely associated witt¡

the cells. He suggested that this sphincteric segrment there-

fore had a respiratory function.

I will demonstrate that Wislocki was indeed correct and

this segrnent has structurally all of the requirements for

gas exchange to occur. I propose that there is a counter-

current blood flow through this segTment to ena.ble nitrogen

to be returned from the circulation during the ascent phase

of the dive.
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MATERIAIS AND METHOÐS.

Animals.

The bronchial tree and lungs from eight South Australian

Bottle-nosed dolphins have been examined. Six of the animals

were taken, und.er license, for research purposes, between

August 1971 and May L972. The remaining t$ro were obtained

from Marineland of South Australiai one was found dead in its

pool and euthanasia $/as performed. on the other because of

serious injury sustained during capture.

All of the animals were caught in nets in Spencer's Gulf, off

Port Broughton, and transported to Marineland of South Australia

by truck. The six animals caught for research purposes were held

in quarantine pools for from one to two days. The other two

animals had been in the main pool for two and seven months

respectively. The animals were numbered seguentially ADl to AD8

according to the order in which they were first examined and

measured. The details of th" g"r,"ral anatomy and measurements

of the animals are recorded in appendix 1 and Harrison and

Fanning (L974).

Collection of samples.

The animals were Èransported from Marinela¡rd to the Medical

School. Some were given Diazepam l0ngmr/100kSm(p) by injection

into the dorsal musculature just lateral to the d.orsal fin

before transportation (Ridgnuay L972). others were given no

premedication. General anaesthesia was induced in four animals,

ADL, 2, 5 and I by injection either Phencyclidine 0.2ngnrlkgm(PH)
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or pentothal sodium lomgm/kqm(Pe) intravenously into a tail-

fluke vein (Ridgway and McCormick 1971; Ridgway L972), until

the blowhole reflex was a.bolished. An endotracheal tube was

then passed through the mouth and ar¡aesthesia was''continued

using Halothane, nitrous oxide and oxygen (HGo) with manually

assisted respiration. Considerable difficulties were encountered

with the techniques . Euthanasia ldas performed on one a¡rimaI,

AD4, with sodium pentobarb 6omgm/kgm intravenously. one animal,

AD7, which did not receive premedication,collapsed and died

immediately before anaesthesia was attempted. one animal, AD4,

died in its pool and another, AD6, died en-route from Port

Broughton in near century heat (T39oc).

Sarnples obtained and anaesthetics used are summarised in table l

Specimen preparation.

samples were obtained for electron microscopy from six animals,

ADI, 2,3,5, 7 and 8; and from all except AD6, for light

microscopy. Tl]ae samples for electron microscopy were obtained:-

at thoracotomy, under anaesthesia; immediately after death; or

following perfusion of the ai:n'ray or aorta-

The following samples r¿ere taken:-

The trachea. Complete rings were taken at three levels: just

below the larynx; the mid portion; just above the bifurcation.

Longitudinal-sections rtlere also taken from the ventral, lateral

a¡rd dorsal- aspects aÈ these levels.

Bronchi. Complete rings and longitudinal sections were taken

at various levels in the bronchial tree.



,|tABLE STJMMARY OF AI{AESIT{ETIC AGE}üfS '
SPECTME}¡S TAKEN E ÍECITNIQI'ES USED

AD1 AD2 AD3 AD4 AD5 AD6 AD7 AI

201 L62 143 201 223 222.5 I

SPECIMEN NO.:

Length (cur)

Sex

Anaesthetic agents.
see text for abbreviations.

tíght n-icroscoPY

T.E.M.

s.E.M.

Trachea bioPsY

Lnng bioPsy

Airrrvay perfusion of
fixative for EM

Àir,way perfusion of
fixation for Il{

Aortic perfusion

202

M

Ph.D.
¡IGO

+

+

+

+

+

F

Pl.
HGO

+

M

+

F

+

F Fu

D. P.B.- None Pl.D. None None
HGO

P
H

+

+

+

+

+

+

+

+

+

+

+

+

+

++

+

+

+

+++

+
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Lung. Two tlpes of specimen vtere obtained from the lung:-

(a) collapsed lung: slabs of lung up to I cm thick were cut

from the deflated lung and fixed by immersion in fixative.

(b) the h:ng was perfused with fixative through the trachea or

segmental bronchus.

Further processing of the specimens witl be considered separatel¡

Light microscopy.

Specimens for L.M. were fixed in 10s buffered formalin or in

one of the fixatives used for T.E.M.. All samples were dehydratet

in aicohol and embedded in pariffin wax. Five micron sections

\,{ere cut and, stained. Special care was required after glutAralde'

hyde fixation (Rosen et al 1967). The stains used included:

haematoxylin and eosin (H&E) r verhoeff a¡¡d van Geisen (v&vc) t

úleÍgertrs stain for elastic tissue; Lisonrs Alcian blue-

chlorantine fasred (culling 1963) r alld Alcian blue - periodic

acid Schiff (Lanlc and Reid 1969).

Transmission electron microscopy.

T'wo techniques were issued to fix the specimens:-

(a) Routine techigues. Specimens !ìIere diced into small

fragments from 1-2 rwn x 6-5 run for orientation in the

trachea, or from 1-3 mm3 for the lung. These technigue9

are standard methods of preparation for T.E.M. (Hayat l97O¡

Glauert 1975). The primary fixatives used T^Iere:-

í) 3È or 68 glutaraldehyde in 0.1 M phosphate or 0-1 M

cacodylate buffer at pH 7.3 (Sabatini et aI 1963);

ii) 3å gluÈaraldehyde in 45 mM cacodylate buffer at pH 7.3
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adjusted to 320 + 1O m osm with 5È sodium chloride

using a Fiske freezing point depression osmometer

(Gil and lrleibel 1968);

iii) Karnovsky's glutaraldehyde-paraformaldeh¡zde fixative

diluted with either 0.1 l,l phosphate or 0.I M cacodylate

buffer at pH 7.3 to give a final osmolarity of 550 -

650 M osm (Scheenberger-Keeley and Karnovsky 1968).

The time of fixation varied from one to twenty-four hours

depending on the specimen.

(b) Perfusion fixation. This technique was used in two of the

animals, AD2 and AD5. The fixative used was diluted Karnov-

sky's in phosphate buffer (iii above). The fixative was

. perfused through the endotracheal tube after the animal had

been given an overdose of sodium pentobarbital. The lung

was first allowed to collapse by opening the abdominal

cavity and incising the diaphragm. The lung was then

reinflated so as to fitl the thoracic cavity; this required

a pressure of 2Q -'30 cm of water. After the lung perfusion

lvas conmenced, a T-tube was inserted into the abdominal

aorta below the renal arteries and perfusíon commenced

using the same fixative at a pressure of I20 run of mercury-

Both perfusions were continued overnight. The next day the

lungs and heart were removed en-bloc and stored in fixative

until the specimens were selected.

(c) Post fixation. The tissues were washed overnight in buffer

at pH 7.3 adjusted to 320 M osrn. Specimens were post-fixed

in approximately 18 osmium tetro<ide in phosphate,
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cacodylate, or S-collidine buffer, all adjusted to pH7.3

and 320 m osm (GiI and V{eibel 1968). Some specimens were

block stained with 0.5å uranyl acetate in veronal-acetaÈe

buffer (Farquar and Palade 1965) or 18 otutyf"..etate in

distill-ed water for two hours.

(d) Elnbedding. All specimens were dehydrated in alcohol and

epoxypropane,and embedded in a variety of epoxy resins:

Epon 812 (Luft 1961; !'Ieibe1 , personal conununication);

Aratdite (Luft 1961); Epon-araldite mixture (Ito, personal

communication). There was considerable variation in the

cutting properties of the blocks obtained. Many modifications

to both the formulae and the curing and embedding techniques

were tried without achieving a consistent result. Late in

1972 the opportunity arose to try the low viscosity medium

described by Spurr (1969). This procedure was further

modified in our laboratory (Far¡¡ring and Findlay unpr:blished).

The procedure is as follows:-

Tissues whích fr"a ¡".r, stored in a variety of buffers and

fixatives at 4oC or at room temperature and freshly fixed

tissues from rat and sheep were washed in several changes

of fresh 0.1 M cacodylate buffer pH7.3 and 320 m osm,'for

two days aÈ 4oc. They were post-fixed in I3 osmium tetroxide

in cacodylate buffer pH 7.3 and 320 m osm for two hours,

rinsed in water, blocked stained. with 0.5t uranyl acetate

for two hours. The specimens were rapidly dehydrated in

ethanol commencing at 703, using two changes of five
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minutes each of 708, 80?, 95* and 1008 ethanol. During this

procedure the specimen vials were placed on an inclined

rotator revolving at one revolution per minute. The vials

were then placed in a desiccator containing lfesh phosphorot

pentoxide for one hour. Just enough ethanol to cover the

specimens was used. fhe Spurr med,ium was purchased. from

two sources:- Polysciences U.S.À. and Taab laboratories

U.K.; each gave identical results. The medium was freshly

prepared each time and consisted of:-

ERL 4206 I0 g

DER 736 5 9

NsA 26 g

SI O.4g

The constituents were weighed on a balance, mixed by hand

and stored in the desiccator. After one hour in the

desiccator an equal quantity of the resin mixture was added

to the vials, sÈirred and the vials were then replaced in

ttre desiccator for a further thirty minutes. The vials

were then capped wíth dry caps and replaced on the

rotator for four hours, when the resin was replaced

completely by fresh mixture, the vials recapped and Ief,t

on the rotator overnight.

The specimens lvere then embedded in Beem capsules or flat

trays using the same batch of resin that had been stored,

in the desíccator. It is most important that strict pre-

cautions be taken to exclude aII traces of water, otherwise
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brittle blocks wiII result. This is seen particularly in

the case of gelatine capsules which we were never able to

use successfully.

(e) Sectioning. Semithin sections tvere cut at 0.5.- 1¡rm and

stained with 13 toluidine blue in 18 borax or Methylene

' blue-Azure 11 (Richardson et aI 1960) for orientation.

Silver to gray sections were cut with glass or diamond

knives on Cambridge-Huxley or Reichert OmU2 ultra-

microÈomes collected on coated or naked grids and stained

ri'ith uranyl acetate and lead. citrate.

(f) Microscopy. The sections were examined in a Philips EM 300

electron microscope fitted with one of the following

- stages:- high resolution; goniometeri or PIv 6500 STEM unit;

operaÈing at either 60 I(\/ or 80 IW.

Scanning electron microscopy.

lfhis part of the study vtas not co¡runenced until the latter part

of L974. The specimens were selected from those animals where

T.E.M. had shown excellent preservaÈion. As all had been sÈored

for some years, additional samples were also processed by the

new techniques (see above) to check the results.

lltre specimens were washed in buffer and dehydrated in graded

alcohol and amyl acetate in readiness for critical point drying

(Ànd,erson 195I). Because of the large size of some of the

specimens (Fig. 51) it was necessary to use a standard rotary

shaJ<er operating at slow speed durinq the dehydration. It was

also necessary to prolong the process to two days for these

samples.

4-3 D
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Critical point drying was performed in a Denton DCP I apparatus

using fiquid CO2. The technique used v¡as that recommended by

Stephens and Evans (1973) of venting Èhe charnber for two

minutes in every ten until no trace of amyl acetate was detecÈed,

Other samples were allowed to dry in a dust-free atmosphere

after the last change of amyl acetate. Other specimens were

dehydrated in acetone and then air-dried.

The dried specimens were then trinuned. under a dissecting

microscope to demonstrate the features required, e.g. brochioles

and to fit the specimen holders. They were then cemented onto

the holders using silver conducting painÈ (Pelco U.S.A).

CompleÈed specimens were then coated with carbon and gold-

palladium in a Denton DV 502 vacuum evaporator fitted with a

tilting omnirotator. A vacuum of I0 -5 torr was used with 5

second coat of carbon and six inches of 0.008" gold-palladium

wire.

The specimens vrere then examined in the Philips E!4 300 with

P!V6500 STEM or a Siemens Etec Autoscan at Flinders University

Medical School, or the Department of Geology, University of

Adelaíde. All of the pictures used in this work were taken on

one of the Etec microscopes due to failure of the detector in

the Philips instrument.

Additional specimens.

A nurnber of other specimens were availa.ble for study from a

collection obtained during my service in the Anatomy Department

at the University of Queensland from 1966 to 1968. These were
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collected. in conjunction with Professors H.!{. whitting and

R.J. Harrison. Most of the material consists of paraffin

sections from the trachea and lungs of four Delphinid

species z- Tursops ca-baLútia (T.tmtneatus); StenaLla rosieOent"ie

GLobicephaLa scørunoni; PeponoeephaLa eLeetra. Two of the

T1'rcsiops tlungs were processed for electron microscopy and I

have used one of ttre pictures from this series (rig. 99).

The preservation of the specimens for T.E.M. was not very

good.

A corrosion cast of the brochial tlee was prepared from the

PepoloceplteLa eLectna usíng the techniques of Tompsett (1956) 
'

urodified to use Shell Epirez 8859. Details of this specimen are

included in appendix 3.
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RESULTS

General Anatomy.

Details of the form, colour, measurements and certain of the

anatomical features of the eight animals frorn South Australian

waÈers which formed the basis of this study are included in

appendix I (Harrison and Fanning L974). Detailed taxonomic

description must await further studies but it has been identifiec

provisionally as Tuzsíops tm¿neattts.

Gross anatomy of the trachea and lungs.

A general account of the findings in this group of animals is

included in appendix I (pp 2O9-2I0). A brief description of the

corrosion cast of the bronchial tree of the Queensland specimen

is included as appendix 3. This is a transcript of a demonstrati<

together with a series of photographs of the specimen.

Techniques.

No account of electron microscopic investigation can be complete

without some coÍrments on the techniques used and the reasons for

choosing them. In 1966 when I started the study of lung structurr

the "standard" techniques for TEM were in fact far from standard

or even repeatable. Even to attempt to record a1I of the methods

used during the study would fill a volume larger than this

without adding to our understanding.

Anaesthesia.

The anaesthetic techniques used were those in general used in

1971 (Ridgway L972); however, we experienced some problems

because our animals r¡i¡ere smaller and reacted differently to the
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agents used. This has caused some concern amongst the veterinary

officers charged. with Èhe care of the animals in the various

marinelands in Australia, and is the sr:bject of a continuing

investigation.

Fixation.

Considerable variation in Èhe quality of fixation was observed

in bl0cks from the first two animals ADl and AD2. The best

fixation was obtained when one of the diluted Karnovsky's

solutions was used. The best tecþ¡ique was air\¡/ay perfusion.

unfortunately most of the biopsy specimens showed fixation

artefacts (FiS. lOO). These were the ones chosen for examination

of the surface lining layer and the results are not inctuded in

the thesis- Dolphins are a protected and endangered species so

that I have not felt justified in pursuing this aspect of the

study at this time. Ttre specimens which had been stored for

several years sho$¡ed surPrisingly little difference from those

processed immediately. The main changes observed were some

extraction of the phospholipid containing areas, namely membrane

and the lamellar bodies of the tlpe II alveolar cells. (Fis.

103, 104). AlI species fixed in phosphate buffered solutions

exhibited electron-d.ense deposits scattered throughout. If the

tissues were adequately rinsed however, Èhese deposits were

not seen.

The trachea.

'The epithelium.

Three types of epithelium have been found in the dolphin
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trachea: proxirnally there is a transitional tyPe; distally

there is respiratory epitheliurn, but most of t}te trachea is

Iined by a stratified columnar to cr¡boidal type of epithelium.

Occasional islands of either respiratory or transitional type

are found scattered throughout the trachea (FiS. I,2,3rand 4).

No consistent pattern has been observed apart from the general

one already described.

Stratified cofu¡¡r'r¡ar to cuboidal tlzpe or microvillous t)-pe.

l,lost of the trachea is lined by this t)æe of epithelium, tending

to cr¡boidal cells in the more proximal regions and columnar in

the distal regions. No alrrupt transitional areas have been seen

(Fig. 2 and 3). In younger animal-s the cells are smaller and

the epithelium thinner; about 20 pm. In the older animal it may

be up to 60 ¡rm thick.

The surface of this epitheliwr stains positively with Alcian

blue in both the Lison and Alcian-b]ue/eAS techniques. Occasion¿

cells in the surface layer also stain blue with these methods,

but most of the cells are PAS positive.

In the SEt4, this epithelium is seen to consist almost exclusivel

of microvillous ceÌls which are 3-8 ¡rm in diameter and irregular

ly hexagonal in shape (Fig. 5). The microvilli are heaped up

around the margins of the cells to form distinct outlines-

Occasionally cells are seen below the leve1 of the surface

which are similar in all other respects and probably represent

younger cells (Fig. 6). In some areas isolated ciliaÈed cells

are found. (Fig. 7). In other areas cells with fewer microvilli
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protrude al¡ove the surface. These cells may well be goblet cells

but as yet no attempt has been made to embed these areas for

TrEM. In the TEM the characteristic features of this epithelium

are seen (Fig. B and 9).

The basal cells are a.bout 6 ¡rn in diameter, rounded, more

electron-dense than the rest of the epithelium, and have a

high nucleus-to-cytoplasm ratio. The nucleus is usually densely

stained with a much folded outlinei however, occasionally nuclei

are rounded and pale staining, with a prominent nucleolus.

The cytoplasm contains: many free ribosomesi some profiles of

endoplasmic reticulum; some round to oval mitochondria up to

0.6 pm in length with prominent transversecristae. The cells

are attached to the prominent basal lamina which is 0.15 ¡rn

thick, by half desmosomes and associatedtondilaments. There

are some convolutions of the basal plasma membrane but no

prorninent infoldings. The lateral cell membrane has many long

interiligitating Processes with contact areas between cells' but

no jrurctional areas. Desmosomes are rarely seen.

The surface cells are from L2 lo 20 pm in height (Fig. I and 9).

The luminal surface of the more proximal cells has short squat

microvilli up to 0.2 ¡rm high and O.I5 ¡rrn wide (rig. 1I) '
however, many were 0.1 x 0.1 F*. The more distal cells have

longer and thinner microvilli 0.6 - 0.8 x 0.1 - 0.2 ¡rm. The

surface ce1ls are divided into four zones: (a) a basal zone

containing a large pale nucleus uP to 5 ¡rn in diameter and few

organelles; (b) a supr¿rnuclear zone containing a Golgi complex,
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some profiles of smooth and rough endoplasmic reticulum and

a few mitochondria; (c) a prominent mitochondrial zone generally

packed with oval mitochondria up to I ¡rn in length; (d) an

apical organelle-free zone containing many cytoplasmic filaments

in a layer up to 0.5 ¡rm thick immediately beneath the surface

plasma membrane.

In the more distal regions of the trachea the cytoplasm of the

Surface cells almost reaches the basement membrane, exÈending

long finger-processes between the basal cells (Fis. 9). These

Cells also have a more prominent supranuclear zone and in some,

medbrane-bound vesicles up to 0.2 ¡rm in diameter containing pale

staining amorphous material or whorls of lametlated material

are found (Fig. 11). The cells are attached to the basal cells

or basement membrane by desmosomes and tonofilaments. The rnore

proximal epithelium consists of smaller surface cells, differing

mainly in the size of the supranuclear zone. The lateral plasma

meribrane of ttre surface cells has even more folding and inter-

digitating processes than the basal cel}s. Few junctional areas

are seen between these Processes.

Intermediate cells are present between Èhe basal and the surface

cel1s. They are essentially the same as in other regions of the

trachea and will be described shortly.

A feature of the tracheal epithelium which is first seen in the

illustrations for this section is the differences whích occur

in the size of the intercellular spaces. These differences

depend on the fixatives used. The intercellular space is
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dilated in specimens fixed in isosmolar solutions, for example

38 glutaraldehyde in 45mM cacodylate, but in hlper-osmolar

solutions, for example, Karnovskyts, the spaces are almost

obliterated.

Transitional type.

The epithelium in the most proximal regions of the trachea is

statified squamous non-keratinizing to stratified cr¡boidal in

type. It is a transition from the epithelium lining the lar1mx

to that lining most of the trachea. It has several features

which make it unique, namely :-

(a) The epithelium varies in thickness from three cells (20 pm)

when sÈretched to five or more cells (50-60 pm) when

relaxed (Fig. 12 a¡rd 13).

(b) The plasma membrane of the luminal cells has an asymetric

: trilaminar structure very similar to that found in the

urinary bladder.

Thus not only is it transitional in position, but it has some

of the features of the Èransitional epithelium of traditional

histology.

The basal cells are similar in size and staining characteristics

to those described a-bove. They differ however in having a less

folded basal plasma membrane resting on a convoluted basement

membrane. There are numerous hemi-desmosomes in contact with

the basal lami:ra, with bundles of tonofilaments extending up

to 5 pm towards the tuminal surface of the cells (FiS. 16). The

Iateral processes of these cells contain more tonofilaments
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than the basal cel1s of the microvillous epithelium, but

intercellular junctions are not more conunon.

The intermediate cells range in size from 5 - 6 p* to 8 - 10 pm

and in shape from round to ellipsoidal. Their cytoplasm contains

round to elongated mitochond.ria 0.2 to 1.2 ¡rm in sizer many

free ribosomesi some profiles of smooth and rough endoplasmic

reticulum; and membrane-bor¡nd droplets up to I ¡rm in size

containing granular material of varying electron-density, some

have an electron-dense core (FiS. 17). These droplets are not

seen in every cell.

The surface cel1s are bulbous, particularly in the contracted

state. This is best seen in the L.M. of both paraffin and epoxy

sections (Fig. 12 and 13) although it is also seen in T.E.M.

(FiS. 14 and 15). These cells are also divided into four zones:

(a) a basal or nuclear zone, (b) a supranuclear zor:e' (c) a

mitochondrial zone and (d) ¿rn organelle-free zone or terminal

web. The principal difference between these cells and the

microvillous cells are:-

(a) the shape of the cell, ranging from almost squamous in the

stretched state to columnar and bulbous in the contracted

state.

.(b) in the supranuclear zone there are one or more prominent

Golgi complexes conÈaining stacks of flattened, cisternae

and/or vesicles, some profiles of rough endoplasmic reti-

culum, and many vesicles ranging in size from 0.1 - 0.8 Fm.

The smaller vesicles contain electron-dense granular
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material, while the larger ones contain dense granular

material or whorls of lame1lae. These vesicles are found

only in the supranuclear zoîe.

(c) the mitochondria are oval tospherical up to 0.5 pm in

diameter with very prominent transverse cristae.

(d) the surface of the contracted epithelium is thrown into

a series of irregular folds not unlike the scalloped sur-

face of the urinary bladder. The sur.face microvilli are

short and squat, up to O.2 x 0.2 pm. On closer examination

the plasma membrane of the surface cells is found Èo

consist of an asynunetrical unit membrane. The outer leafleÈ

is more densely staining, 3.4 nm thick with about 8 nm of

fuzzy coat on its surface; the inner leaflet is paler

staining, 2.3 nm thickt and the central electronlucent

lamína is 3.3 nm thick (Fig.18). This pattern of the unit

membrane does not end abruptly but is continued for some

distance into the microvillous epithelium of the proximal

trachea (Fig. 19). The usual trilaminar membrane a-bout

9.0 nm thick is found in ttre more distal regions and through

out the remainder of the resPiratory tract (FiS. 20). These

measurements are the average of ten read.ings. No densito-

meter measurements have been done, but photographs have been

taken in the goniometer of both this membrane and rat

urinary bladder, to confirm that this is not an arÈefact-

This will obviously need to be repeated on fresh material.

In the L.M. this epithelium has a Pale PAS-positíve surface
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coat with strongly positive granules in the intermediate

' cet1s. The S.E.M. shows an irregular surface on which the

individual cells are not well defined (nig. 2L anð' 22).

At higher magnification rows of mgae are seen, raÈher

thar¡ the microvilli expected from the TEM.

Respiratory epithelium.

Typical respiratory epithelium is found in the most distal part

of the trachea and in the major bronchi. In the L.M. the

epithelium is pseudostratified ciliated columnar in type with

numerous goblet cells (Fig. 4). The goblet cells stain blue

with the Lison technique, are PAS positive, and red-blue or

blue-red with the A1cian blue-PAS technique.

In TEM only four cell types have been identified: ciliated

cells; goblet cells; inÈermediate cells; and basal ce1ls.

Occasional microvillous cells are found, but so far despite

an extensive search, no brush cells or dense-core granule

cells have been found (Fig. 23).

The basal cells are very similar to those already described in

both of the previous tlpes of epitheliu¡n" The only difference

is that they may be slightly paler staining, they contain

fewer tonofilaments and have fewer basal attachments.

The ciliated cells send elongated processes between the basal

and intermediate ce1ls to reach the basement membrane. The

nucleus is pale-staining, oval, and is found at varying levels

within the ceIl. The cilia are up to I ¡rm long with a typical

nine-plus-two axial arrangement a¡rd basal bodies (FiS. 24).
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Between the cilia are microvilli 4 ¡rm long and 0.15 ¡rn wide.

In the supranuclear region are found: a Golgi complex; some

profiles of endoplasmic reticulum; free ribosomesi and some

glycogen granules. In the apical region of the ceIl are numerous

rnitochondria 0.2 x L.5 P* and in some cells densely staining

pleomorphic lysosomes. The lateral surface of the cell has a

much folded plasma membrane interdigitating with ailjacent cells

but forming few junctions. Tight junctions are found' adjacent

to and at the luminal surface.

Goblet cells are seen at all stages of the secretory cycle and

are generally more densely staining than the ciliated cells.

(Fis. 23 and 25). The apices of some of the cells bulge a.bove

the level of the ciliated cells and the surfaces of these cells

have microvilli 0.5 x 0.15 pn scattered over them. Most of the

cells have a more t14pical goblet shape with a depressed surface,

with microvilli aggregated around the períphery and are packed

with membrane-bound mucous droplets up to I ¡rm in diameter.

These droplets contain granular material of varying electron-

density, some having dense cores 0.1 pm in diameter. Some cells

are so fuIl of mucous droplets that the membrane cannot be seen

and it is difficult to discern any cytoplasmic organelles.

Others, usually more darkly stainíng wÍth protruding apices,

contain many free ribosomes, a Golgi complex, round to oval

mitochondria wlth transverse cristae and granules, and smooth

and rough endoplasmic reticuh:m (Fig. 25). These cells also

have narrow elongated basal processes which reach the basement
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meñbrane, and many interdigitaÈing laÈeral processes.

The intermediate cells form a layer between the basal cells and

the goblet and. ciliated ceIls. They rarely reach the surface

but often show characteristics of either the ciliated. or

goblet cells. They are generally pale staining rounded cells

with a large pale rounded nucleus (Fig. 23).

fn the SEM the typical appearance of this epittrelium consists

of a mat of cilia benÈ over just above the surface (FiS. 26,

27, 28 and 29). On closer inspection it can be seen that not

all of the citia are pointing in the same direction, Èhere are

whole areas or groups of cells with cilia which are bent at

various angles to the long axis of the trachea. Between the

citiated cells can be seen either the dome-shaped apices of

engorged goblet cells, or the more tlpical appearance of a

central depressed area with surround,ing microvilfi.

Basement membra¡e.

All three types of epithelium rest on a basement membrane which

consists of a denser staining basal lamina 50 nm thick and a

layer of collagen fibres, microfibrils and fine elastic fibres

(fig. 10, 16 anil 23). The tlpe of epithelium found depends on

the area examined, because all three types have been found in

the youngest animal in the series (ADB) which was probably less

than one year old, (see appenilix 1).

Lamina propria.

The lamina propria consists of connective tissue which in some

areas is loosely arranged and in others is more dense. It
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consists of collagen and elastic fibres and contains the

bodies of the superficial layer of glands. It also contains

nerve fibres, plasma cells, and in many areas mast cells.

Internal elastic lamina.

This dense elastic lamina marks t].e boundary of the lamina

propria and the submucosa. It ranges in thickness from 100 to

600 ¡rm thick (Fig. 31, 32 and 38) and contains both longitudinal

and spiral fibres. The fibres have the usual arrangement of pale

staining amorphous fibres surrounded by more densely staining

microfibrils. A detailed study of the elastic fibres in dolphins

and other mammals is in progress (Fanning and Cleary unpublished

data). The internal elastic lamina encloses the bodies of the

deeper layer of glands.

Sr¡bmucosa.

This extends from the internal elastic lamina to the cartilage

plates. It contains an extensive plexus of veins and arteries

and the bodies of the deeper layer of glands. This plexus of

vessels consists mainly of spiral and longitudÍnal thin-walled

veins up to 5OO ¡rm in diameter (Fig. 31, 32 and 41). These veins

contaín both elastic fibres and smooth muscle in their walls

(Fíg. 41). A detailed study of this Plexus has not yet been

completed. Stout elastic fibres run between the internal

elastic lamina and the cartilage and in some areas seems to

fuse with the walls .of the veins.

' GÌands.

Tlvo layers of glands have been found in the trachea; one lies
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between the epitheÌium and the elastic lamina and the other

lies within and extends through the elastic lamina. There does

not appear Èo be any structural difference between the two

layers, but they open by separate ducts onto the surface (Fig.

31 and 32). The inner layer (or superficial) is 30 to 40 ¡rm

thick and its glands have short ducts lined by simple cuboidal

epithelium except near their termination, where it resembles

the surface epithelium (Fig. 36). The outermost (or deeper)

Iayer of glands is larger, measuring 50 - 2OO ¡rm thick with

long coiled ducts lined by stratified cuboidal to columnar

epithelium which also assumes the structure of the surface

epithelium near its termination.

The glands consist of serous and mucous acini. Few. demi-

lunes are found. No quantitative studies have been done but

there is an obvious preponderance of serous glands in the more

proximal regions and. a fairly equal disÈribution in the distal

regions. The serous acini stain positively wiÈh PAS and are

red/blue with Alcian blue-PAS. The mucous cells sÈain blue

with the Lison technique. Detailed histochemical studies have

yet to be done.

The glands have been studied by TEM only.

The serous cells are characterized by densely stainÍng granules

up to 2 ¡rm in diameÈer (Fig. 33). In active cells there are:

a prominent Gclgi complex; many profÍIes of dilated rough

endoplasmic reticulum; many free ribosomes; and elongated

mitochondria 2.5 x 0.2 lt . The apex of the cell contains
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secretory granules which vary greatly in size, shape and

staining characteristics. A detailed study of this variation

was not attempted. The lateral surfaces of the serous cells

have many long thin processes which project into the inter-

cellular canaliculi.

The mucous cells contain droplets which vary in size and.

staining. The smaller clroplets, alrout 0.5 ¡rmr are darker

staining, while the largeÍr up to 2 pmr are lighter. The cells

have a prominent Golgi complex consisting of flattened cisternae

and/or vesicles up to 50 nm in diameter. The rough endoplasmic

reticulun is flattened in the basal region of the cell but

dilated with pale-staining granular material in the apical

region. There are tu.bular mitochondria 2.5 x l pm with prominent

cristae (FiS. 34, 35). Dilated inÈercellular channels are

conunonly seen in active glands. In some cells me¡nbrane-bound

granules I to 1.5 p* in diameter containing whorls of densely

staining material are found. The nucleus is compressed towards

the base of the cell. The mucous and serous ce1ls are joined

by tight junctions at their luminal surfaces.

Myo-epithelial cells surround each acinus. They are situated

between the secretory cells and the basement membrane, and

extend thin processes between the secretory.cell (Fig. 36) . The

myo-epithelial cells have elongated nuclei and are packed with

myo-filaments '.vhich are parallel Èo the long axis of the cell .

A few spherical mitochondria, free ribosomes and some profiles

of endoplasmic reticulum occupy the small area between the
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elongated nucleus and the myo-filaments. Desmosomes are

occasionally for:nd joining the myo-epithelial and secretory

cells. Kultchitzsky cells have not been seen; however, many

tlpical plasna cells are found adjacent to the glands (FiS. 33).

Llzmphatic collections .

The proximal trachea has longitudal folds along its ventral

surface (see appendix 1). In the grooves of this region are

found the openings of epithelial-lined crlpts (Fig., 30 and 40).

These crl1)ts are surrounded by lynphatic tissue collections.

The crypts which are lined by pseudostratified ciliated columnar

epithelium with goblet cells, extend into and through the

internal elastic lamina. Openings into the lumen at the base

of the crlpts are the ducts of glands which are predominantly

serous. Germinal centres are found in many of Èhe larger nodules

(FiS. 39, 40). In the younger a¡rimals (4D3, 4 and 8), the

lymphatic tissue is not as well developed and nodules and

germinal centres are scanty; however the crl4)ts are surrounded

by lymphocyÈes. The lymphatic collections are found principally

in the junctional region of the lar1mx a¡¡d the trachea, but

extend distally as far as the second tracheal cartilage.

Cartilages.

The cartilages are typical hyaline cartilage embedded in a

dense fj-bro-elastic membrane 100-200 ¡rn thick on the outer

surface and 20-50 ¡rm thick on the inner surface. Between the

cartilages this membrane is up to 1.5 mm thick (Fig. 38) a¡rd

consists of longitudinally nrnning elastic and collagen fibres.
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Nerves.

Intra-epithelial nerve fibres have been found in all three

tlpes of epithelium. These fibres are mainly unmyelinated and

are found generally in ttre basal regions between the basal

cells. No nerve endings have been iilentified (Fig. 42r 43 ancl

44) .

Adventitia.

lflre adventitia is continuous with the surrounding connective

tissue.
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KEY TO LEGENDS AND LABELS TO PLATES.

AII micrographs are from lungs fixed by tracheal perfusion unless

othen¡rise stated in the legend. AIl TEM specimens were block stained

wíth uranyl acetate and sections were stained with uranyl acetate and

Iead citrate. AIl SEM photographs are from an ETEC SEM and all

specimens were coated with gold-palladium.

COMMON T,ABELS.

c

G

N

R

B.C.

ÀD

cilia or ciliated cells

Go1gi

goblet cell

basal cell

nucleus

ru9ae

microvilli

alveolar duct

alv. alveolus

b.v. blood vessel

basal lamina
basal bodies

capillary

desmosorne

elastic fibres

external elastic lamina
internal elastic lamina

cap.

des.

el

b.1.
b.b.

el
el

E
I

s.m.c.
s.m.b.

M.V.

i.c.

9.
m.g.
s.9.

lym.

Iys.

m.

n.v.

intercellular space

granules
mucous granules
serous granules

lynphatic

lysosome

mitochondria

nerve

smooth muscle celI
smooth muscle bundle

t.f. tonofilaments

t.w. terminal web

rough
smooÈh

r.e.r.
s.e.r.

endoplasmic reticulum
endoplasmic reticulum
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1. AD.T,Trachea dorsal surface showing transitional epithelium.
2. AD.T,Trachea dorsal surface showing stratified cuboidal

epithelium.
3 . AD.3 ,Trachea ventral surface showing stratified to pseudo-

stratified coLumnar epithelium with cilia,but no
goblet ce I 1s .

4. AD.T,Trachea dorsal surface distally showing pseuclo-
stratified ciliated columnar epithelium with
goblet ceIIs
All sections H and E 200 x

)!lt

Fig.
Fig.

Fig.

Fig
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Fig. 5 AD.5,Proximal trachea. Note the microvilli heaped up

the cell boundaries.A red blood cell is seen in
corner. SEM 1700 x

Fig. 6. AD.5 -A,rea adjacent to Fig.5 showing a cell depressed
'the surface with fewer microvilli. SEM 2000 x

Fig. 7 . AD.5,l'liddle third of the trachea showing an isolated
with cilía. SEIvf 2000 x

II

around
one

be low

ce11



Fig.8.

Fig. 9

Plate 3

^D. 
2,Proximal trachea showing pseudostratified low cuboidal

epíthelium with some short squat microvillirwhich may
be rugae. lEM 6600 x

AD. 5, Distal trachea almost at the junction with the
respiratory epithelium.The cells are ta11 and reach
the basement membrane.The microvílli are long and thin.
lEM 3500 x



Fis. 10. " AD. 2,

Fig. 11. AD. 2,

Plate 4.

Proxi:nal trachea showing basal region of
microvillous epithelium.
Note: basal cel1 with half desmosomesi

tonofilaments (tf¡ r the intercellular
space (ic) with interdigitating
processes; the prominent basal lamina
(b1); and the connective tissue of the
lamina propria TEM 10rOO0 x bar = 1 ¡lm

Surface celI from same area as Fig, 10.
Note: the squat microvilli on the surfacei

four zories are clearly seen, the teminal
web (w), mitochondrial (m), supranuclear
with Go1gi (c) and some darker staining
granules (g); ana the nucleus (N).
TE¡{15,400x bar=1¡tm
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Fig. L2. " AD.7'

rig. 13. AD. 2,

Fig. 14. AD. 2,

Fig. 15. AD. 2,

Plate 5.

Proximal trachea, ventral aspect showing
transitional ePithelium. H and E

360 x bar = 20 ¡rm.

Proximal trachea, ventral aspect showing v{

transitional epithelium. Epoxy resin I pm

sections l'tlß/Az 400 x bar = 20 ¡rn.

Thin section of large area outlined in Fig' 13'
Note: compression of surface cells and the

differing sizes of the intercellular
spaces.2000x bar=5F*.

Thin section of smaller outlined area in Fig.
13.
Ngte: the surface cells with terminal web (tw);

microvilli; and the mitochondrial zone'
10,000x bar=1F..
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Fig. 16. = AD. 2'

Fig. L7. AD. 2,

Plate 6.

Proxirnal trachea, ventral asPect showing basal
cel1s.
Note: tonofilaments; the íntercellular space

with many interdigitating processes, but
only occasional desmosomes are seen. v{

2Or000 x bar = 0.5 ¡rm.

Area adjacent Fig. 16 showing intermediate celI
containing secretory granules' some with an
electron-dense core. Adjoining cells have no
droplets. 2Or000 x bar = 0.5 pm.
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Figs. 18, 19, 20

Fig. 18

ris. 19.

Fig.20.

P1äte 7.

AII from AD. 2, showing different types of unit
membrane in different regions.

Transitional tlpe with an synunetric membrane,
outer Leaf 3.4 nn with I tut fuzzy coat, inner
leaffet and core each 2.3 nm. I10,OO0 x bar =
I0O nm.

Transitional tlpe with the usual symmeÈric mem-
brane 9.0 nm thick. 110,000 x bar = 100 nm.

!4icrovillous tlç)e with the usual slnunetric mem-
brane (lower magnifj-cation) 84rO0O x bar = 100
nm.



Plate 7

'-nÉ''':.

¡

t:

;1

*Ë
.'.f'.T .,',',tþ,r .

¡,¡ i,



Plate 8.

Fig. 21. AD. 2,

8ig. 22. AD. 2,

Proximal trachea, dorsal aspect showing transiÈ-
ional epithelium. Note the irregnrlar outline of
the surface cells and the rugae (R) on their
surface. SEM 21900 x

An adjacent area from the same specimen as
Fig. 21 showing rugae. SEIvt 81000 x
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Eí9. 23. AD. 5'

Plate 9.

Distal trachea. The epithelium is pseudo-
stratified ciliated columnar with goblet cells.
Note: ciliated cells (C) have occasional lyso-

somes (lys) and many mitochondria; all
ttre goblet ceJ-Is (GC) have indented apices

. and are in the early slmthetic stage, htith
mucous dropletsi a nerve is seen well into
the epithelium (nv); it is difficult to
positívely identify intermediate ceIls,'
pale staining basal cells (eC); a thin
walled blood vessel in the lamina propria.
2O0Ox bar=lJr..
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Fig. 24. AD, 2.

Fig. 25. AD, 2

Plate 1O.

Distal trachea showing apex of goblet cell
and ciliated cells. The goblet ceIl is
darker staining than the ciliated cells and
has an indented apex. Some of the mucous
granules have small electron-dense cores-
The cilia have the tlpical 9*2 arrangement
of filaments and basal bodies (bb) are
present. I9,OOO x bar = 0.5 Fm.

Distal trachea showing several goblet cells-
Note: the Golgi complex; pale staining mucous

droplets; and. the plications of the
lateral cell membranes (+) 2O,O0O x bar
= 0.5 Fm.
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FÍ.g. 26. AD, 2

Fí9. 27. AD, 2.

Plate 11.

MÍdd1e third of trachea showing an area of
microvillous cells arnongst the ciliated ones.
The cells with the bulbous apices may be goblet
cells. SEI4 3,600 x

Distat trachea showing ciliated epitheliun with
the orifices of several ducts (l). Some mucous
particles are seen on the surface.
sEM I r2AO x
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Plate 12
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Fig. 28, AD.2 ,Distal trachea at higher rnagnífication showing
goblet cells bulging above the surfacersome micro-
villous cells and ciliated cells.
sEM 3,200 x
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Fig. 29. AD, 2.

Fig. 30. AD, 2

P1ate 13.

Dista1 trachea showing a small collection of
cells with a microvillous surface between the
ciliated ceIIs. These cells may be goblet cel1s.
sEM 3,700 x

Distal trachea showing goblet cells, one of which
(l) may have just discharged its contents, or be
incompletely filled, SEM 8,OO0 x
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Fig. 3I. AD. 2,

Fig. 32. AD. 3l

Plate 14

Middle third of trachea stained for elastic
tissue.
Note: the hyaline cartilage contains no elastic
fibres (cart); the stout external elastic lamina
(r el) fuses with the perichondrium at the edges
of the cartilage; the glands (Cl) are divided
into two layers by the internaf elastic (r el)
J-amina, with further aggregations in the gaps
between the cartilage; a few large vessels (bv)

are present on the submucosa. V and VG 40 x

Middl-e third of the trachea.
Note: Èhe epithelium is non-ciliated (MV) and has
no goblet cells; only the deeper layer of glands
is present, and they are mainly serous; thick
walled muscular vessels deep to the gl-ands.
HandE 80x
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Plate 15

AD.5,Serous tracheal gland. Note:elastic lame1lae surround-
ing the acini(e1-);dilated intercellular canaliculi(ic);
myo-epithelial cel1s(*y ep);plasma cells(pc);and nerve
fibres (n.r). 4,000 x bar = lp¡n.

Fig. 33.
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34. AD. 5, Trachearmucous secreting gland.Note :dilated inter-
cellular canaliculÍ(ic);mucous droplets of varyÍng
size and density(md);lipochondria(1ip). 6,600 x
bar = 2pm

35- AD- 5-Higher magnification of Fig.34. 20,000 x bar = 0.5Um

Fig.
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Fig. 36. AD, 2

Fig. 37. AD' 5

Plate 17.

Proxi¡nal trachea showing a duct of a gland.
Note: microvilli on the surface; mitochondria;

and the extensive pIÍcation of the lateral
a¡rd basal surface membrane (l). 8r0o0 x
bar = I F*.

Part of a myo-epithelial cell around the
periphery of an acinus of a gland.
Note: the myofilaments (mf).

401000 x bar = 200 r¡m.
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FÍ9. 38. AD' 5

Fig. 39. AD, 7

Fig. 40. AD, 'I

Plate 18.

Proximal trachea stained for elastic tissue.
Note: the thick internal elastic lamina which

appears to be a double lamina in some

areas where it encloses the glands;
the external elastic lamina; and the
vascular plexus. Compa.re with Fig. 31.
V and VG 100 x

Ventral aspect of the laryngo-tracheal junction-
Note: crlpts surrounded by lymphatic collections

with germinal centres. H and E '7 x

High power of portion of a crl1)t showing:
ciliated epithelium, thinning over the germinal
centres to squamous; typicar rymphatic collections
with germinal centres (Sc). H and E 360 x
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Plate 19

\
\'

"1,ff
r:'f

3

- 

'_-rì-- 14 ö ':t

Fig. 41. AD.5 ,Distal trachea showing a thin walled vein in the

submucosa.Note the smooth muscle cells and the thin
processes of the pericytes(f). 2,600 x bar- = 5ry
Proximal trachea showing a nerve entering the epithelium
' 2o,ooo X bar = o.5um

,+

Fig. 42 . AD.z



Plate 20

FÍg.43. AD.5,Nerve fibre Ín the basal layer of the epÍthelium
adjacenr ro Fig.9. 31,000 x bar = 0.5gn

Eíg.44. AD.5,Detail of a nerve in the epithelium. 70,000 x bar =100nm
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The bronchi.

Extra pulmonary bronchi.

The extra pulmonary bronchi have essentially the same structure

as the disÈal portion of the trachea. I have not observed the

transitional epithelium beyond the bifurcation of the trachea'

but islands of the microvillous epithelium are conmonly found.

I have divided the intra-pulmonary bronchi into two grouPs:

secondary and tertiary. The secondary bronchi range in size from

I crn down to several millimetres when the tertiary bronchi

conrmence, howeve4 the change from secondary to tertiary bronchus

is marked not by this change in size but by changes in micro-

scopic structure (l.ig. 5I, Plate 23).

Secondary bronchi.

The secondary bronchi differs from the extrapulmonary bronchi

and the trachea mainly in the difference in the size of the

components of the wall, not their arrangement. The epithelium

is pseudostratified cilíated columnar with abundant goblet cells

and is 40 ¡rm thick proximally decreasing to 20 pm distally

(Fis. 45). Glands are less frequent and are generally found

between the cartilages and are not found in bronchi less than

0.5 cm in diameter. The lamina propria is 50-100 ¡rm thick

proximally with a distinct elastic component. It is clifficult

to distinguish as a separate layer distally where it has few

elastic fibres (fig. 46 and 47). llhe internal elastic lamina

'also decreases from 60 Fm to 15 ¡rn and is composed of thin

elastic fibres nrnning spirally and longitudinally. The venous

plexus is cornposed of veins about 60 pm in size. Numerous
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arterioles up to 60 ¡rm are found between the cartilages.

Tertiary bronchi.

The tertiary bronchi differ from the secondary bronchi in the

following ways: (1) they are srnaller, generally less than 0.4

crn ín diameterì (2) there are smooth muscle bund.les in the wallst

(3) the venous plexus is replaced by a mixed vascular plexus

in the submucosa, (4) the fusion of the dense internal elastic

Iamina and the fine elastic network of the lamina prorpia; and

(5) the absence of glands and the replacement of the goblet

cells by non-ciliated cells.

I will now consider these differences in more detail.

Size.

fhe size of the bronchi is not a reliable gruide to its structure

and is recorded only for completemess.

Smooth nruscle.

Smooth muscle has been conspicuous by its absence so far in the

dolphin bronchial tree. fnitially only a few cells are found in

the submucosa between the cartilages (Fi9. 48 and 49). As the

tertiary bronchi decrease in size to 100 to 50 pm the smooth

muscle cells increase in number and form distinct circular

bundles which can be seen in the SEM as ridges (Fig. 52).

Vascular plexus.

lFhe change in the venous plexus is one of the most obvious

features of thc tertiary bronchi and ca¡r be seen in unfixed

and fixed specimens with the aid of a hanC lens. The plexus

arises abruptly, suggesting that it has a different blood
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supply as r,trell as a different structure. It is composed

of arterioles, veins and capillaries, each in about equal

proportions, and it extend,s throughout the sr¡bmucosa(Fig.

45, 46 and 47). The vessels are less than 25 ¡rm in diameter

with the usual mammalian st:rrcture.

Elastic tissue.

In sections stained for elastic tissue, the most obvious

difference is the fusion of the two elastic layers to form

one much thinner layer in the lamina propria (F'ig. 46 and

47). The elastic fibres are not lost, however, but are

dispersed throughout the submucosa, forming a fine network

of fibres extending from the new internal elastic lamina,

just beneath the basement membra¡e to the thick external

elastic lamina surrounding the cartilages.

Epithelium.

llhe epithelium decreases from 20 ¡rm to less than 10 ¡rrn in a

few nillimetres and changes from pseud.ostratified ciliated

columnar to simple cr¡boidal with occasional basal ce1ls. No

goblet cells are found, their place being taken by non-

ciliated cells of at least three tlpes (fig. 50, 52, 53, 54

and 60).

The ciliated cells are pale-staining cuboidal ce11s with

shorter cilia (about 5 pn long) than the tracheal ceIIs. They

have fewer mitochondria and. ttreir round, pale-staining nuclei

lie in the centres of the cells.

The non-ciliated cells are ta1ler and darker staining than the

ciliated ceIls, with a broad base resting on the basement mem-



8t

brane. The apices of these cells are often dome shaped and

often proÈrude above the surface (FiS. 73). Two different

types of ce1ls can be distinguished by the granules which they

contain:

(a) Junctional zone cells.

This cell type is found in the junctional region of the

secondary and terÈiary bronchi. I have only seen an

occasional cell distally. Tt¡ree types of granules are found

in the cytoplasm of these cells: (t) many small granules

and vesicles 0.1 to 0.15 pm in diameter of moderate

. electron density, some having very dense coresi Q)

tubular granules 0.04 x 0.25 pm of varying density; and

(3) some pale staining spherical granules 0.5 pm in diameter

(Fig. 53 and 54).

(b) Secretory cells.

These cells are first found in the junctional zone and Èhen

distally. They have been divided into two groups according

to the tlpe of granules present: (1) Ilpical Clara-t1pe

cells which have many pate-staining membrane-bound droplets

0.5 to I ¡rm in diameter; a dome-shaped apex with microvilli

0.I x 0.5 pm on its surface; .L'undant profiles of smooth

endoplasmic reticulum in the supranuclear cytoplasrn; a

prominent Golgi complex; and numerous oval mitochond.ria up

to 5 ¡rm in size (Fig. 55). (2) tJ:e other ceI1 tlpe is more

numerous and contains dark-staining membrane-bound granules

0.1 to O.2 ¡rm in diameter; equal proportions of rough and





5-6 A-t

5-6 A-2

83

The sphincteric segment ranges in length from 1-3 mm with two

valves (Fig. 61 and 67) to l0 nìm or more with twenty or more

valves. Detailed studies of this segment with regard Èo

distribution, number of valves and length have not yet been

done. The sphincters or valves which guard each opening from

this segment are situated between the cartilage plates.

The sphincteric segrment is characterised by the presence of

the sphincters and the following: cartilage plates in its

wall; the absence of ciliated epithelium; the presence of thin

walled blood vessels in its wallst and alveoli arising directly

from its wall.

Size.

As the tertiary bronchi decrease further in size to about

0.5 to 0.25 mm the muscle bundles become more prominent (Fig.

48, 49, 61 and 67). This can be seen in low power L.M- and

in the SEM disÈinct ridges can be seen (fig. 52 and 72).

These muscular bundtes form definite sphincters in bronchi

less than 0.25 mm in dianneter (Fig. 6Lr 62,631 64,67''75

änd 76) and are best seen in specimens of collapsed lung

(Fis. 70).

Sphincters.

The myo-elastic sphincter consists of circularly-running smooth

muscle f,ibres and raCially running elastic fibres. (FiS.

6L, 62, 63 and 64). The smooth muscle fibres are tlpical

mammalian in structure with many longtitudinally running

myo-filaments; scattered fusiform bodies, dense bodies 0.5 -

t F,*r some mitochondria; and many pinocytotic vesicles near the
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surface memlcrane (Fig. 79 and 80). Nexus regions are rarely

seen. The elastic fibres are radialty arranged attaching to

' the edges of the carÈilages peripherally and. merging with

the fine elastic fibres of the lamina proprÍa near the basal

lamina (FiS. 63, 64, 79 and 80).

5-6 A-3 Epitheliun.

Ttre epithelium changes from ciliated to non-ciliated ce1ls as

the muscle bu¡rdles become more prominent and is then composed

of two cell types: (a) cuboidal cells with microvilli, and (b)

squamous ceIIs. This change is best seen in the SEM (FiS. 7I

and 72). The cr¡boidal cells are somewhat flattened up to IO ¡rm

in diameter and 6 to 8 pm high. The cells have many microviÌli

0.1 x 0.5 ¡rm on their apcial surface (Fig. 74 and 78), a

convoluted nucleus, ovoid mitochondria, up to 0.7 ¡rn 1ong, many

free ribosomes, and many small vesicles (Fig. 78). The squamous

cells are very similar to the type I cells of the alveolus and

will be d.escribed below. The epithelium occasionally appears to

be stratified in this segrment. The basal cells appear to be

either differentiating microvillous cells or squ¿rmous cells.

There is a prominent basement membrane beneath the epithelium.

.. Occasional multilamellar bodies, similar to those in the type

If alveolar cells, are found in the more distal microvillous

cells.

5-6 A-4 Submucosa.

' The remaind.er of ttre wall of the sphincÈeric segment between

the epithelium and the cartilage consists of a plexus of thin-

walled blood vessels (FiS. 81, 83 and 85). This plexus appears





5-6 B

8ó

Alveolar ducts and alveolar sacs.

The sphincteric segrment terminates by dividing into alveolar

ducts, which in turn give rise to alveolar sacs and alveoli.

I have not yet attempted to reconstruct this portion of the

Iung, but a general impression of tJ:e arrangement can be seen

ín the SEM and low power LM (FiS. 67 and 69) and in the

corrosion specimen (see appendix 3).

The walls, or pillars, of the alveolar ducts and sacs consist

of a fibro-elastic framework which is continuous with that of

the sphincteric segrment. The lining epithelium is cuboidal to

squ¿rmous cells with a¡¡ occasional cell resembling the type II

cells of the alveoli. The openings of the alveolar ducts

from the sphincteric segment are always guarded by a myo-

elastic valve, but, although smooth muscle fibres are often

found in the walls of the ducts, valves have not been observed

(FiS. 67, 68, 88 and 89). The walls of the alveolar sacs are

generally thinner and seldom contain smooth muscle fibres.



Fig. 45. AD, I

Fig. 46. AD, 5

Eig. 47. AD, 5.

Plate 21.

Distal region of secondary bronchus.
Note : pseudo-stratified, ciliated columnar

epithelium witJ: goblet cells; hyaline
cartilage; the prominent vascular
plexus; the alveoli adjoining the
adventitial layer. H and E 150 x

Transitional zone of secondary to tertiary
bronchus.
Note: the smaller cartilage plate in the' tertiary bronchus; the sudden change

in size of the vessels in the sub-
mucosai the merging of the prominent
elastic lamina in the submucosa with the
thinner elastíc lamina inunediately
beneath the epithelial laYer.
VandVG 40x

Higher power of Fig. 46. showing the fusion
of the two elastic lamellae.
Note: also the lymphatic vessel in the peri-

bronchial tissue (1v) V and VG 200 x
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Plate 22
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Fig. 48

Fig. 49.

Fig.50

AD. l, Tertiary bronchus. Note :smooth muscle bundles ; the
decrease in thickness of the epithelium. Il.and E. 75 x

AD 5, Tertiary bronchus.Note :smooth muscle bundles ;cuboidal
epithelium containing intra-epithelial parasites(p) ;
alveolar septa with double capillary networks(alv s).
lpm plastic section MB.and Az. 300 x

AD.5rDistal end of secondary bronchus showing pseudostrat-
ified low columnar to cuboidal epithelium with cilia
and goblet cells. lEM 4,400 x bar = lÊm.



Plate 23
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Fig. 51. AD 2 ,Slice of lung in buffer before critical-point drying.
After drying the whole slice it was divided into
suitably sized sections,mounted on stubs and coated.
This was done to avoid loss of orientation. Area A
was used for Fig.52.Area B for Figs.69,7I,84.
Note:the bifurcation of a secondary bronchus(SB);
tertiary bronchi(TB) ;respiratory bronchi(RB)or sphinc-
teric segments ;and pulmonary vessels(PV).



Plate 24

Fig. 52- AD 2- Terminal portion of the secondary bronchus showing.,
ciliated epithelium raised into prominent circular
folds. SEM 400 x
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Fig. 53. AD.5,Tertiary bronchus shovring low columnar to cuboidal
pseudos tratif ied, ci liated epithe lium. Some secre tory
cells(SC) are seen but no goblet cells. 2,600 x bar=2Ém.

Fig. 54. AD.5,Higher porrer of a secretory ce11 from Fig.53.Note:
the variation in size and staining of the granules in
the apical region of the cell. 20,800 X bar = 0.5prm.

.:



Fig. 55. AD, 5

Fig. 56. AD, 5.

Plate 26.

Tertiary bronchus showing a Clara cell (CLC).
Note: the stratifieil epiÈhelium in *'his section;

the bulbous apex of the Clara ceII con-
taÍning only a few secretory granules;
a¡rd the relatively short cilia.
61600 x bar = 1F*.

Higher magnification of the basal cells.
Note: the plication of the lateral and basal

. surfaces tl); the basal attachments with
relaÈively fevr desmosomes or tonofílaments-
20,00O x bar = O.5 ¡rm.
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AD, 5

Plate 27.

Tertiary bronchus.
These two figures itlustrate two additional types
of secretory granules found in the Clara cel1s'

This Clara ceII contains dense granules with
little protrusion of Èhe apical region'

This Ctara ceIl has a protruding apex which
appears to have just discharged its contents'
Some. pale staining granules with electron-dense
cores are still present. Both figures 401000 x
bar = 0.25 pn.

Fig. 57.

Fig. 58
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Fig. 59. ADt 2

Fig. 60. AD, 5.

Plate 28.

Proximal trachea showing a mast cell (MC)

in the la:nina proPria.
Note: the heterogeneity of the granules.

1216O0 x bar = lJr*.

Tertiary bronchus. A mast cell is almost
entirely within the epithelium. This celI
contains a mixture of granules including an
array of tubules (T) 12,600 x bar = I F*.
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Fig. 6I. AD, I

Fig. 62. AD, 7.

Fig. 63. AD, 3.

Eí9. 64. AD' 3

Fig. 65. AD' 3

rig. 66. AD, I

Plate 29.

Right lung.
Note: the myo-elastic valves (my.v.) in the gaps

between the cartilages; the thin epithelium;
the vascular plexus (l); and the surrounding
alveoli. H. and E. 150 x

Right lung showing a valve in cross-section.
H. and E. I5O x

Left lung stained for elastic tissue.
Note: the fine elastic fibres in the wall away

from the valves; the denser elastic fibres
around the valve which seem to come from
the external elastic lamina and the peri-
bronchial tissue; the collection of
elastic fibres at the opening of the
alveolar duct (l). weigertrs elastic stain.
150 x

Left lung staíned for elastic tissue showing a
cross-section of a valve
Note: the condensation of the elastic fibres

of the lamina propria between the smooth
muscle and the cartilages; and the external
elastic lamina which is connected by radial
fibres is dra'¿n into the lumen of the
bronchus. V'leigert's elastic stain. 150 x

Right lung showing large densely stained bodies
which appear to be both intra- and sub-epithelial
(ll. H. and E. L2o x

Alveolar septum showing the capillary network on
each surface. H. and E. 600 x
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Fig. 67. AÐ' I

Fig. 68. AD, 8

PLate 3O.

Section of lung showing; a tertiary bronchus (TB);
a respiratory bronchus (RB); alveolar ducts (AD);
and alveoli (alv). H. and E. I20 x

Hígher magnification of a similar area showing:
cartilage plates around the opening of the alveolar
duct; myo-elastic valves (ny v) t and the alveolar
septuri. H. and E. 200 x
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Plate 31

\É

I

üt-
Fig. 69. AD.2,Low power SEM showing tertiary bronchus dividing into

two respiratory bronchi.Note:the tubular appearance of
the alveolar ducts;the absence of pores of Kohn;and
the polyhedral alveoli. 500 x



Fig.70. AD' 7

Fig. 7L. AD, 2.

Plate 32.

Section of lung fixed in the collapsed state.
Note': the cartilage plates ("p) and the myo-

elastic valve pulling the peribronchial
tissue into the lunen IO0 x

Junctional region of the tertiary and respiratory
bronchi.
Note: the ridges (l) which may be caused by the

vascular plexus; the scattered ciliated
ce1ls; the microvillous surface of most' of the bronchus. 2,4OO x
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Plate 33
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Fig. 72. AD.2,Higher magnification of a similar area to Fig.71 showing
ridges raised by the underlying muscle bundles and
microvillous cells between the ciliated ce1ls. 4000 x

,-,



Plate 34
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Fig. 73. AD.2,Tertiary bronchus showing ciliated cells and micro-
villous cells.A Clara cell is present({). 8,000 x

Fig. 74. AD.2,Junction of tertiary and respiratory bronchus showing
the change in epirhelium. 10,3OO x



Fig. 75. AD, 2.

Fig. 76. AD, 5

Plate 35.

Respiratory bronchus.
Note: several valves (l) ¡ a macrophage (rn);

the capillary plexuses in the wall of the
bronchus and the alveoli. 260 x

Respiratory bronchus showing portion of a valve.
Note: the squamous epithelium on the surface, the

cartilage (.p) and the vessel containing
red blood cells (l). 1,6o0 x
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Fig. 77. AD, 5.

Fig. 7e. ÀD, 5.

Plate 36.

Junction of tertiary and respiratory bronchus.
Note: the thick bundle of smooth muscle cut

tangentially; the capillaries beneath the
squErmous epithelium; C1ara celIs (CL); ."
microvillous cells (MV); and a parasite (P).
20Oox bar=5Jr*.

Respiratory bronchus.
Note: the capillary covered by sçF¡amous epithelium

(sq ep); the microvillous cells; and the
apparent stratification of the epithelium.
131500x bar=1F*.



cap

Plate 36

ß.

.t" -¿ill'

77

U tt

ë/
CtÕ o

É0ç
n
it

sq ep



Fig. 79. " AD, 5.

Fig. 80. AD, 5

Plate 37.

Respiratory bronchus showing one of the distal
myo-elastic sphincters.
Note: the thin squamous epithelium (sq ep) covering

the sphincter and capillaries; the smooth
¡nuscle cells; elastic fibres. 61600 x bÊr =
I F*.

Higher magnification of portion of Fig. 79.
Note: the squamous epithelir.un has few organelles

in its cytoplasm; the smooth muscle cells with
(rnf) myofilamenÈs and peripheral pinocltotic
vesicles (v); and the elastic fibres with
central amorphous core and peripheral micro-
filaments (l). 20,800 x bar = o.5 pm.
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rig. 81. AD, 2

Fig. 82. AD,2.

Plate 38.

Respiratory bronchus, fron an air-dried
specimen.
Note: the engorged capillary plexus beneath the

epithelium; macraphages (M); and some
mucous particles (P). 1,400 x v{

Higher magnification of portion of Fig. 81.
Note: the red blood cells are more prominent

due to shrinkage from the air-drying;
the outlines of the squamous ce1ls (f);
and the microvillous ceIls. 2,2OO x
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Fig. 83. AD, 2.

Fig. 84; AÐ, 2

Plate 39.

Respiratory bronchus (air-dried) .
Note: portion of a macrophage (M); microvillous

cellsr and the biconcave red blood cells
clearly outlined by the contraction of the
squamous epithelir:m and the endothelium.
31200 x

Respiratory bronchus (critically-¡>oint dried) .

Note: the better definition of tl¡e microvilli
on the surface; the mucous particles (P) i
a¡rd the microplicae on the surface of
the squamous epithelial cells (mp)
2 r4OO x
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Plate 40
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Fig. 8.5. AD.5,Respiratory bronchus between the valves.Note:the thin
lamina propria over the cartilage;the cuboidal ce11(C)
covered by squamous epithelium;and the capillaries and
pericytes(peri). 6,600 x bar = 1$m.

Fig. 86. AD.2,Chondrocyte from the wall of a secondary bronchus.
6,600xbar=1prn.
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5-7 The resPiratorY zone.

5-7 A Alveoli.

The alveoli arise from the alveolar ducts, sacs and directly

from the sphincteric segrment. $Ihen alveoli arise from the

sphinctericseg'mentrtheiropeningsareguardedbymyo-elastic

valves (Fis. 67, 68 a¡rd 69). The size and shape of the alveoli

depend on the method of fixation and the area sampted. In the

inflated lung specimens the most conmon shape seen is the brandy

ballooninSEMwhichappearpolygonalinLMandTEM.Thealveoli
' in these specimens range in size from 0.1 to 0.25 ¡run (Fig. 66,

67, 68 and 87). The alveolar septum consists of a connective

tissue core 3 to IO ¡rm thick with a network of capillaries on

each surface, covered by an epithelium composed of two types

of cells, tyPe I and tlpe II (rig' 90 and 91) '

5-7 A-1 EPithelium

(a)ThetlpeIcells'orsçnramouscellshavetheirnucleiand

most of the cytosplasmic organelles situated in the gaps in

thecapillarynetworkandthinlateralcytoplasmic

processes stretched out over the surface of the capillaries

(Fig,9Or9Ir92anð.93).Theorganellesconsistof:afew

mitochondria up to 1 pm in diameter; some profíles of rough

and smooth endoplasmic reticulum; free ribosomes; and a'

Golgi complex. In most areas the epithelial processes are

50 to IOO irm thick and contain many pinocytotic vesicles

' 5 to 25 nm in diameÈer, but in some areas the processes are

only 30 to 40 nm thick and have only an occasional pinocytot

vesicle between the cel1 membranes (rig' 93)' The type I
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cells do not cross at. .orrrt.ctive tissue core and only

extend into adjacent alveoli around the ends of Èhe septum.

(b) Type II ceIls.

Tlrpe II cells are cr¡boidal cells 10 to 20 pn in size which

are found in groups of two or three in the inter-capillary

niches, or the junctional regions of the septum (Fig' 87,

9L, 94, 95 and 96). The cells contain: characteristic

membrane-bound osmiophilic multilamellar bodies, or cytosomes

up to 2 ¡rm in diameter; multivesicular bodies 20 to 40 nm

in sizer many small vesicles 20 to 40 nm in size; profiles

of rough and smooth endoplasmic reticutum; free ribosomesi

and a prominent Golgi complex (Fis. 97 ' 98 and 99). The free

surface has microvilli 0.1 x 0.4 ¡rm, whíIe the lateral

surfaces have prominent infoldings and interdigitaÈing

processes. occasional unmyelinated nerve fibres are found

Ín relation to the basal surfaces of the cells, but no

nerve endings have been found.

The type I and type II cells are joined by tight junctions.

Theyrest on a basement menibrane I0 to 20 nm thick, which

fuses with the capillary basement membrane in the thinnest

regions of the blood-air barrier. Ilpe III cells have not ye

been found.

5-7 A-2 Capillaries.

ître capillary networks on the surface of the alveolar sepÈum

appear to be two separate plexuses arranged in many areas so

that the gaps on one surface correspond to vessels on the
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complimentarysurface(Fis.90and9I).IntheSEMquitelarge

areas of the septum can be seen to be devoid of capillaries

(Fig. 87) and in the gaps between the vessels type II celIs and

the occasional elevation caused by Tlpe r cell nuclei can be

found.InTEMtheseareasoftheSeptumarecoveredbythe

lateralprocessesofthetypelcells(Fig.9I).Thecapillary

networks on the alveolar septum are supplied from branches of

the pulmonary arteries and drain to tributaries of the pulmonary

vein which run in the connective tissue framework of lung'

thetwone'tworksareusuallyseparate,butoccasionaltrans-

septal anastomotic channels are found (Fig' I0l)' The

capillariesareusualnon-fenestratedmammalianvesselswith

fewcytoplasmicorganelles,mitochondria,Golgicomplexanda

fewprofilesofendoplasmicreticulumconfinedtotheperinuclea

region.Thet}rinlateralprocessesgenerallycontainpinocytotic

vesicles20to40nmindiameter,exceptinthethinnestportior

of the blood-air barrier, when along with the type I cells they

'consistonlyofttrecellmembraneandathinlayerofcytoplasm

(Fig. 93) - The capitlaries are surrounded by a basement medbran(

which sometimes contains a pericyte'

5-7 A-3 Blood-air barrier.

The blood-air barrier is 150 to 250 nm thick in most areas,

decreasingtoonlyl2Onminthethinnestregions.Ithasnot

yetbeenpossibletoquantitatethediffusioncapacityofthe
'dolPhin lung.

5-7 A-4 Interstitial tissue.

Ítre interstitial tissue of the septum consists of collagen and
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elastic fibres which do not seem to have any preferred orient-

ation. Thin cytoplasmic processes are frequently seen in the

interstitial tissue. It is not always possible to identify

the cell of origin of these processes. occasionally the cell

body of a fibrobalst is seen a¡rd many of these processes

almost certainly belong to fibroblastsi however, some have

basement membrane surrounding them and are probaJrly nerve

fibres. Others may be processes from llzmphatic vessels which

are found in the junctional region of the septum (FiS. 105).

LymphaÈics,.

The lymphatics drain from the septrrrn to the junctional regions

of the septa and thence to the peiibronchial vessels. It has

been easier to trace these vessels in reverse order, commencing

with the peri-bronchial vessels and progressing peripherally.

Some of the subpleural alveoli have lymphatics which drain

towards the pleural lymph vessels. The llzmphatics have a

tlpical mammalian structure. The thin endothelium has many

intraluminal processes and infoldings on its inner surface

(Fig. 103 and I04). There is no basement membrane surrounding

the vessels, which makes them rather difficult to trace for

any distance in the septum. In the junctional regions of the

septum mast ceIls, plasma cells, blood vessels, and unmyelinaÈed

nerves are found. No nerve endings have been found, but a

detailed examination has not yet been undertaken.

Macrophages.

Macrophages are occasionally seen on the surface of the alveolar

septun, and in the bronchial tree, and. also in the interstitial
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tissues (Fig. 81, 87 and 111). There are no unusual features

Ín these cells.

Lining layer.

The surface lining layer has not been well preserved by the

techniques used for most of this study. In some of the sub-

pleural alveoli there are collections of flocculent and

lamellated osmiophilic material which resembles surfactant

(Fig. 96). The biopsy specimens which were collected and fixed

using a variety of tectrniques, including the tricomplex salt

method (Def¡ner f969) unfortunately showmany fixation artefacts

and have not Èherefore been included at Èhis time. They do

however confirm the presence of the usual manunalian type of

surface lining layer.

Blood supply.

À detailed analysis of the blood supply has not been performed

as yet, but there are some features which have been observed

which are worthy of note at this time. The pulmonary arteries

a¡rd veins run togetheî from the hilum of the 1un9, but they

do not run with the bronchi. Ttrese vessels are enclosed in a

separate connective tissue sheath away from the bronchi. At

the junction of the secondary and tertiary bronchi the pulmonary

artery gives off branches which then run in the peribronchial

sheath. Tributaries of the pulmonary vein take a similar course.

The, vessels supplying the alveolar septurn aPpear to arise from

theperibronchial vessels. Branches of the pulmonary artery

a¡rd vein are seen in the juncÈional regions of the alveolar

septum (Fig. 106). The vessels so far examined have a typical
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mamnalian pattern.

The pleura.

The visceral pleura is 100 to 200 pm thick (Fig 107). It

consists of fibro-elastic tissue containing blood vessels,

lymphat.ics and nerves (FiS. 107 and 108). The mesothelium is

composed, of typical squamous cells with thin cytoplasmic

processes containing few organelles. In the region of the

nucleus some short microvilli 0.1 x 0.1 F* are often found

enbedded in a granular or amorphous surface coat (Fig. 109).

The cells,are joined by tight jr:nctions (Fig. 110). occasional

cell containing myo-filaments are also seen beneath the

mesothelial cells (FiS. 109 and 110).

Àdditional Findings.

This section contains three groups of observations of appear-

ances which may be pathological in origin but which reguire

further investigation. They are included in the main body of

the thesis rather tha¡r in a separate appendix because some of

them may be normal structures.

(a) In all of the animals so far collected, both of the

Adelaide and Brisbane series, spherical or ovoid structures

up to 25 ¡rm have been found in bronchi less than 1 nsn in

diameter (FiS. 65, 111, LL2 and 113). They are PAS positive

and Èake up Alcian blue with ttre Lison's stain. Ttrey are found

beneath the basement membrane a¡rd are often surrounded by mast

celIs. In the TEM they vary greaÈly both in staining and in

structure. In some sections definite substructure is present

while in others they appear as masses of calcified debris.
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TEM confirms that these bodies are in the lamina propria,

with the epithelium often stretched over them. In some areas

macrophages, fibroblasts, mast cells and occasionally an

increase in connective tíssue are found. Mostly however there

is little reaction Èo their presence. In the SEM they are

clearly seen as elevations beneath the epithelium (FiS. I11).

(b) the second group are found within macrophages either within

the btood vessels or on the surface of Èhe bronchi or alveoli.

These bodies appear to be the remnants of phagocytosed cells

or parasites (Fig. 1I4).

(c) the third group is a collection of smaller bodies most

prominent in the tracheal epithelium. They are found principally

in the inter-cellular space and consisÈ of osmiophilic material

arranged, in flattened concentric whorls (Fig. 9).



Plate 41

Fig. 87. 4D.2, Alveoli. Note:the end of an alveolar septum at its
entrance into an alveolar duct,devoid of capillaries(AS);
the arrangement of the capillaries;type 11 cells in
groups(1) i" the gaps in the capillary plexus;and
the alveolar macrophage(M). 1,000 x
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Fig. 88. AD, 5

Fig. 89. AD, 5.

Plate 42.

Lung (immersion fixed) showing the walI of a¡r

alveolar duct in longítudinal section.
Note: the folding of the capillaries (see also

F:ig. 100); the squamous epithelium on the
surface; the elastic fibres; and the bundles
of collagen which do not appear to be
arranged in any special direction. Compare
with Figs. 87 a¡d 89.
31600x bar=2F*.

Section of alveolar septum from a perfused lu¡tg.
Note: the elastic fibres and possibly one smooth

muscle cell in the terminal portion at the
entrance into the alveolar sac; the tlpe fI
ce1l; and the capillaries. 3'000 x bar =
2 F*.
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Plate 43

alv 1

alv 2

I
.:-)-¿

alv 3

AD.5,Junctional region of the alveolar septa from three
alveoli.Note:there are no lymphatics or blood vessels
in this junction;one type 11 cell is present,but no

type 1 nuclei can be seen;the arrangement of the
capillary networks. 3,800 x bar = 2pm

90

Fig.90
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AD.5,Alveolar septum. Note:the gaps in the capillary
network on one surface correspond to capÍllaries on
the other;two type 11 cells;no type 1 cell nuclei;a
mast cell(MC);and the absence of elastic fibres from
the connective tissue core. 4,000 X bar = 2pm
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Fig. 92. ÀD, 5

Plate 45.

Junction of two type I epithelial cells on the
surface of the alveolar septum. This is a t1'pícaI
tight juncÈion. A few finger like projections are
seen around the junction. 841000 x bar = 100 r¡n.

High nagnification of the thinnest part of the
blood-air barrier.
Note: the type I epithelial cell consists of a

thin layer of cytoplasm and the outer and

. inner uniË membranes; a pinocytotic vesicle
(v) is present; the endothelial cell is
even thinner; the two basal laminae have
fused. 210r00O x bar = 50 nm.

Fig. 93. ÀD, 5

See Fig. 94, 95' 96, 100, 101 and 102 for more details of tlpe I
epithelial cells.
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FiS. 94. AD, 2.

Fig. 95. Ð, 2

Plate 46.

Higher magnification of the two tlpe II cells in
the centre of Fig. 87. 4,000 x

Tlrpe II epithelial celIs.
Note: these two cells are each separate and in

niches between the capillaries; the micro-
villi on their surface; a junctional region
between type r cells (l); ana the surface
of the type I cells. 10,400 x
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Fig. 96. AD, 5

Fig. 97. AD, 2.

Plate 47.

Subpleural region of the lung showing an
alveolus adjacent to a respiratory bronchus.
Note: flocculent material which may be sur-

factant, has been retained and fills
the niche (l); ttte type I cell cyto-
plasm contains some mitochondria and
profiles of endoplasmic reticulum;
several tlpe II cells are present.
5r40Ox bar= 1F*.

A tlpe II epithelial cell.
Note: the cytosomes (cyt); the microvilli;

mitochondria; and the vesicles and free
ribosomes. 20,800 x bar= 0.5 F*.
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Fig. 98. AD, 5

Fí9. 99. D, 12.

Plate 48.

Ðpe II epithelial cell.
Note: the tight iunction (l) formed with the

adjoining tlpe I celI; the Golgi; the
cytosomes which appear to fusing Èo form
one large onei and the microvilli.
30,000 x bar = 0.2 pm.

Brisbane series. Tlæe II epithelial ceII with a
cytosome discharging its contents onto the
surface. 32rO0O x bar = 0.2 ¡rm.
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Fig. 100. AD, 2.

Fíg. 1O1. AD, 2

Plate 49.

Lung (ímmersion fixed) .
Note: there is some vacuolalion (l) of the

endothelial cells, particularly on the
septal surface indicating Poor fixation
by this method; although there is folding
of the septun and capillaries, the blood-
air barrier is not greatly thickened.
521000x bar=1F*.

Lung (perfusion fixed).
Note: the two type If cells with extensive

ptication of their lateral and basal
membranesi many cell processes are seen
in the septum; and many pinocytotic
vesicles are seen in one of the type I
cells.61500x bar=1p*.
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Fig. 102. AD.2,Alveolar septum showing a trans-septal anastomosis
between the two capillary networks.A nucleus of a
type 1 cell is present at the top of the picture and
a fibroblast(F) towards the bottom. 6,800 x bar = l¡.lrn.
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P1ate 51.

The specimens from which Figs. 1O3 and I04 were obtained were taken
from material being prepared for SEM. They were embedded in Spurr's
resin afÈer an overnight wash in cacodylate buffer (see chapter 4).

Fig. 103. AD, 5. A1veolar sepÈum showing a lynphatíc vessel
(Iym v) running from the peribronchial tissue
on the left along the septum to the right. The
only evidence of the prolonged period of
storage is the extraction of the contents of
the. cytosomes (cyt) in the tlpe II epithelial
cell.5r300Ox bar=fp*.

Fig. 104. AD, 5 Higher magnification of portion of the lym-
phatic in Fig. I03.
Note: the fine elecÈron-dense granules (l) in

the type I cell and the endothelial cell;
the endothelium of the llznphatic has many
folds and finger-like projections (F);
some fine elastic fibres are Present in
the peribronchial tissue.
20,800 x bar = 0.5 pm.
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Fig. 105. AD' 2

Fig. 106. AD, 5

P1ate 52.

Jr:¡rctional region of alveolar septun.
Note: the lymphatic in the centre extending

along the septum towards the bottom
of the picture; Portion of a mast cell
(MC); a type II cell; and the capillaries.
5,300x bar=1p..

Junctional region fro¡n a specimen prepared as
for Figs. 103 and 104.
Note: the large muscular vessel; porÈion of a

¡nast cell, with some loss of granular
content; and a polymorphonuclear leucocyte
(PL) in a capillary. 4,4OO x bar = l Jr^.
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Fig.107. AD.l,Section of collapsed lung showing pleural surface'
Note:the thick connective tissue layer with collagen
and elastic fibres;the thick wa1led arteries;and the

collaPsed alveoli. V.and VG' 240 x

Fig.108. AD.5,Pleurå1 surface of the lung'Note:the mesothelial cells
(mc);the elastic fibres;and the thick bundles of
.ot iág..t fibres (c f ) ' 9, 000 x bar = 1[¡n'



Fig. 1O9. AD, 5

FÍg. 110. AD, 5

Plate 54.

Pleura.
Note: there are tvro tlpes of cell in some

regions, the typical mesothelial ceII
(mc), and a celJ- conÈaining many myo-
filaments (mf); the microvilli on the
surface are embedded in a layer of
granular material. 40,000 x bar = l0O run.

Pleura.
Note: the junctions (J) between the mesothelial' cells; the absence of microvilli; and

the ceII containing the myofilaments.
841000 x bar = 100 nm.
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Fig. 111. AD, 2

Fig. Ll2. AD, 5.

Plate 55.

Junction of tertiary and respiratory bronchus.
Note: the large elevation caused by a parasite;

the microvillous epithelium is íntact
despite several irregular projections;
scattered ciliated cellsr and some red
cells. SEM 3,000 x

TEM of a similar parasite nodule to that in
Fig. 110.
Note: the calcified areas (Ca); the area which

Iookslike cuticle (c); the macrophage (M)

on the surface of Èhe ain^ray; and the
increase in connective tissue around the
nodule. 4,4OO x bar = t Pt.
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Fig. tI3. AD, 5.

Fig. 114. AD, 5

Plate 56.

Pa:rasite.
Note: the parasite appears to be surrounded by

epithelial cells ( ); much of the area
is occupied by cutícl.:-like material (c);
and a mast ceII (Mc). 6,600 x bar = t F*.

Section of alveolar septum.
Note: the cell in the capillary containing a large

inclusion body, this may well be a parasite
. wiÈhin a circulating macrophage; and

lymphatic present in the centre of the
septum.
1Ir200x bar=1p..
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DTSCUSSION.

Tectu:iques.

I will not discuss the techniques used in this investigation

at great length. When I commenced in 1967, there vras some debate

about the suital¡itity of some of the fixatives and their buffers,

however most of these methods are now to be fognd in any of the

many texts availal¡Ie (see Hayat 1970 and GlauerL L974 fot

example). One interesting feature of the techniques arose in

the later phase of the work when experiments h¡ere being done

with the old material and the new embeddíng technique. It was

not possible, due to the cost, to avoid the use of phosphate

buffers for the perfusions of the dolphins. I found that over-

night washing of the samples in cacodylate buffer avoided the

electron-d,ense granular deposits which had been reported by

Gil and lrfeibel (1968) , provided there h¡as no phosphate in the

osmíum tetroxide solution. When samples were processed in the

later phases, as controls for the SEM specimens, electron-dense

deposits were again found, despite overnight washing in buffer.

If, however, the washing was continued for 48 hou::s with several

changes, the deposits were not found. This is interesting in the

light of a recent report by O'Hara and Braunschweig (1975)

who found electron-dense deposits after any primary fixation

which contained phosphate buffer. Further experiments are

obviously required to clarify this problem.

The modification of the Spurr enbedding technique proposed in

this investigation has proved particularly successful in our
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laboratory and has been used to embed a wide range of tissues,

including brain slices, aorta' nuchal ligament, cell and tissue

pelleÈs, kidney and liver (Fanning and Find1ay, unpublished

results) .

The SEM results are not as good as I would like, but the

difficulties in obtaining fresh material have so far prevented

any furÈher attempts. I hope that in the near future I will

be abte to obtain some more animals and repeat both the sEM

and the histochemical studies of the surface lining layer of

the lung.

Trachea.

Functions of the upper airr^ray performed in the trachea.

several of the functions of the uPper air:l,ray of terrestrial

mammals must be performed in the trachea of dolphins because

of the different arrançJement of the blowhole, pharynx and'

larynx. fhese functions are: the air-conditioning of the

inspired air, both the warming and humidificaÈion, and the

filtration and cleansing; and the conservatÍon of heat and

water.

The most striking differences between the usual ma¡mnalian

pattern of the respiratory tract and the dolphín are found in

the region proximal to the bifurcation of the trachea. I have

discussed the arrangement of the blowho]e, nasal cavities and

larynx in Chapter 3-1 and 3-4. The trachea arrd larynx join

almost at right angles and ín this junctional region Fanning

a¡¡d Harrison (L972 and appendix 2) have described a structure
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very símilar to the pharyngeal tonsil of terrestrial marmnals.

The trachea does not lie in the horizontal plane but follows

the curve of the vertebral column. !{hen the dolphin is at rest,

in a situation of neutral buoyancy with the lungs fuII and the

blowhole at, or just below, the surface of the water, the trachea

is orientated so that the distal end is higher than the lower

end (see the illustrations in Green ]-972). This is in fact the

usual situation at the surface during the blow. This orientation

of the trachea means that secretions tend to flow towards the

junctional region with the larynx by gravity. This is important

because there are no citia present in the epithelium lining of

the trachea.

The other important gross anatomical observation is that the

narrowest parts of the upper respiratory tract of the dolphin

are the orifices of the blowhole and the larynx, whilst the

widest part of the airway is the proximal trachea (Stijper

1962¡ Kooyman L973¡ and appendix 2) - This means that on in-

spiration turbulent flow with eddy currents occurs in the

proximal trachea extending at least some of the distance down

the trachea. This has two effects: (a) it brings the inspired

air into contact with the warm moist mucosa, facilitaÈing

warming and humidification; and (b) it results in the

deposition of a very large proportion of the particle load by

gravity and contact with the lining layer (KoÈin L968¡

Stuart 1973). I will discuss the warming and humidification

in the section on the venous plexus. There are several points

concerning the deposition of the inspired particles which I will
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discuss now before passing onto a detailed discussion of the

epithelium.

A large proportion of the particles in the atmosphere above the

sea in the o.5 to 20 ¡rm range is salt nuclei and aerosols of

sea-\,ùater (First 1973) . Deposition of these particles in the

proximal trachea will occur mainly due to gravity and turbulent

flow, resulting in local salt (sodium chloride) concentrations

greater than 4%. It has been shown in terrestrial mammals that

salt concentrations above 4t result in paralysis of cilia and

then death of cilia in the trachea (Scudi et al 195I; Proctor

1964). It has also been shown that deposition of noxious

s¡bstances, including high 1eve13 of salt' result in an increase

in secretion by the tracheal mucosa and glands (Dalhmann 1956;

Kotin 1968).

Epithetirrln.

I have described three types of epithetium lining the dolphin

trachea. The larynx is lined by typical stratified squamous

non-keratinised epithelium which changes to a transitional

type at the junction of the larynx and trachea. Most of the

trachea is lined by an epitheliurn which has a microvillous

surface and only occasionally are ciliated cells seen.

Distally, in the crlpts of the laryngo-tracheal junction,and

in the ducts of the glands, tlpical respiratory epithelium is

for¡¡rd. I have not been able to establish the pattern of distrib-

ution with any more certainty than this because of lack of

additional material containing the whole tracheal epitheliun

inÈact.
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The significance of possible differences in distri¡ution itia

not become apparent until quite late in the investigation, by

which time much of the material had been used for other purposes

and had lost its orientation. Further investigation is required.

Transitional type.

This epithelium is found lining the most proximal part of the

trachea. This epithelium is distinguished by: (a) basal cells

with numerous tono-filaments and ¡.".i attachments; (b) several

layers of intermediate cells, some containing secretory granules

(c) surface cells, which may be squamous or cuboidal depending

on the state of contraction of the epitheliun, and which have

an aslmmetric unit membrane on their surface which is arranged

as rugae rather than as microvilli. This type of epithelium is

found in the young animais as well as the older ones' and also

occasional islands are found in the distal trachea. The exact

distribution has not yet been esÈablished.

The asymmetric unit membrane consists of a thicker, more densely

staining outer leaflet, which is easily demonstrated in thin

sections and can be followed. using the goniometer stage. The

aslaunetric membrane is also found in the surface cells of the

proximat regions of ttre microvillous epithelium. It is there-

fore a regional rather than a special feature of the transitiona

epithelium. I have not yet been able to establish the extent

of this tlpe of membrane.

A similar type of asymmetric unit membrane has been described

in the ma¡runalían urinary bladder and ureter (Hícks 1965; Koss
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1968; Firth and Hicks L973¡ Rhodin L974¡ Noack et al 1975).

The membrane is thought to present a barrier to the urine,

which is hlpertonic (Hicks 1966 a). It is not unreasonable to

suggest that the dolphin trachea has developed a similar

membrane in response to the increased salt concentrations

encountered in its proximal regions. The intermediate cells

of the dolphin epithelium are secreting a product, which may

very weII be the same as the interm"ai"a" cells of the

bladder epitheliurn, namely membrane precursors (lticks 1966 b) -

The basal cells, with tonofilaments, basal attachments and

plicated lateral surfaces are well adapted to wittrstand the

stretching and contractions that occur during the blow and

diving.

Microvillous epithelium.

Most of the trachea is lined by an epithelium which is

distinguished in the SEI"I by its microvillous surface and the

absence of, or the presence of only occasional, cilia. In the

TEM this epithelium presents a range of appearances from a

stratified cuboidal epithelium proximally to a pseudostratified

epithelium distally. Most of the epithelium is characterised

by surface cells which have: an organelle free terminal web,

or zone; a perinuclear zone packed with endoplasmic reticulum

and Golgi; between these two zones is a mitochondrial zone;

and prominent folding and reduplication of the lateral plasma

membrane. These are the characteristics of a transporting

epithelium such as is found in manrunalian gallbladder (Berridge
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and Osclunar. L972; Rtrodin L974)

Some recent evidence has suggested that there is re-absorption

of water from the mucous raft in terrestrial marmnalian

trachea (Asmundsson and Kilburn 1970; Va¡r As and Vüebster 1973;

Irvana a¡d Van As 1972). There is also evidence that Èhere is

active transport of sodium and chloride ions across the

tracheal epithelium of dogs in pitro (Marin et al 1974¡ Olver

et al 1975). fn the dolphin there'is evidence that the loss

of respiratory water is not as great as would be expected from

a terrestrial mammal of the same body weight (Coulombe et aI

1965). Krogh (1939) suggested that the reduction in respiratory

water loss in dolphins was due to their reduced respiratory

frequency, but Coulombe eÈ al (1965) have proposed that pressure

changes in the blowhole account for the reduction. I propose

that there is active re-absorption of water by the tracheal

epithelium from the tracheal secretíons. This re-absorption

becomes rnore important in relationship to the clearance mechanis¡

I propose for the trachea, namely that the secretions from the

trachea gravitate to the larynx-Èracheal junction and, are then

expelled in the "blovr". This means that unless there is some

mecha¡rism for re-absorption of water all of the water in the

tracheal secretions is lost during the "blow". This does not

happen. I propose therefore that the microvillous epithelium

has developed in response to two factors: (a) the need for an

epithelium to withstand the high salt concentrations present

in the trachea; and (b) to remove water from the tracheal

secretions and so red.uce the respiratory loss. This is very
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important in an animal living in the marine environment

(Igogh 1939).

Respiratory epithelium.

Respiratory epithelium is found in the distal trachea and the

bronchi. It is typical pseudostratified ciliated columnar

epithelium with numerous goblet cells. I have found only four

main types of ceII: ciliated cells; goblet cells; basal cells;

and intermediate cells. I have not found brush cells or small

granule cells in the specimens so far examined. These are very

similar findings to those described for other large animals,

where only the four major cell tlpes have been found (Frasca

et aI 1968 ai Greenwood and Holland L972¡ Rtrodin L974) '

Differences in the types of secretion found in the goblet cells

in different species and regions on the trachea-bronchial tree

have been described (Lañb and Reid 1969; Spicer et aI 197I).

I have not yet been able to determine the tlT)es of secretion

in dolphin gobtet celIs. I would be surprised if there were

no regional differences or species differenqes in the

dolphins.

Earlier findings.

Earlier descriptions of the epithelium lining the trachea and

bronchi of dolphins were hampered by poor preservation and by

being limiÈed to small samples, often of indeterminant site. I

have been able to re-examine some of the specimens used in an

earlier investigation and found that we had similar problems

(Fanning and l{hitting 1969). Other authors have found:

6-2 B-3

6-2 B-4
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stratified columnar non-ciliated epithelium without goblet

cells (LaCoste and Baud.rimont L926, 1933); simple columnar

epithelium with pseudo-stratified in some areas (Bonin and

Belanger 1939) ; stratified ciliated colurnnar epithelium

(Wislocki 1929) ; pseudo-sÈratified ciliated. columnar epithelium

with few goblet cells (Simpson and Gardner I9?2); epithelium

wiÈhout cilia or goblet ceII (Slijper 1962); and typical

respiratory epithelium (Fanning- and Whitting, 1969) .

I believe that the differences between Èhe present description

and the earlier ones can be explained by Çhe regional variations

I have described, or by poor fixation. The other possible

explanation for the findings is that some disease process has

caused pathological changes to be induced. Most of the material

that has been examined both in my investigationç and others,

has been obtained from animals caught in the wild, although

some specimens have been obtained from marinelands or similar

sources. I will now revie\d some of the possible pathological

changes that can occur and describe how the dolphin findings

differ.

Possible pathological changes.

Numerous authors have described examples of metaplasia of the

epithelium in Èhe respiratory tract in normal animals and in

response to a variety of environmental insults. Sorokin(1973)

has said the following of squamous metaplasia: "This change is

argruably within the epitheli.um's normal expressive rançle; since

islands of stratified squamous cells normally occur in exposed

parts of the pseudostratified lining of the upper airway and
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remain stable for a lifetime." Metaplasia is defined as the

reversible replacement of one differentiated epithelium by

another differentiated epithelium, which is usually less

specialised. Metaplasia is commonly found in the ducts of the

p¿urcreas, salivary glands and the bile ducts, usually in

response to chronic irritation (Robbins L974) -

Squamous metaplasia has been found in the human lung at the

bifurcation of the bronchi even in children (sanderud 1958;

Auerbach et aI 1960). It is most commonly found, however at

bronchial bifurcations of the lungs of cigarette smokers, of

bronchitics a¡d in bronchiectasis (Auerbach et al L957, 1961,

L962¡ Sanderud. 1958; Knudtson 1960; Kierszbaum 1965; Spencer

1968). Squamous metaplasia has also been found around the

openings of tracheo-bronchial glands in normal swine, dogs

and ra.bbits (wang et al L972). Nrxnerous experimenÈal stud.ies

have tried to establish the relationship between squamous

metaplasia and carcinoma of the lung. some of these studies

and the agents used include: vitamin A deficiency (!'long and

Buck 1971; Harris et aI L972); cigarette smoke (Auerbach et

al 1967i Frasca et al I968a, I968b); sulphur dioxide (Asmundsson

et aI 1973); aldehyde vapours (Dahlgren et al ]-972); and

varíous known carcinogens (Gould et aI L97I¡ Harris et aI L97L,

L972¡ Port et al 1973). Squamous metaplasia has also been

reported following prolonged endotracheal intubation and in

permanent tracheostomy after laryngectomy (Griffith and

Friedberg L964¡ Friedberg et aI 1965; Sara 1967). After injury
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squ¿rmous metaplasia may accompany healing (lrfilhelm 1953, 1954¡

Hilding 1965; Hilding and Hilding 1966). The epithelium in all

of these experimental studies shows a range of changes from

slightly abnormal to frank neoplasia. In vitamin A deficiency

the TEM showed keratinisation of the surface cells, an increase

in the nr:¡nber of desmosomes and an increase in tonofilaments

(Harris et aI I97L, L972i Wong and Buck l97l; Port et al 1973).

InSEM,vitamin A deficiet"y oi the epithelium showed changes

ranging from Ìoss of cilia through a microvillous surface to

rugae before the development of tlpical squamous cells (Port

et aI 1973). Microvillous cells were found after cigarette smoke

exposure in dogs (Frasca et al 1968 a, 1968 b).

The dolphin epithelium looks completely normal. There is no

increase in desmosomes, nor any evidence of keratinisation

of the surface. Except in a few areas to be discussed under

additional findings, there is not even an inflammaÈory infilt-

rate. I have found no evidence that the animals were vitamin

A deficient but no measurements of nutritional state were made.

The animals had not been exposed to any of the known carcinogens

used in the above studies. AIl of these points lead me to

believe Èhat I am dealing with an epithelium which has adapted

to the environment within the expressive range demonstrated

for Íts Èype.

G1ands.

I have described mixed mucous and serous glands in the submucosa

and lamina propria of the dolphin trachea. I have not yet
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atterûpted,to define the different types of secretion, or the

distribuÈion of the serous and mucous glands. This has been

attempted in several terrestrial mammals (Meyrich and Reid

1970 a; Lamb and Reid 1970; Spicer et aI 1971). The type of

secretion may be very different in the proximal regions from

that in the distal regions, particularly in view of the salt

concentrations I have discussed. The earlier reports have

varied in the types and nuriber of glands found (Fiebiger 1916;

l{islocki 1929¡ LaCoste and Baudrimont 1933; Fanning and !{hitting

1969¡ Simpson and Gardner 1972). I believe that the explanation

Iies in the regional variations which I have described and in

the relatively poor fixation of the material. There may also

be some species difference which have not yet been considered

due to the present d.ifficulty in obtaining specimens.

The glands have a dual function in the dolphin trachea. They

provide copious secretions to wash the deposited material,

incJ-uding salt,towards the larynx simply by gravity and flow

of fluid. They are also the source of the moisture which is

required for the hurnidification of the inspired air. I suspect

that the secretion will be found to consist of low viscosity

glycoproteins with a high water content, but this will have to

await further study for confirmation.

venous plexus.

I have described a rich plexus of large veins with. musculo-

elastic walls in the submucosa of the trachea, extending down

ínto the major bronchi. I have not established the blood supply
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to this plexus and to my knowledge nothing is known of its

source of supply. The plexus has two main functíonsr (a) it

supplies the heat to warm the inspired air, and may function

in the conservation of heat; (b) ít acts as a space-occupying

region during the dive to prevent total collapse of the trachea.

(a) the warming of the inspired air is due to the pool of blood

at body temperature contained by the plexus. It is not yet clear

how the conservation of heat occurs, but the mechanism suggested

by Coulombe et a1 (1965) of increase in pressure could apply

equally to the trachea and the nasal cavities. It may be that

there is a counter-current flow of blood in the plexus, and

this could account for the removal of heat without the need, for

pressure increases to occur.

(b) during diving the volume of air in the lungs is compressed

due to the increase hydrostatic pressure so that at depths of

greater than 100 metres the volume is less than that of the

trachea. I have demonstrated thaÈ the trachea is compressible

and does not collapse, but it is also possible that engorgement

of the venous plexus provid.es the fine conÈroI necessary to

prevent toÈaI collapse, or damage to the mucosal surface by

sudden changes in the shape of the trachea. As the heart rate

returns to normal during the blow the blood will be quickly

removed returning the trachea to iÈs maximum size necessary

for rapid exchange of air (see appendix 2, Fanning and

Harrison 1972)

The internal elastic lamina and the fibrocartilaginous layer.6-2 E
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The two elastic laminae provide the addiÈional support which

is required to withstand the explosive forces developed during

the blow and during diving. I have demonstrated that the excised

trachea does collapse s1ightly, but it can be deformed by

pressure and springs back into shape. Thís may be due to the

elastic laminae or to the cartilage.

Lymphatic collections.

Lymphatic collections are found only in the laryngo-tracheal

junction and in the subpleural regions (Fanning and Harrison

L972, appendix 2). In the laryngcl-tracheal junctional region

there are epithelial lined crlpts with the ducts of mixed

mucous and serous glands opening at their bases, surrounded

by large aggregates of lymphatic tissue containing germinal

centres. This arrangement is typical of the ma¡¡rnalian tonsil

(Rhodin Lg74). In many areas the epithelium over the germinal

centres is attentuated and infiltrated with lymphocytes

suggesting an active ímmunotogical function. All of the

animals in this series were obtained from the sea, not from

aquaria, suggesting that this is a normal occurrence. AIso, the

younger animals showed a lesser development of these tonsillar

areas.

Lymphatic collections are usually for¡nd in the terrestrial

ma¡rrnalian respiratory system in the laryngeal sinuses and

throughout the bronchial tree at bifurcations (l4ack1in 1955;

Ikahl L964¡ Beinstock et aI 1973). In dolphins lymphatic

collections have only been described scattered throughout the

inner zone of the trachea (LaCoste and Baudrimont 1933) and
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in the subpleural collections (Neuville L928¡ Wislocki L929) -

Although the nasal cavities and larynx have been extensively

investigated, there are no reports of rymphatic collections

in these regions (Lawrence and Schevitle 1956, 1965; Kleinenberg

et al L964i Green 1972¡ Blevins and Parkins 1973). I have

examined a large number of additional specimens of the larlmgo-

tracheal junctio+ kindly senÈ to me by many workers' and have

found lymphatic collections in all of them.

The junctional rçgion is Èhe most dependent part of the

upper re.spiratorf :,tract- where secretions may drain, not only

from the trachea, but also from the larynx. The trachea performs

many of the functions of the nasal cavities, including the

handling of inhaled material. I have therefore proposed that

these tyrnphatic collections have a similar function to the

tonsíIs in terrestrial mammals in the protection of the upPer

aÍnray (Fanning and Harrison L972, appendix 2).

Nerves.

Intra-epithelial nerve fibres are very commonly found at all

levels of the dolphin conducting system. I have been unable to

find any nerve endings, but that does not mean that they are

absent. It is only recently that the original observations of

Rhodin and palh¡nann t1956) has been re-investigated by Hung et

al (1973 a, 1973 b) and others. The function of the nerve fibres

for:¡rd in the epithelium and submucosa is not yet clear' buÈ

some are thought to come from chemoreceptors and others from

stretch and pressure receptors (Fi1lenz and Wood L972). In the

6-2 G
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dotphin it is possible that there may be more pressure

receptors but only further investigation will clarify this.

Summary,

The dolphin trachea has adopted to the functions required of

it in the marine environment in the following ways:-

Protection of the ai::vray.

Protection of the ainray is afforded by: the tonsil-like

lynphatic collections on the ventral aspect of the larlmgo-

tracheal junction; a specialisation of the surface plasma

membra¡e of the surface cells in the proximal epitheliat and

abr¡ndar¡t mucous and serous glands in the sr¡bmucosa.

Air-conditioning of the inspired air.

The filtration and cleansing functions and the warming and

humidification are aided by the turbulent flow which is

produced by air passing from the narro$r larlmx into the wide

trachea at high rates.

Tracheal clearance and conservation of water.

The trachea is cleared in the absence of cilia by gravity and

the flow of secretions towards the larlmgo-tracheal junction.

The secretions are then expelled by the explosive forces of

the "blow". Water is re-absorbed from the tracheal secretions

by the microvillous epithelium liníng most of the trachea.

The secondary bronchi.

The_ secondary, or intra-pulmonary bronchi have very similar

structures and functions to the trachea and main bronchi. They

are cornpletely encircled by hyaline cartilage plates; have a
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thick internal elastic lamina, a rich vascular plexus consisting

mainly of similar vessels to those in the trachea; are lined

by respiratory epiÈhelium; have numerous mixed mucous and

serous glands proximally, deceasing in number as the bronchi

decrease in size. I have been unable to find any smooth muscle

cells in the secondary bronchial waIl, except in blood vessels.

Except for the d.ifferences in the epithelium, the structure

I have described agrees with the earlier accounts of this seg-

ment of the bronchial tree (!ùislocki 1929¡ LaCoste and

Baudrimont 1933; Simpson and Gardner L972).

I think that the more proximal, and larger, b¡¿ìnsþss function

in the air-conditioning of the inspired air in the same manner

as the trachea and its branches. fn the smaller branches the

functions are similar to those in terrestrial mammals, namely

conduction of the air. I have no explanation for the absence

of smooth muscle from this segment.

Surunary.

The secondary bronchi have a very similar structure to their

terrestrial counter-parts except that they have no muscle.

The terÈiary bronchi.

Terminology.

Most of the earlier accounts of the bronchial tree and lung

of dolphins have been confused by attempts to find homologrues

of the terrestrial mamrnalian structures and to transpose the

terminology exactly. I have not done this. The tertiary

bronchus is the name f have given to a small segment of the

aimay, between the secondary bronchi and the sphincteric
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segTment, which has a distinctive structure.

Structure.

The tertiary bronchi range in length from several centimetres

to only L Eo 2 nun with most being between I and 4 mm long. They

are distinguished by: the presence of smooth muscle bundles;

the absence of goblet cells and glands; and a re-arrangement

of the vascular and connective tissue networks between the

epithelium and the fibro-cartilaginous layer.

Connective tissue and muscle.

The change which occurs in the connective tissue compartments

of the tertiary bronchus in dolphins is abrupt. I have found

no smooth muscle by LM or TEM in'the walls of the secondary

bronchi. There is only one report in the literature of smooth

muscle in the dolphin bronchial tree, except in the sphincteric

segmenÈ, and that is by Kleinenberg et aI (1964) in the trachea

of the Beluga, DeLphinaptetas Leueas. They only used LM and

have no illustrations. The absence of smooth muscle is striking

because in terrestrial mammals there is a distinct geodesic

network of smooth muscle, connencing at the trachea and

extending throughout the bronchial tree (Mackl-in L929). In the

dolphin the first appearance of smooth muscle is as discrete

bundles situated in the gaps between Èhe cartilage plates.

These bundles are circularly arranged and are not connected by

spiral or longtitudinal fibres. The change in the elastic

laminae is noÈ quite so abrupt, as it occurs over the length

of the tertiary bronchus. The internal elastic lamina does

decrease in size as the bronchi decrease in size but it still
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forms a distinct lamina until Èhe corunencement of the tertiary

bronchus. The lamina then rapidly decreases in size, becomes

more diffuse and then fuses with the thin lamina immediately

beneath the epithelium. This new elastic tissue layer is

spread throughout the area between the epiÈhelium and the

cartilages as a network of elastic fibres (see Figs. 45, 46

and 47). The network does seem to form two layers around the

smooth muscle bundles, and more distally forms part of the

myo-elastic sphincters in the sphincteric segrment.

Vascular plexus.

The change in the vascular plexus is also abrupt. The large

vessels which s¡ere present in the trachea become smaller as

the bronchi decrease in size but still retain their myo-elastic

walls. At the level of the tertiary bronchus this plexus dis-

appears completely and is replaced by a plexus of tlpical

mamnalian arteries, arterioles, veins, venules and capillaries.

It is significant that the pulmonary artery and vein branches

which have been situated in a separate sheath some distance

away from the bronchi, appear to join the connective tissue

sheath of the tertiary bronchi as this change in vascular

plexus occurs. This suggests to me that the new plexus is

supplied by the pulmonary vessels and the larger plexus by

branches from the bronchial arteries, however, perfusion of

the vasculature will be required to resolve this.

Epithelium.

The changes in the epithelium and glands are not so abrupt

but are just as important. The ciliated cells are not as tall
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as those in the trachea but are simil-ar in all other respects.

I have described two Èypes of non-ciliated ceII in the

tertiary bronchus (a) clara tlpe cells and (b) junctional cell

(a) Clara tlpe ceIls.

There are two types of cetls in Èhis group, one is Èhe

typical Clara type cell with bulbous apical cytoplasm and

pale staining granules, the other which is more numerous'

éontains dark staining granules. Clara cells were first

described by Clara (1937) in the rat, although Kolliker

(188f) had described the non-ciliated cells- It is now

generally agreed that there is a group of secretory cells

present in the terminal airwàys of terrestrial manmnalian

lungs. The classical C1ara cell is one member of this group,

now called bronchial secretory cells (see sectíon 2-2 C-L

for a review).

(b) The junctional cell.

This cell has some of the features of the snall granule cell

described in other species (Sorokin 1973), but it also

has many of the features of the secretory cell, and it

reaches the surface. I suspect that this cell is also a

member of the secretory cell group, but some neuro-endo-

crinological function cannot be ruled out at this time-

The SEM appearance of the tertiary bronchus are very

similar to those described for ttre terminal bronchiole of

large terrestrial ma¡wnals (Greenwood and Holland L972¡

Castleman et al 1975¡ Ebert and Terracia 1975; Mariassy

et al 1975). Despite the similarities further investigation
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will be required to determine whether or not the tertiary

bronchus Ís homologous with the terminal bronchiole.

The sphincteric segrnent.

This segnent is only found in dolphin lungs. It is ctifficult

to define where the tertiary bronchus ends and the sphincteric

segment begins, but the first sphincter usually occurs in

bronchi between I and 1.5 mm in diameter. The segment varies

in 1éngth from severat millimetres with one or tsro sphincters

to up to twenty sphincters. Even though this segment derives

its name from the sphincters, they are not the most important

feature present. l{islocki (1929) was the first to recognise

the respiratory function of this seg¡nent, but it was not

ur¡tiI it was examined electron microscopically that this was

confírmed (Fanning and Harrison 1972, and appendix 2). fn this

investigation we calted the sphincteric segrment the Respiratory

Bronchus. Ito et aI (L967) also referred to the respiratory

character of the sphincteric segrment, but they were somewhat

confused by the absence of epithelium in their material.

The respiratory nature of this segrnent is seen in the SEM where

the whole of the surface of the bronchus is covered by a

capillary plexus which can be clearly seen beneath the epitheliur

The epithelium consists of squamous cells covering the

capillaries and cuboidal microvillous cells in the gaps between.

The squamous ce1ls are very similar to tlpe I alveolar celIs,

with thin lateral processes which in some area are only 100 nm

thick. In the proximal parts of the segment they do not contain

secretory products but in the distal regions they occasionalty
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éontain inclusions similar to those in tlpe II alveolar cells. The

significance of these cells is not clear, buÈ they are similar

to cells described. by castleman et al (1975) in primate lung.

The myo-elastic sphincters consistof bundles of circular smooth

muscle fibres situated in the gaps between the cartilage plates.

The elastic fibres in the submucosa form two laminae on either

side of the bundles with radially running fibres connecting

them'and attaching to the perichondrium. This means that when

the sphincters contract it reduces the size of the lumen and

draws the cartilages together, thus decreasing the length of

the sphincteric segTment. The smooth muscle cells and the

elastíc fibres have no Ìrnusual features'

The nerve supply to the sphincteric segrment has not been deter-

mined as yet, but nerve fibres are frequently seen in close

relationship to both the epithelium and the smooth muscle

fibres. I will defer further discussion until after the sectíon

on the alveoli (See section 6-6 B).

The respiratory zoîe.

Alveolar sepÈun.

The most obvious difference between the dolphin lung and the

usual manunaliam pattern is found in the structure of the alveola:

Septun. In the usual marunalian alveolar sePtum there is a

single capillary network wiih a connective tissue support. The

capillaries are exposed to the air on either side of the septurn

which means that gas exchange can occur from either surface

(rratrt L964¡ Sorokin 1973¡ Trleibel 1973¡ Rhodin L9741. In the

dolphin however there is thick connective tissue with a



6-6 A-I

6-6 A-2

il9

separate capillary plexus on each surface. Thus gas exchange

is only possible on onl-y one surface of the capillary.

Marine mammals.

This arrangement of the alveolar septìxn with two capillary

networks is only found in Cetaceans and Sirenians. The Sirenian

lung was firsÈ reported by Pick (1907) and later by Wislocki

(1935). The Cetacean lung has been the subjecÈ of numerous

reports not only in the Dolphins but also in the great whales

(Feibiger 1916; LaCoste and Baudri¡nont L926' 1933; Neuville

L928¡ !{islocki L929, L942; Halmes and Laurie 1937; Bonin and

Belanger 1939; Wislocki and Belanger 1940; Belanger L94O¡

Murata 1951; Goudappet and Slijper 1958; Baudrimont 1959;

Engel L966¡ Ito et aL 1967; Fanning and whitting 1969).

Simpson and Gardner (1972) reportecl on the fElvl of the dolphin

lung but had. some problems with fixation. The structure of

the alveolar septum of other aquatic mammals has been extensive-

Iy reviewed by Kooyman (1973) and by Dennison and Kooyman

(1973) , and has a t1'pica1 rnammalia¡r pattern. Simpson and

Gardner (L972) however found a double capillary network in

the lung of the Steller sea lion, Eumetopiuas iubata, anð. T

have observed a similar structure in the South Australian sea

Iion, Neophoea einerea (Fanning urpr.rblished'observations) . rt

seems therefore that the double capillary network is confined

to the totally aquatic aroups of aquatic mamrnals, the Sirenia

a¡rd the Cetacea.

Terrestrial ma¡nmals.

The mammalian alveolar septum is ævered by two layers of
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capíllaries during foetal life, but after birth, when the

alveoli develop, the capitlaries become stretched out to form

a single neÈwork (Krahl L964). There has been some debate

recently about the disposition of the capillarieìã- (Ryan et al

L969¡ Ryan 1973; Weibel L9731. Certainly, there is good

evidence to support the theory that functionally the capillary

network is single (Sobin et al L97O¡ Weibel L973¡ Sobin

personal communication) .

Capillaries.

In the dolphin lung the foetal pattern has persisted in the

adult alveolar septum. I believe that the occasional trans-

septal anastomoses only tend to confirm this interpretation.

The capillaries have a typical mammalian pattern and the

cell processes observed in the connective tissue may be

processes of pericytes (weibel L974). There are no unusual

features in the capillary network-

EpítheIil]In.

The surface of the alveoli is lined by tlpe I and type II cells

No tlpe III cells have been found-

(a) Type 'I cells.

The tlpe I cells are thin attenuated cells covering the

surface of only one alveo1us, excePt at the openings

into the alveolar ducts or sacs. These cells may be so

attenuated in some areas thaÈ the celI process consists

only of two plasma membranes with the thinnest layer of

cytoplasn separating them. Weibe1 has described a

similar thinning of the type f epithelium in the Etrucsan
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shre$r (Weibel J-g'lL, L973¡ Weibet et aI t97I). He has

suggested that this is an adaptation allowing the maximum

possible gas exchange per unit area of membrane..

(b) Type II celIs. !<

The tlpe II cells contain the characteristic osmiophilic

lamellar bodies which has been reported to be surfactant

(Sorokin L967, L973¡ Kikkawa and Spitzer 1969; Belton et

aI 1971; Smith et al 1912¡ Weibel 1973). I have not counted

the number of tlpe II cells, but they do not appear to be

Iess numerous in the dolphin lung than in any other manunal

I have examined., including rats, marsupials, sheep and humans

It has been stated that the lungs of marine mammals are

. deficient in surfactant (Greenfield quoted by Boyd 1976 as

a personal communication). This report referred to the

Weddetl seal, Leptonyehotes ueddeLLi, and I have been unable

to find any reports of surfactant measurements in dolphin

lungs. I have however shown, in some of the subpleurat

alveoli, flocculent material and myelin figrures, which

are reported to be preumptive evidence for surfactant

(Weibel 1973). f have performed, some of the histochemical

reactions which have been reported as demonstrating sur-

factant, but the fixation of the specimens leaves much to

be desired, as does the specificity of the tests. I have

therefore decided not to include the results in the main

body of this work, evenÈhough they do support my other

evidence. I would be surprised if lung washings and more

specific histochemical reactions do not show a usual



6-6 A-5

122
marunalian surfactant system in the dolphin lung.

Connective tissue.

The connective tissue core of the alveolar septum contains

both collagen and elastic fibres, but I have been"unable to

find any smooth muscle fibres except around the openings of

the alveolar ducts and the alveolar sacs. There does not

appear to be any preferred orientation of the connective

tissue fibres. There is stilt considerable debate concerning

the usual arrangement of the connective tissue framework of

the terrestrial mammalian lung and its relaÈionship to the

capillary network (Ryan et al L969¡ Ryan 1973; Sobin et al 1970,

1972, 1974¡ Rosenquist et aI 1973; Meyrick and Reid 1970 b;

Weibel 1973). Recent investigations also have shown that some

of the interstitial ce1ls in the alveolar sePtum may be contrac-

tile (Kapanci et a1 L9741. The arrangement of the connective

tissue fibres and the demonstration of contractile cells is

important in the terrestrial mammalian lung because elastic

recoil of the lung, or compliance' is an important factor in

emptying the tung. It has been shown that the increase in

expiratory flow in marine manrunal lungs is due almost entirely

to increase in the elastic recoil (Dennison et aI 1971; Le.ith

et aI 1972; Kooyman L973¡ Kerem et aI 1975). It will therefore

be important to establish whether this increase is due solely

to the increase in connective tissue, or whether the large

number of interstitial cell processes Present in dolphin alveola

septuln play any part.

LymPhatics.

The presence of lymphatic vessels in the alveolar septum,

6-6 A-6
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a$ray from the junctional regions and peribronchial spaces is

an important but not unexpected finding. The structure of the

vessels is similar to that described by Leak and co-workers

(see Leak L976 for a review). IÈ has been shown tJaat tymphatics

are rarely, if ever, encountered away from the peribronchial'

subpleural or paraseptal connective tissues in adult mammalian

Iungs (Lauwerlms 1971). Lyrnphatics are present in the foetal

and newborn lung (Lauwerlms I97I) and in the dolphin where this

foetal pattern continues into adutt tife I expect to find

lymphatics.

Inter-a1veolar conununications -

I have found no evidence of inter-alveolar conununication, such

as.pores of Kotrn. Recent investigations have confirmed that

such communications do occur in normal mammalian lungs

(cordingley L972; Castleman et al 1975) - The Pores are bel-ieved

to be responsible in part for collateral ventilation, but what

effect, if any, their absence will have on the function of the

dolphin lung must await further investigation.

Function of the terminal ain*ay and the respiratory zone.

General.

fhe clolphin lung ís the most highly modified of all ¡nanunalian

h:ngs. Dolphins are not particularly good divers' the deepest

dive recorded was by a Pilot whale which reached 2000 feet and

remained sr:bmerged for 13 minutes (!{ood 1973) . The deepest

and apparently the most successful divers are the true seals'

followed by the baleen whales, then the sea lions and dolphins

(Kooyman and Andersen 1969; Kæyman L9731 ' A feaÈure of all
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marine maÍìmal lungs is the increase in the amount of cartilage

for¡r¡d in the terminal airways. The group with the most extensive

cartilaginous reinforcement are the dotphins, where the

cartilage extends to the openings of the alveolar"ducts, but a

similar distribution is found in some seals and sea lions

(foo1'rnan 1973) . The dolphins are the only group with well

developed sphincters in their terminal airways. other grouPs

have sphincÈer mechanisms usually situated at the level of the

alveolar ducts (Kooyman 1973) -

Dolphins.

DoJ_phins exhibit three main types of activity, each of which I

consider to be associate¿l vrith a dif ferent attitucle, or conf igrur-

ation of the respiraÈory tract. These tlpes of activiÈy are (a)

surface activity consisting of respiration aÈ the surface either

after diving or at resÈ, (b) the normal, or usual activity which

consists of swiruning at or near to the surface, diving to depths

of. 20 to 30 metres and various play activities during feeding

and so on' (c) deeP diving.

I will discuss these different attitudes adopted by the

respiratory tract and then return to a discussion of the problem

of t'the bends".

(a) Surface activi-'Y.

During surface activity the lungs are held in the ínflated

' position, because dolphin respiration is apneustic, with the

breathe holding occurring on inspiration. The pause varies

from about 20 seconds to up to 3 to 4 minutes during whích
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At this depth the pressure in the lungs is already at

three times atmospheric, pressure (Ridgway et al 1969).

I coni;ider that the sphincters contract at the end of

inspiration trapping the air in the alveoli' but as the

pressure begins to rise during the dive air is forced

through the sphincters into the bronchial tree and trachea.

A1veolar collapse in terrestrial mammalian lungs results

in folding of the alveolar septum and a considerable

reduction in diffusing capacity (Gil and V[eibel L972¡

!{eibel 1973¡ Weibel et al 1973). Most of the reduction in

diffusing capacity is due to folding of the capillary

walls with consequent thickening of the blood-air barrier.

In the dolphin lung much of the folding can occur in the

gaps between the capillaries. Most of the blood-air barrier

is only 200 nm thick, which is considerably thinner than

that for terrestrial mammals of similar size and is approach-

ing that of the smallest manmnal , the Etruscan shrew (!,Ieibel

Lg73). This means that in the inflated condition the size

of the blood-air barrÍer could compensate for the increased

thickness of ttre alveolar septum. In the partially collapsed

lung the blood-air barrier could increase by a factor of

two or even three and still retain a good diffusion capacity.

Further investigation of the diffusing capaciÈy of the

dolphin lung is required to clarify this point.

The respiratory surface in the sphincteric segment, which

has been called the respíratory bronchus (Fanning and

Harrison L972, appendix 2) would aid in this function of
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retaining diffusing capacity of the collapsing lung. I

consider that the blood flow in the respiratory zone is

from the pulmonary artery through the alveolar capillary

plexus and then to the capillary plexus in the respiratory

bronchus. This may aid in the alrsorption of oxygen, but I

consider that the most important function of this counter-

current is ín the removal of nitrogen during the ascent of

both shallow and deeP dives.

(c) Deep diving.

It has now been demonstrated that the alveoli have collapsed

completely by a depÈh of loo metres (Ridgway et al 1969). It

was scholander (1940) who first suggested that there was

collapse of the alveoli during a deep dive. The increase

oxygen utitisation of 8oB even during deep diving can be

explained by an increase in the diffusing capacity due

to the thin blood-air barrier and the double capillary net-

work. This will obviously need to be investigated using the

stereological techniques proposed by Weibel (1973).

Dolphins and the "bends".

Dolphins tike most marine manrunals do not appear to suffer from

the bends. The bends, or caisson disease, is caused by nitrogen

dissolved in the blood at high partial pressure coming out of

solution when the partial pressure is reduced. The condition

occurs in two situations. Firstly, when nitrogen is absorbed

under conditions of increased pressure, fot example a Ceep sea

diver returning too rapidly to the surface. secondly, nitrogen

absorbed at normal atmospheric pressure at ground leve1 comes
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out of solution during high attitude flying. The usual explan-

ation given for marine mammalsr resistance to this condition is

that proposed by Scholander (I94O¡ 19641: the animals dive with

only the nitrogen contained within the lung, and as they dive,

the alveoli collapse thus the nitrogen cannot be absorbed.

Recent information suggest that the reason is not as simple as

first proposed. It has been calculated in sea1s, that if all of

the nitrogen contained in the lung were absorbed, the nitrogen

level in the tissues would reach potentially dangerous levels

(Koo]¡man L972). It is also well known that seals dive after

expiring, parÈ of the air in the h:ngs, and that they dlo not

utilise as much of the oxygen as do dolphins (Kooyman 1973).

Dolphins dive with the lung fulI of air and they utilise 80 to

90t of the oxygen. This means that the potential for the develop-

ment of problems due to dissolvdnitrogen is greater in dolphins

than in seals. Kooyman (1973) has d,iscussed this problem and

proposed five possible mechanisms for keeping nitrogen levels

low in the tissues. fhese mechanisms are: (1) greater tolerance,

such as greater solubility of nitrogen in tissues and blood of

marine ma¡ur¡als than in other mam¡nals ¡ (2) widespread distrib-

ution of the nitrogen in the tissuesr (3) restriction of the

length and depth of dives ì (4) the presence qf special

nitrogen absorbing tissue; and (5) prevention of the absorption

on nitrogen. Tr these five I propose to add a sixth: (6) a

mechanism for removal of the nitrogen from the blood.

Most of the data which is available on diving in marine mammals

has been obtained from sea1s, particularly the V'leddell seal
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(Kooyman 1973). The seal has the least modified lung of all

marine nran¡nals, but has the best developed diving reflexes.

Seals dive after exhalation of about half the total lung

capacity whereas dolphins dive with fuIl lungs. In seals

during deep dives the alveoli collapse excluding the air

from the pulmonary circulation this reducing the absorption

of nitrogen. Kooyman (1973) has shown that during deeper dives

there is more widespread d,istribution of blood, that there is

less peripheral vasoconstriction than during shallow dives. He

suggests that this would account for the absence of the "bends"

in seals.

Dolphins have the nost highly modified respiratory system, but

they have diving reflexes which seem to be not as well

developed. Ridgway (L972) has shown that the heart rate in the

bottlenosed dolphin, TUrsiops traneatus' at the end of inspir-

ation is 80 to 90 beats per minute, but slows to 30 to 40 beats

per minute after a few seconds and remains at that rate until

the next "blornr" whether it be in 20 seconds or four minutes.

SÍmilar changes in the heart rate have been observed in the

KÍtler whale, ?v'eínus orea.(Spencer et al 1967). Ridgway (1972)

has reported that the other parts of the diving reflexes'

namely peripheral vasoconstriction and redistributíon of blood

ftow to the brain and heart are intact. This means that it is

possible for the dolphin to absorb sufficielrt nitrogen for it

to develop the bends unless there is a mechanism for its

removal.
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I have proposed that the blood flow to the capillary plexus

in the respiratory bronchi is from the alveoli to the

respiratory bronchi, that is a counter-current flow. This

me¿rns that there is the opportunity during the dive, and

the surfacing to remove nitrogen in the respiratory bronchus.

This mechanism would be most effective during surfacing when

the air returníng into the respiratory bronchus would contain

nitrogen at a lower partial pressure than that in the circul-

ation.

This mechanism is not a new development in the dolphin because

a similar mechanism is found in birds to ¡naximise the

absorption of oxygen (Schmidt-Neilsen 1971). This may also

be true in dolphins, for not orrly is nitrogen beÍng removed,

but there is also maxi:num utilisation of the inspired oxygen

(Ridgway et aI 1969).

The better áevelopment of a basic mechanism such as this is

not confined to the respiratory system. Andersen (1966) has

shown that the diving reflex is present in all vertebTates,

but is most highly developed in the diving vertebrates.
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Nerve supply.

I have shown nany unmyelinated nerve fibres in the epithelium

of the trachea and bronchi, but there do not appear to be as

many in the distal bronchi. These fibres may be pressure

receptors (Hirsch and Kaiser 1969). Similar fibres have been

for¡nd in the terminal airways of terrestrial mammals (Hung et

aL L972, L973 a, L973 b¡ Jeffrey and Reid 1973). I have not

yet made a detailed study of the distal airways for nerves, buÈ

rnany fibres have been found in relationship to the myo-elastic

sphincters. ThÍs is one area which requires further investigatio

Surfactant.

It has been shown in terrestrial ma¡nnals that there is a certain

critical opening pressure below which the alveoli colIapse.

This pressure depends on many factors, one of which is surfact-

ant (Comroe 1974). Litt1e is known of the dlmamics of the lung

of dolphins at the alveolar level, but it has been shown that

they exchange 80? of the total lung capacity during the blow,

and that they collapse d.uring divíng. Scholander (1964) has

pointed out that there are no problems overcoming the critical

opening pressure during the ascent phase of the dive due to

the increased pressure from the increased hydrostatic Pressure.

At the surface, during the blow, the question of the presence

of the surfactant and the reduction of the critical opening

pressure is important, because for 80t of the total lung capacit

to be exchanged there must be almost total collapse of the

alveoli. I have presented strong circumstantial evidence for

Èhe presence of surfactant, but further investigation is necessa
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E Summary.

The terminal airvrays and alveoli have adapted to the marine

environment in the following ways:

E-I Gas exchange.

The available area for gas exchange has been increased by the

development of an additional respiratory area in the terminal

bronchus and by reducing the thickness of the blood-air barrier

ín the alveoli. This allows increased utilisation of Èhe inspired

oxygen over that observed in the terrestrial ma¡nma1s, and

affords a mechanism for the removal of excess nitrogen.

E-2 Blood supply.

The blood supply to the respiratory bronchus is derived from

the pulmonary circulation after it has passed through the alveoli,

thus forming a counter-current circulatÍon of the blood and the

air.

E-3 Sphincters.

A system of sphincters is present in the respiratory bronchus-

They have two functions. Firstly, they close to retain the air

in the alveoli at the end of inspiration; and secondly' they'

control the collapse and. re-inflation of the alveoli during and

after a dive.

F-4 Connective tissue.

The development of cartilage reinforcement of the terminal

airways and thick connective tissue core to Ehe alveolar septum.

The cartilages prevent collapse of the airway and thus aid

emptying of the lungs. The alveolar septum provides additional

support to resist the pressure associated with diving and
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provides the increased elastic recoil needed to emPty the lungs'

Addítional findings'

A number of unusual bodies are found, in the epithelium and

submucosa of all the animals used in this investigation. some

are calcified and all are surrounded by an infiltrate of ce1ls,

particularly mast cells. Changes associated with acute

inflarunation are absent. This tlpe of reaction has been

reported in parasite infestations in the gastro-intestinal

tract (Murray at aI 1969). The mast cells are often called

globule leucocytes in such infestations (fent L966¡ Murray et

al 1968).

parasite infestation of the 1un9 of Pinnipeds and less

frequently of Cetaceans by lung $¡orms has been reported

(Simpson and Gardner L972; Dailey and Browne¡L 1972\. Dailey

has suggested that these bodies may rePresent a stage in the

life cycle 'of a pulmonary parasite, as yet unidentified

(Dailey 1976 personal cortr¡runication). He has suggested that

fresh material be examined in a¡r effortto identify the

parasite.
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Overview.

I embarked on this investigation with the aim of providing a detailed

account of the submicroscopic structure of the entire bronchial tree and

lung of the dolphin. Tha+- this task is beyond me at present is obvious

from this thesis. I have chosen therefore to concentrate on three areas

in particular, namely: the trachea; the terminal airways; and the a1veoli.

Even those are iricomplete in some aspects, as mentioned in the text-

Further research on dotphins will be handicapped by the logistical and

technical problems I have experienced ar¡d the added difficulties

introduced by the Marine Manunal Protection Acts passed in many countries

during the last few years. Associated with the legal problems are many

enotive problems related to the supposed intelligence of these

creatures.

Many of the questions which I have raised could be answered by using

material from mass strandings, which are connonplace in some parts of

the world. Some of these questions include:

1) the exact distribuÈion of the three tlpes of epitheliurn I have

described in the trachea.

2) structural and biochemical studies of the lining layer of the

bronchial tree and lung, and the site of production of the

secretions.

3) estimation of r-he diffusing capacity of the lunq.

4) the blood supply to the trachea and the respiratory bronchus and

alveoli.

5) Physiological studies should. be possible using the trained animals

available in the many marine parks arou¡rd the wor1d.

I will be able to investigate some of these problems on the materíal I

have availa-ble but most will require fresh specimens.
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Appendix 1.

Appendix I consists of a paper by Harrison and Fanning (L9741

entitled "Anatomical observatíons on the South Australian Bottle-

nosed Dolphin ItttsioPs tmtncatus" and an addiÈional plate

illusÈrating the parasites found in the stomach of AD- 3.

Unfortunately reprints of this paper are not availa-ble and I have

had the paper copied for inciusion.



Harrison, R. J. & Fanning, J. C. (1974-1975). Anatomical observations on the 

South Australian bottlenosed dolphin (Tursiops truncatus). Investigations on 

Cetacea, 5, 203-217. 
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Fig. 4.1. AD, 3.

Fig. 4.2. AD, 3

Plate A'.1

Small piece of the pyloric stomach before fixation
showing the parasites, Corynosoma eetaeetan, on the
the surface.

Fixed specimen of the pyloric stomach showing the
typical raised fibrotic nod,ules due to invasion of
the mucosal surface by the parasite.
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Appendix 2.

Appendix 2 is a copy of a paper published by Fanning and Harrison

(1972) entitled "fhe structure of the trachea and lungs of the

South Australian Bottlenosed Dolphin".



The Structure of the Trachea 'and Lungs of
the South Australian Bottle-nosed Dolphin

J. C. FANNTNG AND R. J. HARRISON

Deþartment of Patlrclog Uniaersitl of Adclaidz,
Adelaide, South Australia

and

Anatom2 School, Uniuersitlt of Cambridgc,
Cambridge, England
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I. hunooucrroN

There is little detailed knowledge of the fine structure of the trachea
and lungs of Cetacea. The gross and microscopic anatomv of the trachea
was first described by Weber (1886). Narath (1901) has also described
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the gross anatomy of the bronchial tree of Delphinus' Fiebiger (1916)
has illustrated the epithelium and glands of the common dolphin
Delphinus delþhis. Ciliated coiumnar epithelium without goblet cells
has been described by Wislocki (1929) in Tursioþs truncatus, and
Lacoste and Baudrimont (1933) have described stratified columnar
non-ciliated epithelium, without goblet cells, glands and lymphatic
collections in Phocoena. Simple columnar epithelium with areas of
pseudo-stratified epithelium, and numerous tubulo-acinar glands has -'

been described by Bonin and Bélanger (1939). Slijper (1962) and
Simpson and Gardner (1972) have maintained that all the tracheal
epithelial cells in Cetacea were ciliated and that glands were not
present.

The microscopic structure of the lung was first described by Fiebiger
(1916). He noted that cartilage surrounded the bronchi to their termina-
tion, that there were a series of myoclastic sphincters in the terminal
bronchi, and that the alveolar septum consisted of a thick connective
tissue core with capillaries on each surface. Tl-ris was subsequently
confirmed by Lacostc and Baudrimont (1926), Neuville (1928), and
\\Iislocki (1929). Simpson and Gardner (1972) have recently described
the ultrastructure of the alveolar sePtum in the pilot whale and
Pacific lr'hite-stripcd dolphin. This prcscnt paper rePorts a gross, light
microscopic and electron microscopic study of the trachea and lungs
of tlre South Australian Tursioþs, the aPpearances and general
anatomy of which have been described by Harrison and Fanning
(rs74).

II. Mer¡nrALS AND MErnoos

The lungs and trachca from eight animals have been examined. All
rn'erc caught under lice¡rce in nets in the Spencer Gulf, South Australia,
betwcen August l97l and May 1972 and were transported alive to
Adelaide. They werc anaesthetizecl by intrar/enous injection into the
tail fluke vein. The general anaesthetic agents and techniques which
have bcen used are summarizcd in Table I but are esscntially those

describcd by Ridgway and \,IcCormick (l9il) and Ridgrvay (personal
communication) . Specimens for electron microscopy werc obtained from
six animals (Nos. AD 1,2, 3,5, 7 and B) and for light microscopy from
all except AD 6 which died during transportation. Specimens of lung
for electron microscopy from all animals were obtained at thoracotomy,
diced into small fragments and immersed in one of the following
fixatives: 3% or 60[ glutaraldehyde in 0'l M phosphate buffer
(G.P.) or in 45 mM or 0'l m cacodylate buffer (G.C.), at pH 7'3
(Sabatini et aI., 1963), glutaraldehyde-paraformaldehyde diluted
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Tlsrn I

Trachea

Spec.
No.

ADI

AD2

AD3

AD4

AD5

AD6

AD7

202

201

162

t+3

201

223

222.5

l2'5

l3

I
6.5

r2

r2.0

t2

8.0 6.5

6.5

4

M

F

M

F

M

F

F

PhD
H.c.o.

PhD
H.G.O.

P.B.

None
Necropsy
PhD
H.c.o.
None
Necropsy
Necropsy
Died just
before
anaesthetic
Pe
H.G.O.

4.5x3.7

4.5x3

4x3

2.2x1.5

4.5x3

4.3x3.4

4.3x2.1

4x2

3'5x2

2'9x1.4

4x2

4.2x2.6

4x2'0

6

6

AD8 160 F 6.5 3.5 x 1.5 3.6 x 1.6

PH: Phencyclidine (intravenous injection) Ridgrvay, personal communication). H-G.O
Iialothane, Nitrous Oxide BOln Oxygen 20o/e (Ridgway and lvlcCornrick, l97l); P.B. Penta-
barbital sodium (intravenous) ; Pc Pentothal Socliurn (intravenous) (Ridgway ancl McCorrnick,
l97l); D Diazepam (intramuscular) l0 mgm./100 Kgm. (Ridgway, personal communica-
tion).

either with 0'l M phosphate (K.P.) or with 0'l M cacodylate buffer
(K.C.) (Schneeberger-Keeley and Karnovsky, l968).

The trachea and lungs of AD 2 and AD 5 were fixed iz situ by the
instillation of f/o glutaraldehyde-lo/o paraformaldehyde in 0'l M
phosphate buffer (K.P.) at pH 7'3 under 20 cm of water pressure.
These animals were also perfused through the aorta at 120 cm of water
pressure u'ith the same fixative. Specimens of trachea and lung from
AD 2 and AD 5 were removed after overnight fixation in situ. Specimens
of trachea from AD l, 3 and 7 were fixed in 3o/o or 60/o G.'P. and G.C.
Specimens -were washed overnight in buffer, at pH 7'3 and 320 m osm.



23+ J. c. FANNTNG AND R. J. rrARRTsoN

Some specimens were further block-stained with 0'5o/. uranyl acetate
veronal acetate buffèr (Farquhar and Palade, 1965).

All were dehydrated in graded ethanol andçpoxypropane and er

bedded in one of the following epoxy resins: Epon Bl2 (Weib
personal communication); araldite (Luft, 1961) or Epon-arald
mixture (Ito, personal communication) .

Semi-thin sections were cut at 0'5-l ¡r and stained rvith I o/o Toluidi
blue in I o7i borax or Nfethylene blue-azure II (Richardson, ø/ z

1960) for oricntation. Silver to grey sections were cut with glass
diamond knives on Cambridge-Huxlcy or Reichert Om U2 ultr
microtomes, collected on naked or coated grids, stained u'ith urar
acetate and lead citrate and examincd in a Phiiips EN'I 300 clectr
microscope at 60 KV.

For light microscopy, spccimens wcre fixed in l0olo phosph;
buffer formaldchyde, except for AD 2 and 5 (see above), and rve

embeddcd in paraffin and scctions cut at 5-7 p. Material fixcd
glutaraldchydc-contirining fixative requircd special attention cluri
the sectioning and subscqucnt staining (Rosen et al., 1967). f-he b
presen'ation of tissue was obtaincd using l-9'i glutaraldcliydc-l
paralormaldchydc in phosphate bufler. All electronmicrographs a
their description apply to this material.

III. Tsn Tnecne.A.

A, GROSS STRUCTURE

The trachea is relativcly short but wide (see Table I). It contai
l4-16 intcrlocking hyaline cartilaginous rings, a fcw of rvhich ¿

complcte circlcs, particularly at thc cranial end. \{ost rings are i
complete, but all have branches and anastomoses (Fig. l). In the fre
state thc trachea collapses dorso-ventrally. The bronchus to the ap
of the right lung arises cranial to the bifurcation. In AD I the bronch
to the left apex also arose from the trachea. There are longitudir
folds of mucosa on the ventral aspect extending from the larynx in
tÏe cranial 34cm of the trachea (Fig.2). In the intervening clefts a

the elongated to circular openings of epithelial-lined cr¡rts. The opr
ings vary from 0.1 mm in diameter to I mm in their longest dimensic

B. MICROSCOPIC STRUCTURE

The outer layer of the trachea contains typical hyaline cartilae
embedded in a dense fibro-elastic membr¿rne 100-200 pm thick on t
outer surface, 20-50 ¡rm thick on the inner surface and up to 1.5 m

¿
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thick between the cartilages. This membrane is continuous with t
perichondrium (Figs 3,4, 5).

The mucosa contains a dense fibro-elastic þer 100-600 ¡rm thi
with predominantly longitudinal and spiral fibrcs. Embedded in tl
layer are the bodies ofthe compound tracheal glands and an extensj
plexus of veins, artcries, arterioles and lymphatics. This plexus consi
mainly of spiral to longitudinally oriented large thin-walled elas
veins up to 500 ,zrm in diameter (Figs 3 and 5). The crypts on the vent:
aspect of the cranial end of the trachea are linecl by pseudostratifi
ciliated columnar epithelium containing goblet cells. The cry¡
extend into the fibro-clastic layer and are surrounded by de nse lympha
tissue containing lymphatic nodules 1-2 mm in diameter (Fig. a). T
lymphatic tissue is found chiefly in the gap betrveen the cricoid cartila
and the first tracheal cartilage, but it extends cranially into thc lary
and caudally into the upper trachea. The epithelium lining rhe cry¡
adjacent to the nodules is thin and infiltrated with lymphocytes. Cor
pound glands, which are mainly serous-secreting, open into the cryp
In the younger animals the lymphatic tissue is not rvell-developed ar
lymphatic nodules are scanty. Two layers of active, compound, mix
mucous and serous glands are present throughout the trachea. O
layer is 30-40 ¡rm thick and has short ducts lincd by simple cuboicj
epithelium. The other layer is thicker, measuring 50-200 ¡rm. It exten
into the fibro-elastic layer, and has ducts lined by stratified cuboid
to columnar epithelium which is sometimes cili¿rted and contai
occasional goblet cells (Figs 3, 4, 5, 6).

Electron microscopy of these glands reveals mucus-secreting ce
with many membrane-bound mucin droplets up to 2 prm in diametr
The droplets vary in their staining reaction and smaller ones tend to
more densely stained than larger ones. The cytoplasm contains fr
ribosomes, smooth endoplasmic reticulum, granular endoplasrr
reticulum and many mitochondria. The mitochondria range frc
l-2 pm in diameter to I x 2.5 p,rn in size with prominent cristae ar
occasional granules about 35 nm in diameter. The roundcd nucleus
locatecl towards the base of the cell with a Golgi apparatus adjacent
it (Fig. B).

The apex ofsome serous cells contains large electron-dense membrar
bound spherical granules up to 2 prm in diameter (Fig. 7). Granul
endoplasmic reticulum, a few free ribosomes and elongated mitochondr
up to 0'2 X2.5 p,m are present. The nucleus is densely stained. A Gol
apparatus is present. Myoepithelial cells surround each acinus, lyi:
between the secretory cells and the basement membrane (Fig. ;
These cells have an elongated nucleus, and have cytoplasmic process
extending between the acinar cells. The cytoplasm is packed wi
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F¡cs.6-8: Fig.6.AD3Proximaltrachea.superficiallayerofglandsinthemucosa.H&8.
Fig.7. ÃD 5 S-erous gland. Note plasma cell (P.c.). ¡'¿g. B. AD5 Mucous gland. Golgi

alparatus (g) nucleus (N) mucus droplets (M) of varying electron density'

m ll and its Processäs'
A and endoPlasmic

re and nucleus'
myoePithelial cells

and the acinar cells. Plasma cells are seen in the connective tissue and
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Frcs. 9-12 : Fig. 9. t\D 7 Proximal trachca ventral aspcct. Transitional type ol epitheliu
H & E. Fig. 10. AD 2 Proximal t¡achea ventral aspect. Basal cells. Note tonofilamcnts (T I
intercellular space (IS). Fig. I 1. AD 2 As for Fig. 10. Intermediate cells. Note mucin dropl
(M) some with electron-dens€ core. Fig. 12. AD 2 as fior Fig. 10. Apical cell wirh shorr sqr
microvilli (mv) and many interdigitating processes but few desmosomes.
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symphatics surrounding the glands (Fig. 7). The mucosa consists of
loose connective tissue containing fibroblasts, lymphocytes, macro-
phages and plasma cells (Figs 3, +,5 and 6). There is a longitudinal
elastic lamina (10-50 pm) enclosing a plexus of thin-wai-led veins up to
20 prn in diameter immediately beneath the basal lamina of the epi-
thelium. There are three main types of non-kcratinized epithclium.
Towards the laryngeal end, the epithelium is stratified cuboidal (Fig.
9). This epithelium varies in thickness from three cells (20¡rm), when
stretched, to four cells (50 prm) when relaxed. The basal cells are poly-
gonal and more densely stained, with numerous hemidesmosomes in
contact with the basal lamina and with many tonofi.laments (Fig. l0).
There are intercellular spaces up to 0'5X l'5 ¡rm in all laycrs of the
relaxed epithelium. The intcrcellular spaccs contain many elongated
interdigitating microvilli up to 0'lXl'0prm. There are also inter-
cetlulai briclges with few clesmosomes (Figs 10, I l, l2).

The intermediate cells show round or elongated mitochondria
0'2-l'2 ¡lm in size, frce ribosomes' smooth ancl granular endoplasmic
reticulum and lipid droplcts of varying electron density up to I ¡rm in
size. The surface cells in the relaxcd state are bulbous, with short squat
microvilli 0.15 X0.25 prm and with tight junctions bctween adjacent
cells (l'ig. l2).

Much of the trachea is lined by stratifred cuboidal epithelium
tending to a columnar type in the morc distal rcgions. This epithclium
is characterized by surface miclovilli ranging from 0'15 x0'25 ¡rm to
0'l x I '5 pm, and by terminal bars. Some cclls show membrane-
bound mucus droplets and a Golgi apparatus similar to thc goblet
cells seen in other regions. The basal cells arc similar to those describcd
above with less prominent membrane attachments and tonofila-
ments.

Some areas of the trachea, particularly in the more distal regions' are

lined by a pseudostratified ciliated columnar epithelium with goblet
cells up to 50 pm thick. In this epithelium four cell types are seen: basal

cells, intermediate cells, goblet cells and ciliated cells. The basal cells

are small, more densely stained, polygonal cells, about 5 ¡;m in size,

applied to the basal lamina. The nucleus is rounded, the cytoplasm is

scanty with few organelles and some tonofilaments. The intermediate
cells show features of both the basal cells and either ciliated or goblet
cells. The apices of the goblet cells have microvilli 0'05 x 0'15 prm with
tight junctiãns and desmosomes between adjacent cells. The cells coh-
tain varying numbers of membrane-bound mucus droplets up to 0'6 ¡zm
in diameter some of which have electron-dense cores up to 0'1 prm in
diameter. There are many free ribosomes, a Golgi apparatus, round to
oval mitochondria up to 0'5 pm in diameter and smooth and granular
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endoplasmic reticulum. The ciliated cells have cilia up to B pm lor
withã characteristic nine-plus-tlvo axiaL filament complex. In the apic
region there are numerous mitochondria up-..Io 0'2xl'5¡rm, fr
ribosomes, smooth endoplasmic reticulum and densely staining ple
morphic lysosomes up to I ¡zm in diameter. Numerous nonmyelinatr
free nerve fibres are seen in each type of epithelium. No nerve endin
have been identified.

IV. BnoNcs¡

A. GROSS STRUCTURE

The bronchi give off branches at acute angles; they do not divir
dichotomously. The anastomosing rings and plates of cartilage in tì
trachea continue down to the smallest branches of the bronchial tre
The distribtrtion of the bronchi has been reported lor Delþhirrus I

Narath (1901).

B. MICROSCOPIC STRUCTURE

The extra-pulmonary bronchi have essentially the same structu
as the trachea. The intra-pulmonary bronchi can be divided into tr
groups characterized by size and distinctive histological features. T,

major intra-pulmonary bronchus is between 0'5-l cm in diamett
It is lined by pseudostratifrcd ciliated columnar epithclium up
40 pm thick containing goblet cells. Electron microscopy reveals

structure similar to the epithelium in the trachea. Glands are seen on

in the larger bronchi and are confined to the regions bctween cartilagr
The elastic lamina in the mucosa is thinner, up to 40 pm, but sl

consists of predominantly spiral and longitudinal fibres. The outerm<
layer of the adventitia of the bronchus is continuous with the fibr
elastic framework of the alveoli. The most striking differences betrve

the extra-pulmonary bronchi and intra-pulmonary bronchi are t
absence of glands in the latter and the decrease in size of the venc

plexus between the cartilage and the internal elastic lamina. The plex

consists of many thin-walled spirally-running veins uP to 40 pm
diameter. Numerous arterioles of a similar diameter are also seen. T
small intrapulmonary bronchus is between l-2 mm in diameter.
characteristic features are a sudden change in epithelium and t
presence of smooth muscle in its wall.

The epithelium lining the bronchial tree gradually becomes thinr
as the bronchi decrease in size. However it is still pseudostratifi
ciliated low coiumnar to cuboidal in type, with goblet cells, until t
bronchi are l-2 mm in diameter when it becomes stratified cuboic
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F¡c. 13. AD 5 Small intrapulrnonary bronðhus. Stratifred cuboidal cpithclium with basal
cells (BC) and surface cells either ciliated (Ci) or Clara type (CL)'
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Frc. 14. AD 5 Myoelastic sphincter. Smooth muscle cells (mu), elastic fibres (E), capillary

(Cap.), squamous epithelium (ep). 'Ihe sphincter is covered only by thin squamous epi-
thelium. Capillaries lie immedia¡ely beneath the epithelium.
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(Fig. l3). This epitheliuur is 10-15 pm thick, composed of flattene
basal cells, ciliated cclls and Clara-type cells. Electron micloscop
reveals that the basal cells are flattened, more densely staiued cell
applied to the basal lamina where numerous hemi-desmosonìes ar-l

tonofilaments are seen, and they contain ferv organelles. The c:iliatc
cells are more numerous prorimally. They have many cilia, mit<
chondria 0'l x l'0 ¡rm, free ribosomes, encloplasmic reticulum and
Golgi apparatus (Fig. l3). The Clara-type cells bulge abovc the surfac,

have microvilli 0'l X0'5 ¡rm, and many membrane-bound lipid clrol
lets 0'5-l ptm at their apical surfaces. They contain smooth endoplasm:
reticulum, a perinuclear Golgi apparatus ancl numerous rouncl t

oval mitochondria about 0'5 ¡;m in diamcter. All cells in this epithclitu
show interdigitating proccsses bctw-cen adjaccnt cells. Smooth mttscle
first seen in l¡ronchi about 2 mm in diameter. The bundles are discret,
circularly orientatccl, locatcd in thc gap bctu'een cartilages and l:

between the elastic laminae in the mucosa. Thc internal elastic lamin
is only 20 ¡rm thick but thc external clastic lamina is thicker, up to lC

¡rm containing fibres up to 3'5 ¡rm in diamctcr, and is attachcd to th
perichondrium at thc cdges of thc cartilagcs. \fany fi.ne elastic fibrr
run betrveen thc muscle fibrcs interconnecting the two elastic lamina

V. Tn¡ Luxcs

. A. GROSS STRUCTURE

The lungs show no extcrnal evidence of lobulation and are pyramidr
in shape with the bulk lying dorsally and caudally (Harrison an

Fanning,1974).

B. MICROSCOPIC STRUCTURE

The respiratory division of the lung is made up of four parts: terminr
bronchi, alveolar ducts, alveolar sacs and alveoli (Fig. l5).

The terminal bronchus is less than I mm in diameter; it gives o

numerous alveolar ducts before terminating by dividing into from tu
to four alveolar ducts. The alveolar ducts are about 0'7 x0'2 mm in sii

and appear to give rise either directly to alveoli or to alveolar sa

which ttren give off alveoli.
The terminal bronchus is surrounded by anastomosing and inte

locking cartilaginous plates arranged as rings and connected by tl
fibro-elastic membrane which extends throughout the bronchial tre
The elastic lamina immediately beneath the epithelium consists

fine fibres. ft is connected to the deeper lamina by radially and spiral
running fibres. Between the laminae there is a plexus of thin-wallt
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veins up to 20 ¡rm in diameter. The muscie bundles are prominent and
form definite sphincters in bronchi less than I mm in diameter. The
sphincters are found bctw'een the cartilage rings, and at the opening
of each alveolar duct, with the most ciistal sphincter at the termination
of thc bronchus. T he sphincters are composed of smooth muscle fibtes
arrangcd circularly, betn'een the two elastic laminac. 'fhe elastic
fibres connecting the two la¡ninae are more frcquent in the region of the
sphincter ancl appear to form part of it (Fi-q. I4). Numerous nerve

RB

AS

m

AD

Frcs. [5-16: Fig. 15. ¡\D 2 Left lung rcspiratory bronchus (RB) giving rise to alveolar duct
(AD) alveotar sac (AS) and alvcoli ('\l). H & E. ¡€' 1ó. AD 3 Right lung' Large dcnsely
staining subepithelial spherical bodies (arrorv). FI & E.

fibres are found in relation to the sphinctcrs. Electron microscopy of
the sphincter reveals typical elastic fibres from 0'2-3'5,4m in diametcr
between and around the smooth muscle fibres. The smooth muscle
fibres arc up to 5 ¡r,m in diameter, the cytoplasm is packed with myo-
filaments, with some mitochondria, ribosomes and pinocytotic vcsiclcs.

Several changes in structure occur in the terminal bronchus beyond
the first sphincter; the epithelium changes from low cuboidal tô
squamous; the tissue over the cartilages is thin, consisting of only
capillaries, a few fibroblasts, collagen and elastic fibres; the capillaries
in this region come very close to the squamous epithelium (Fig. 14).

These changes occur gradually as the bronchus extends to its termina-
tion. The squamous epithelium over the sphincters approaches 0'3 prn
in its thinnest regions. In the areas where capillaries are seen the basal
Iaminae fuse and the blood-air barrier may reach 200 nm in thickness,
consisting only of epithelium, fused basal laminae and capillary
endothelium (Fig. l4). Arising from this segment ol the terminal
bronchus are alveolar ducts, alveolar sacs and in some arcas alveoli.
Eàch of the openings is guarded by a sphincter.
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18

Ep

¿ñ

AL2

Al.l

Cap 2'

J!3

ìr:

3r
F¡cs 17-18: Fig. 17. AD5 Tran-septal anastomoses of capillaries - alveoli (Al &:

Capillaries (Cap I & Cap 2). Type I epithelium (Ep l). Fig. lB. AD 2 Lymphatic (Lym)
septaljunction. Type II cell (Ep I l) seen between two capillaries.
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The walls of the alveolar ducts consist of a fìbro-elastic framework,
continuous with the walls of the alveoli and the bronchi, and lined by
an attenuated squamous epithelium. Electron microscopy reveals only
collagen fibres, elastic fibres up to 0'2 prm in diameter, squamous

epithelium 100 nm thick, and an occasional smooth muscle fibre.
The alveoli are polygcnal in shape, 0'l-0'2 mm in diameter. They

may arise directly from a terminal bronchus, from an alveolar duct or an

alveolar sac. The alveolar.septum consists of a connective tissue core

Íl-t0 ¿rm thick with blood vessels, lymphatics, fibroblasts and plasma
cells. On each surface of the septum there is a network of capillaries
3-5 prn in diameter covered by the alveolar epithelium (Figs 17, lB).
The two capillary networks apPear to be separate, being suppliecl from
branches of pulmonary arteries, and draining into small tributarics of
pulmonary veins at the junction of alveoli. However occasional con-
nections through the septum are seen away from these junctions
(Fig. l7). The capillaries have the typical structure of non-fenestrated
capillaries with tight junctions. Occasional pericytes are seen (Fig. lB).
The alveolar epithelium consists of two cell types resting on a basal

lamina; type I (squamous or membranous pneumonocvte) and type II
(cuboidal or great alveolar cell). No type III cells (brush cells) have

been identified.
The type I cells are thin and confined to one alveolus except at the

free border where they are continued into the adjacent alveolus or
alveolar duct. The nuclei are found mainly in the gaps between
capillaries. In the perinuclear region are seen a few mitochondria up to
I ¡lm in diameter, granular and agranular endoplasmic reticulum' some

free ribosomes and a Golgi apparatus. Away from the nucleus the
cytoplasm becomes abruptly attenuated to between 30-40 nm in its
thinnest areas. The cytoplasm of the type I cell in this region contains
many pinocytotic vesicles 5-25 nm in diameter and few organelles.

The type II cells are relatively infrequent in the inflated lung speci-
mens. They tend to occur in groups of two or three in niches at the

chondria, granular and agranular endoplasmic reticulum, free ribo-
somes, multivesicular bodies 20-60 nm in diameter, small vesicles

2040 nm, and a Golgi apparatus. There are extensive foldings of the
basal parts of the cell membrane occasionally extending into the gap
between type I and type II cells. The type II cells form tight junctions
with adjacent type I cells and with each other. The apical surfäce has

microvilli 0'l x0'4 ¡zm. Occasionally the cytosom€s are fused with the
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surface membrane. The type I and type II cells rest on a basal lamir
l0-20 nm thick, which fuses with that of the capillaries in many area

The blood-air barrier consists of the thin type I cell, the fused bas

laminae and the scanty cytoplasm of the enc{othelial ceil. The thinne
regions are only 120 nm across but most of the barrier is 150-250 n
thick. Some areas of the septum are covered only by squamous ep

thelium and in these areas the septurn is only about 3 ¡rm thick.
Mast cells have been identified in the alveolar septum. They a

scattered throughout the bronchial trec but not as abundantly as .

other mammals. They arc ovoid, 20 pm in length, with many sme

processes on thcir surface and scrreral larger processes up to 5 ¡rm .

length. The cytoplasm is packed with mcmbrane-bounded vesicles t
to 0.7 ¡r in diameter lvhich may contain fine pale granules, dense coar
granules or lamcllar rvhorls. Free macrophages are found in the lumir
of the alveoli and applied to the surface cells. They contain cell debr

and foreign particlcs. Lymphatics are founcl in the junction of the wal
of the alveoli and occasionally in the scptum (Fig. lB).

The pleura is 100-200 ¡rm thick. It consists of fibroelastic tissue cor

taining blood vessels and lymphatics ancl has no unusual features.

VI. AoorrroNar, Frxorxcs

Also present throughout the bronchial tree and lung are numcro
ovoid or spherical bodies up to 25,am in diameter (Figs 16, 19, 2C

There appear to be at least three types of these boclies. The larg
group, from 5-25 prm in diamcter, are found mainly in the small
bronchi. They are PAS positive and by electron microscopy apPear
have various elements arrangcd in a substructure. The second group a

smaller. They are most prominent in the tracheal epithelium where th
frequently lie close to the surface of the most superficial cells but a

also present in intermediate and basal epithelial cells. They conta
osmiophilic elements which may be arranged in more or less flattenr
concentric whorls (Fig. 19). The third group are found within macr
phages either free in the alveoli or within the capillaries (Fig. 2(

Identification of these structures has not been possible and althou.gh t
larger objects found mainly in the smaller bronchi may be pathologi<
or possibly surfactant, appearances in some of the epithelial ce

resemble those shown in "dust" cells (Rhodin, 1963, p. 92).

VII. DncussloN

The existence of a left apical bronchus arising from the trachea has r
previously been described in any cetacean. Lymphatic tissue at
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F¡cs l9-20: Fig. 19. AD 5 Tracbea. Intracellular inclusions in transitional epithelium

Fig. 20, AD 5 Lung. Macrophage containing inclusions at capillary lumen'

the first tracheal ring. This is the most depende

tory conducting system, and the area in which
material would collect. We believe that these

have a similar function to the pharyngeal tonsil of other mammals.

Wislocki (1929) has described the trachea of the Atlantic Tursioþs

truncatus and has reviewed the available literature. He considered that
the tracheal glands were sParse and serous

presence of mucus-secreting glands. Lacost
have described mixed serous and mucus-secr
Phocoena. Simpson and Gardner (1972) state that mucous glands are
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fewer than in terrestrial mammals although one animal (a Tursioþ
in their series did show plentiful mucous glands. In an earlier stud
Fanning and Whitting (1969) have described mucous glands in for
delphinicl genera including Tursioþs. The present study shows thr
there are both mucous and serous glands in the trachea of the Sour
Australian Tursioþs. Wislocki (1929) and Simpson and Garcln
(1972) state that there is ciliated columnar epithelium rvithout gobl
cells lining the trachea. Both Lacoste and Bauclrimont (1933) ar
Bonin and Bélanger (1939) have described stratified, non-ciliatcr
columnar epithelium.

Fanning and Whitting (1969) have describcd pseudo-stratifier
tracheal ciliatccl columnar epithelium with goblet cells in four delphinì
genera, including Tursioþs. In the present study thrce main types ,

epithelium havc becn describecl lining thc trachea: a stratifiecl cuboidr
type which resembles transitional epithelium, with bulbons surfa<
cells in the relaxed state; a stratifiecl cuboidal to columnar epithcliun
and pseudostratificd ciliatcd columnar epithelium with goblct ccll

The exact distribution of the three types of epithclium should t
examined in detail. Transitional cpithelium is clearly present at tlr
proximal end, occurring in islands over the gaps betrveen thc cartilag,
though occasional islands are found over the cartilages and as fz

distally as the carina.
Ridgw'ay et al. (1969) have shown that in a cleep dive to 300 metl

the alveoli ol the dolphin lung collapse and the inspirecl air, approx
mately seven litres, is compresscd to a volt¡me of 200-260 ml, which
much less than the volume of the trachea, bronchi and air sinuses. Th
extensive venous plexuses in the submucosa of thc trachea togcthe
with the thoracic and vertebral retia, could well bccome engorgecl o
deep dives and could help prevent complete collapse of the trache:
Venous plexuses in the lining of the middle ear and auditory tube r

seals have had a similar function ascribed to them by Ramprasha
et al. (1972).

Because the dolphin trachea collapses dorso-ventrally when exciser
does so on diving, and shortens and elongates during expiration an
inspiration, it is tempting to postulate that the transitional type ep
thelium is present at sites of maximal movement. It seems equall
likely that a mobile transitional epithelium could be related to are¿
where engorgernent of the subjacent venous plexus would cause dt
formation on stretching.

The large intra-pulmonary bronchi are also lined by pseudc
stratified columnar epithelium with both ciliated cells and goblt
cell sand surrounded by irregular rings and plates of cartilage. A muscl
layer is absent.
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fused by thc usual mammalian Pattern'
Krahl (i crn is tcrminal bronchus, bron-

chiole, t ory bronchiole , alvcolar duct,

alveolar becomes a bronchiolc whcn it
loses its cartilage and is þenerally lcss than I mm in diameter. A

not unreasonable to describe the segment as a respiratory bronchus.

controlling the flow of air into and out of the alveoli. The latter
function ,ias first suggested by Goudappel and Slijper (1958). The

sphincters could also prevent a suckine in of alveolar tissue as the dive

becomes deeper.
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thinnest in the smallcst mammal (the etruscan shrew) and thickes
in the monkey and dog (\Veibel, 1973). The structure of the ccracea

graphs of cetacean lung. They have describecl the alveolar septum a

being 15-50¡rm thick; typical rype I and type II cells; a biood-ai
barricr 300-600nm thick: and intra-al'eolar macrophages. The
state, however, that some of their material sh.ows evidcnce of fixatior
artefacts.

In the plesent study r,ve endeavoured to achicve optimal fixation c
the lung and trachea by using intratracheal instillation. Wc har,.
demonstrated that in the inflatcd lung the alvcolar sept'm is 3-10 ¡rn
thick r'r'ith a plexus of capillaries on each surface. The two capillar
networks are however not complctcly indcpendent because lvc hav
been able to demonstrate trans-septal anastomoses away from thc septa
junctions. The significance and extent of thesc anastomoses will h¿rvc t,
await further study by injcction techniques and serial scctionins. Linin¡
the alveoli are typical type I and type II cells. The blood-air barricr ir
the inflated lung averages 150-250nm with areas as thin as 120 nm
This data agrees with that published by Weibe I ( l g 73) for other mammal
of this size.

Lymphatic vessels have not previously been described in mammaliar
alveolar septum. In the dolphin lung with a thick connective tissue cor,

we have found many free macrophages.
Although there is a relative increase in connective tissue, both carti

trachea and lung
mmalian pattern
which even if no

allowable as adaptations particular to diving could be advantageous t(
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Appendix 3.

Append.ix 3 consists of a partial transcript of a aemonstråLion

presented at the Fifth Annual l{eeting of the Anatomical Society

of AusÈralia and New Zealand held in Adelaide in May 1967 by

J.C. Fanning and H.W. VfhiÈting entitled:"fhe Bronchial Tree of

the Hawaiin Porpoise or, Many TooÈhed Blackfish". I have included

three plates illustrating the specimen.



179

Appendix 3.

The Bronchial Tree of the Hawaiin Porpoise or Many Tootheil"Black-

fis}r (Peponoeephela eLeetrd .

Presented as a demonstration at the Fifth Annual Meeting of the

Anatomica Society of Australia.and New Zealand in May 1967 by

J.C. Fanning and H.Y{. whitting, School of Anatomy, University of

Queensland.

Specirnen

The animal was stranded on the northern coast of New SouÈh Wales in

January L967. It survived for three weeks at the Tweed Heads Sea-

aquarium. Post mortem examination revealed gross parasite infestation

with secondary intraperitoneal infection. The animal first identified

as a false killer whale Pseudoz,ea erassídend was later found to

belong to the genus Peponocephela - a Delphinid Odontocete Cetacean.

It tias a male, four years old, weighing about 2OO pounds and. was 83

inches long.

The Finished Cast.

The bronchial tree is asymmetrical. On the left a large bronchus

arises from the lateral aspect of the left main bronchus 2.5 cm. from

the tracheal bifurcation. This appears to correspond to the left

upper lobe bronchus of man. The next branch is dorsal and corresponds

to the apical (superior) branch of the lower lobe. The remaining

branches arise as dorsal, Iateral, medial a¡rd terminal divisions.

On the right side there is a large eparterial bronchus which

corresponds to that of mar¡. The Bronchus to the lobu1e of Wristberg
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arises from the apical bra¡ch of the eparterial bronchus. "ihe next

branch is a large dorsal bronchus. The main bronchus then gives off

ventral, dorsal, lateral, medial, and terminal divisions.



Fig. A. 3, I,

Plate A. 3rL,

Cast of bronchial triee and lung hrefore t'::imming.
The plastic has penetrated t-o the alveolar ducts.
Ali:hough no external evidence of lobulation r^¡as
visible, there is a suggestion of an upper and
lower lobe septum on each side (t).
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Fig. A. 3, 2,

Fig. A. 3, 3,

Plate A. 3, 2,

Untrimmed cast showing the respiratory bronchi
(RB) and the alveolar ducts (AD).

Cast after trirnming the alveolar ducts to reveal
the branching of the larger bronchi (SA¡.
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Fig. A. 3,4,

Plate A. 3 13,

Trimmed cast of the trachea and bronchial tree.
The specimen moved slightly during the curing
of the plastic which accounts for the twisting
of the branches to the right lung.
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