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ABSTRACT

Airway smooth muscle (ASM) shortening is the key event leading to broncho-
constriction. The degree of airway narrowing which occurs with ASM shortening is a
function both of the mechanical properties of the airway wall as well as the angle of
oricntation of ASM. If ASM is oriented very obliquely, ASM shortening would in part
be transduced to a change in airway length rather than airway narrowing. Previous reports
have suggested that the angle of ASM oricntation may be as high as 30°. To measure
ASM orientation we have developed a technique based on en-face dissection. The lungs
from 4 cats and one human were fixed with 10% buffered formalin at 25 cmH,0 for 48
hrs. The airway generations 4 to 17 were dissected out from the left lower lobes. Each

airway generation was individually embedded in paraffin from which Sum thick serial
sections were cut parallel to the airway long axis ("en—face") and stained with

haematoxylin—-phloxinc-saffron. Each block yielded 3-5 sections in which the orientation

of ASM nuclei relative to the airway long axis (8) was mcasured as an index of ASM
orientation. 8 was measured clockwise and counterclockwise to the short axis by using
a digitizing tablet and a light microscope (X250) equipped with a drawing tube

attachment. Inspection of the sections revealed extensive ASM crisscrossing without a

.-.. homogencous orientation. Between 29 and 102 nuclei were measured per generation.

Although there was considerable variation within airway generations, 0 clustered between
-20° and 10° in all gencrations and did not vary significantly between gencrations in any

of the subjects. When 8 was converted to an acute angle without regard to sign(@), the
mean angle was 12-13° both in cat and the human lung. Based on current models of the

influence of ASM orientation on constriction, a mean angle of 13° would not be expected

to result in significant change in airway length.



ABREGE

La contraction ct le rétrécissement du muscle lisse d'unc voie aéricnne (MLVA)
est I'événement pricipal qui engendre la bronchoconstriction. Le degré de rétrécissement
d'une voic aéricrne lors de la contraction du muscle lisse dépend des propriciés
mécaniques de la voie aérienne ainsi que de {'angle d'oricntation du muscle lisse. Si le
muscle lisse a unc orientation trés oblique, le rétrécissement du MLVA engendrera plutdt
un changement de la longucur de la voie aérienne qu'une diminution de la lumiére de
celle-ci. Des études antéricures ont suggéré que l'angle d'orientation des MLVA pouvait
étre aussi grande que 30°. Pour mesurer l'orientation du MLVA par rapport a la voic
aérienne nous avons mis au point une technique se scrvant de la disscction "en—face”,
Les poumons de 4 chats et d'un étre humain furent fixés dans la fom1aliﬁc a une pression
de 25 cmH,0 pour 48 heures. Nous avons par la suite disséqué les générations 4 a 17 des
voies afriennes des lobes inféricur gauche.  Chaque génération fut préparé
individuellement dans la paraffine puis des scctions sériécs de 5 microns coupés
parallélement 2 l'axe longitudinal des voies aériennes (en-face) et colorés par la technique
hématoxilline-phloxine-safran. Chaque préparation nous a fourni 3 a 5 scctions pour
ainsi calculer 'angle d'orientation du noyau du muscle lisse par rapport & l'axc
longitudinale de la voie aérienne (0). Cet angle est donc un index d'oricntation du

MLVA. 6 fut mesuré au microscope optique (X250) en utilisant une tablette permettant
la digitalisation équipée d'un raccord en tube graphique. L'angle fut mesuré dans le scns

des aiguilles d'une montre ainsi que dans le sens inverse par rapport a l'axe court de la
voie aérienne. Nous avons mesuré entre 29 et 102 noyaux pour chaque génération dc
voie aérienne. L'analyse de sections sériées montra une distribution inhomogéne de
multiples croisements entre les fibres musculaires lisses. Bicn qu'il y eut unc certaine
variation de l'angle (0) entre les différentes générations de voies aériennes, cet angle se
tenait entre -20 et 10° sans différence signifcative a l'intéricur d'un méme poumon. En
convertissant I'angle 4 un angle aigu sans tenir compte du signe (8), l'angle moyen était
de 12-13° et chez les chats et chez I'homme. En tepant compte de modiles

mathématiques sur l'influence de l'orientation du muscle lisse sur le rétrécissement d'une
' ii



voic aéricnne lors d'unc contraction, un angle moyen de 13° ne devrait pas affecter la

. longucur d'une voie aéricnne.
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BRIEF AIM OF STUDY

The purpose of this study was to develop a convenient method to incasurc airway
smooth muscle (ASM) oricntation around the airway wall in different airway gencrations,
and to apply this method to the mcasurement of airway smooth muscle orientation as a

function of airway generation in feline and human lungs.

The characteristic feature of asthma is excessive airway narrowing in responsc to
nonspecific and specific stimuli (Moreno et al. 1986). Airway smooth muscle is belicved
to play a major role in determining bronchoconstriction in asthma. There is evidence to
suggest that asthma is associated with increased airway smooth muscle quantity, likcly
due to both hyperplasia and hypertrophy (Dunnill ct al. 1969, Heard and Hossain 1973,
James et al. 1989, Ebina et al. 1990,). Less is known rcgarding the arrangement of
airway smooth muscle within the airway wall. Recently, Bates and Martin (1990) have
suggested that the bronchoconstrictive effect of airway smooth muscle shortening is
fundamentally related to both the material propertics of the airway wall, and to the way

in which airway smooth muscle is arranged around the airway wall.

The goal of this thesis was to investigate a technique for the study of airway
smooth muscle orientation with confidence and a minimum of cffort. The method uses

direct sampling of airway smooth muscle by dissection of the airway parallel to its long

axis.



1. INTRODUCTION
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1.1. The normal anatomical features of the airway

The airway tissuc consists of the cpithelium with its attendant sccretory glands,

cartilage, smooth muscle, bronchial vessels, and supporting connective tissuc.

Airway trec

The human airway tree includes the trachea, the bronchi and the bronchioles. The
trachea is approximately 10-12 cm long in adults. Its width is 13 to 22 mm. The tracheca
is kept constantly patent by 16 to 20 C-shapcd cartilaginous rings cmbedded in its walls
(Hayek 1960). The trachea divides into right and left main bronchi, which cnter the right
and left lung at the hila. Coursing downward and outward, the bronchi divide into lobar
branches. The left lung has upper and lower lobes; the right has upper, middle, and lower
lobes. Correspondingly, there are two lobar bronchi in the left and three in the right lung.
The lobar bronchi in tum divide into segmental bronchi to the several bronchopulmonary
segments in each lung. There are three scgments in the right upper lobe, two in the
middle lobe, and five in the lower lobe. In the left lung, there are five in the upper and
five in the lower lobe. The segmental bronchi branch into subsegmental bronchi. Further
along the airway, subsegmental bronchi bifurcate until the terminal bronchiole is reached
(Miller 1937). Finally, respiratory bronchioles terminate by branching into two or more
alveolar ducts {Fawcett 1986).

In contrast, the cat lung is pyramidal-shaped. The right lung comprises four
lobes: cranial, middle, caudal, and accessory. The left lung has cranial and caudal lobes,
but the cranial lobe is further divided into cranial and caudal parts by a substantially
shallower and incomplete fissure (Rosenzweig 1993).

The cat trachea is held open by a series of C-shaped cartilage in the wall. The
trachea ends in the cranial portion of the mediastinum by dividing into the right and left

principal bronchi, their walls also supported by C-shaped cartilages. The bronchi
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subdivide into sccondary and tertiary bronchi with cartilage rings, but the bronchioles

have no skeletal supports (Chisson and Booth 1982).

The cartilage

The walls of the trachea contain cartilage which serves to maintain lumen patency.
Cartilage is arranged differently in the extrapulmonary airways (the trachea and main
bronchi) compared to the intrapulmonary airways (Hayward and Reid 1952,). Cartilage
in trachea and main bronchi are present as C-shaped plates (Bloom and Fawcett 1975),
confined to the anterior and lateral airway walls, leaving the posterior wall free of carti-
lage. Intrapulmonary airways arc divided into bronchi and bronchioles by reference to
cartilage distribution (Hayward and Reid 1952,). The bronchial cartilage plates are
tethered together by dense fibroelastic tissue arranged predominantly in a longitudinal
dircction (Fraser et al. 1988). Near the point of division they are held in continuity with
one another by longitudinal bars or by fibrocartilage, so that cartilages having quite
complicated shapes are found and the greater part of the bronchial wall can be cartilagi—-
nous. In the medium sized bronchi and their branches the quantity of the cartilage
decreases; the irregularly formed pieces become progressively smaller. At the dividing
point at the transition into the bronchioles the last cartilage of all is saddle-shaped (Hayek
1960). By definifion, bronchi are air tubes lying proxiraal to the last plate of cartilage
found along an airway; bronchioles are found distal to the bronchi, beyond the last plate

of cartilage and proximal to the alveolar region of the lung (Hayward and Reid 1952,).

Bronchial mucous glands

Bronchial mucous glands lie in the submucosa with their ducts penetrating the
mucosa to empty into the lumen (Nagaishi 1972). In the trachea, they are abundant in
the posterior wall and are found as well in the anterior and lateral walls. In the larger
bronchi they are abundant. In the small bronchi, their number decreases, but they are

absent in the bronchioles (Hayek 1960). The surface epithelium is always moist but in

4
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healthly airways no mucus blanket is scen with the naked eye. Even when sccrctions are
present, they do not form a blankct. Sccretion is scen as a strcak or clump and is

discontinuous (Sturgess 1977).

X itheli

The cpithelium is pseudo-stratified consisting of a single layer of ciliated
columnar cells interspersed with goblet cells (Miller 1937) and basat cells. Thesc cells
are gradually lost in the distal bronchi and bronchioles as the epithelium becomes
columnar in appearance. Normally, the epithelial layer may act as a modulator of smooth
muscle tone (Gao and Vanhoutte 1994) and as a chemical permeability barrier inhibiting

movement of agonists from the lumen to the smooth muscle (Omari ct al. 1993).

Basement memprane

The basement membrane is an approximately 5 um thick (Bloom and Fawectt
1975) layer of specialized extracellular matrix that acts as a supporting structurc on which

epithelial cell grow (Laitinen and Laitinen 1994). It constitutes a boundary between the
base of the epithelium and the lamina propria (Nagaishi 1972). It is an open—network
structure through the pores of which are transmitted nerve fibres. Polymorpholcukocyte
and other inflammatory cells may migrate through the basement membrane to the surface
from the underlying connective tissues. Tissue fluid also passes frecly through this
structure to nourish the overlying epithelium passing into the intercellular canals between
the epithelial cells. The basement membrane consists of a condensation. of intercellular
ground substance in which reticulin fibres are embedded (Sp::cnccr 1984). There is
evidence that the basement membrane is better defincd and thinner in small airways
(Netter et al. 1979).

Beneath the basement membrane lics the ioose laminai:propria which normally
contains a few lymphocytes, numerous mast cells and an occasior{'nal polymorpholcucocyte

together with a rich capillary network surrounded by finc—beadcid, non-myelinated nerve

5
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fibres. The outecrmost part of the lamina propria consists of a finc sheet of longitudinal

clastic tissuc where it abuts on the muscle coat (Nagaishi 1972).

Elastic fibres

The clastic tissuc in the trachea runs Iengthwise along the bronchi and bronchioles
between the muscular layer and the lamina propria (Nagaishi 1972). The smooth muscle
coat is sandwiched between the elastic sheet forming the deep part of the lamina propria
and an external sheet of clastic tissue on its outer surface (Spencer 1984). Miller (1937)
reported that the clastic fibres in general follow a longitudinal course, but at the point
where the branch leaves the main—~stem bronchus they swing over to the opposite side of
the bronchus and in that way they encircle the branch as it leaves the main—stem
bronchus. In the sacculi alveolarcs and the alveoli, the clastic fibres form an intricate
network. The clastic fibres surround the cartilage plates and arc continuous with the
conncctive tissue of the surrounding pulmonary tissue and with that accompanying the
large vessels (Bloom and Fawcett 1975). There is some inter'—species variation in the
clastic fibres. Amiri and Gabcella (1988) found that the longitudinal oriented elastic
membrane in the trachea mucosa is thin in the cat and dog, thick and diffuse in cattle and

sheep, but more compact in the goat.

1.2. Airway smooth muscle
1.2.1. Shape and size

The airway smooth muscle fibre is an elongated, slender cell (spindle-shaped)
with tapering ends, containing a single cigar-shaped nucleus in the expanded central
region of the cell. Smooth muscle cells lic approximately parallel to each other, forming
bundles or sheets and very rarely branch. Smooth muscle cells vary in length in different

organs, from 20 pum in small blood vessels to 500 or 600 um in the pregnant uterus
(Leeson 1976, Krause and Cutts 1981, Gabella 1973, 1981). In the muscularis external
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smooth muscle cells are 2 to 4 pm in diameter (Gabella 1973). The length of the dog
tracheal smooth muscle cell exceeds 100 zm and has a diameter of 3.3 = 0.5 um (SD)
(Suzuki et al. 1976).

1.2.2. Fine structure

The contents of the smooth muscle cell include the cell membrane, caveolac, dense
bands, sarcoplasmic reticulum, filaments, mitochondria and other organclles. The smooth
muscle cell contains actin and myosin, and is packed with filaments of which three types
have been described: thick, thin and intermediate (Gabella 1981). Heumann (1970) and
Rice et al. (1970) have found areas of ordercd hexagonal packing of thin filaments, with
an 11-12 nm interfilament (centre~to~centre) spacing, but the precise packing of the thin
and thick filaments is still uncertain. Filaments lic parallcl to one another, and the thick
filaments in transverse section often have an irregular profile. In many preparations, thin
filaments arc very regularly arranged and arc grouped into bundles. They are circular in
transverse section, have a smooth outline and form a fairly uniform population (Gabclla
1981). The arrangement of the myosin molccules in the thick filaments of smooth muscle
is probably different from that in skelctal muscles. Smooth muscle lacks the regular
striated pattern of skeletal and cardiac muscle which is the result of the very regular
arrangement of the contractile proteins, actin and myosin, and the structural Z-lines.
Thick myosin filaments contain the same heavy chain proteins as skeletal muscle, but
different light chains. Thin filaments contain the same actin and tropomyosin protcing
as skeletal muscle, but no troponin (Hartshorne 1987). In intestinal smooth muscle, there
is evidence that the contractile units arc made up of small bundles of interdigitating thick
and thin filaments that are irregularly shaped and randomly arranged. When the muscle
contracts, the thick and thin filaments are thought to slide over each other (Ganong et al.
1979). In general, thick and thin filaments of smooth muscle cells are regarded as
corresponding to myosin and actin filaments (Shocnberg and Needham 1976). However,

it has been suggested that in smooth muscle, myosin is labile and aggregates into
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filaments only prior to contraction (Krausc and Cutts 1981). Stephens et al. (1988) has
suggested that intermediate filaments may play the saine role in asthma.

On the ccll membrane, a large part of the smooth muscle cell surface is separated
from that of neighbouring ¢ells by a gap of 100 nm or more, in which collagen fibrils,
clastic fibres and other extracellular material are present. Generally, airway smooth
muscle is regarded as being the muiti-unit type, where cach cell is innervated and cell-
to-ccll communicaiicn is poor. This is hecause there are gap junctions which provide
pathways ot low resistance along which electrical signafs can be transmitted (Rodger
1992, Barnes 1988). Other junctions normally present in airway smooth muscle are inter—
mediate junctions; they may provide sites of mechanical attachment between cells and for
the contractile protcins within cells (Daniel and O'Byrne 1991). Tight junctions do not

occur between muscle cells (Tani et al. 1977).

1.2.3. Distribution along airway tree

Smooth muscle can be found from the trachea to the alveolar ducts (Bloom and
Fawcett 1975, Wang 1988). The bundles of smooth muscle are inserted on the inner
surface in between the lamina propria and submucosal glands. At light microscopic
levels, there seems to be little difference in morphology between smooth muscle cells in
the bronchioles, bronchi, and trachea. In human airways, differcnces are mainly in
oricntation and in numbers of cclls present (Hayek 1960) at different levels. Horsfield
(1974) reported that trachea and bronchi have relatively small amounts of muscle and that
the majority of smooth muscle is located in bronchioles and alveolar ducts. In the
terminal bronchioles, the ratio of muscle layer to total wall thickness is larger than in any
of the other airways. A quantitative study demonstrated that the relative amount of
smooth muscle increases from the trachea to the terminal bronchioles in normal human
airways (Hogg 1980), so that when it is expressed as a percent of wall thickness, smooth
muscle accounts for about 5% of the wall thickness in large airways and 20% of the wall

thickness in bronchioles.



Introduction

In the trachea, the thick muscle bundles are situated as a transverse shect across
the incomplete cartilaginous rings of the trachca (Stephens et al. 1980,). In bronchi,
Toldt (1888. Lehrbuch der Gewebelehre. 3. Auf Stuttgart.), as quoted in Miller (1937)
observed "the muscle is arranged in flat bundles which have, in general, a nearly trans-
verse course and unite to form a network. Between these bundles there are spaces,
bounded by acute angles, which are situated transverse to the long axis of the bronchi”.
In the small bronchi, muscle bundles are altered in that the thinner onecs arc arranged in
crisscrossing helical turns (Hayek 1960), with fibres spiralling in both directions and
crisscrossing in the walls (Murray 1986). Miller made a reconstruction mode] from a dog
bronchiole and its subdivisions. Hc demonstrated the tendency of the muscle bands to
have a more or less triangular arrangement at the place where branches are given off.
This arrangement is quite characteristic and has probably a dircet relationship to the
arrangement of the clastic fibres. In the bronchioles, the screw-like tumns arc said to be
somewhat steeper (Hayek 1960). Finally, smooth muscle forms knobs at the end of walls
of adjacent alveolar sacs opening into the ducts (Macklin 1929). All of these obscrvations
were made qualitatively; quantitative information regarding smooth muscle oricntation has
not been readily available.

Airway smooth muscle has a similar architecture to that of other tubular organs
but differs from that found in hollow organs (cg. uterus). Vascular smooth muscle is
arranged in one or two circular or helical layers of the longitudinal axis (Rhodin 1980),
which serves only to change the calibre of the lumen. In contrast, in the wall of the
intestine, smooth muscle is arranged in separate longitudinal and circumferential layers.
The coordinated action of these layers permits constrictions that move along the intestine
as peristaltic waves, propelling the contents through the lumen. In other hollow organs,
such as the bladder or uterus, the smooth muscle forms poorly defined layers of
elaborately interlacing coarse bundles oriented in different dircctions (Bloom and Fawcett
1975).
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1.2.4. Airway smooth muscle mechanics
Propertics of ASM

Airway smooth muscle in general serves to sustain the profile of the airway wall.
Although the physiologic role of airway smooth muscle is uncertain, there is data to
support the notion that airway smooth muscle has some role in distribution of pulmonary
ventilation; such as maintenance of perfusion homogeneity, reduction of anatomical dead
spacc, stabilization of the airway during forced cxpiration, and opening of adjacent alveoli
by bronchoconstriction (Williams 1981, Stcphens 1987).

- il hani ¢ ] I

There are striking similaritics but also marked differences between skeletal and
smooth muscle. Many of the differences can be related to the functions served by the two
kinds of muscle. Skeletal muscle spans attachment points between different parts of the
skeleton and individual motor units can be recruited to shorten and perform work
(Stephens and Hoppin 1986). The efficiency of conversion of ATP into work is para-
mount. Smooth muscle has to alter organ dimensions in the absence of a skeleton and
sustain tone for long periods (Gabella 1976). The economy of force maintenance is
critical. Although the mechanism of smooth muscle shortening is uncertain so far, it is
gencrally accepted that the sliding filament cross bridge mechanism is responsible for
chemomechanical transduction in smooth muscle (Dillon et al. 1981), but that it is much
less regularly organised than is striated muscle. Sarcomeres such as those visualized in
skeletal muscle are not well seen in smooth muscle (Ganong 1991). Although the
behaviour of smooth muscle from 'tlhc standpoint of the mechanics of contraction is
similar to skeletal muscle, smooth wuuscle is able to shorten to a greater extent than
skeletal muscle,

In smooth muscle, contraction occurs when myoplasmic calcium concentrations
increase above resting values. Calcium is the primary messenger of contractile activation.

Cytoplasmic calcium concentrations can be altered by changes in surface membranc
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potential (clectromechanical coupling), and by membranc mediatcd mechanisms
independent of changes in potential difference (pharmacomechanical coupling). Calcium
can be made available from intracellular sources or from the outside through an increasc
in permeability mediated cither by voltage or ligand-gated channels. Intraceliular Ca™
(Ca;) concentration plays an important role in the regulation of contraction—relaxation in
smooth muscle (van Breemen ct al. 1980, Wong and Klassen 1993). Activation of a
variety of cell surface receptors results in the catalyzed hydrolysis of phosphatidylinositol
4,5-biphosphate by phospholipase to form inositol 1,4,5-trisphosphate (IP,) and
diacylglycerol (DAG). IP, is recognized as an important sccond messenger that signals
the release of intracellular caleium while DAG activates protein kinase C. 1P, binds with
a receptor on the sarcoplasmic reticulum or other calcium storing organclles to cause
relcase. The mechanism by which a fall in intraccllular calcium causes an increasc in
permeability to extracellular calcium is not clear. Recently, a model of calcium regulation
in smooth muscle cells was studicd by Wong and Klassen (1993). They proposc that the
intracellular Ca** store is comprised of two pools: The A-store which is sensitive to IP,
and the C-store, insensitive to IP; but sensitive to Ca, The A-store is refilled by Ca?*
from the C-store and reuptake of Ca;

Ca?* allows the myosin light chains to be phosphorylated by myosin light chain
kinase; phosphorylation of the regulatory light chain of smooth muscle myosin by
Ca?/calmodulin—dependent myosin light chain kinasc increascs actin-activated
MgATPase activity and initiates smooth muscle contraction (Hartshorne 1987, Tang ct al.
1992). This myosin light chain kinasc consists of two subunits, and it is onc of these
subunits, calmodulin, which binds Ca®* (Hartshorne 1987, Sparrow et al. 1984, Stephens
1992).

I h-tensi lationshi
Isometric studics of the relationship between force and tension or load and muscle

length provide information about the ability of the muscle to stiffen and support loads (in
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airways, this would correspond to maintenance of tone). The evidence shows that canine
tracheal and bronchial smooth muscle have a length~tension relationship analogous to that
of skeletal muscle (Stephens ct al. 1968, Stephens and Kroeger 1980,). Length—tension
curves clicited by supramaximal clectrical stimulation of isolated canine tracheal smooth
muscle, and active tension developed during stimulation, increases with muscle length
to reach a maximum then declines with further stretching (Stephens et al. 1969, Stephens
and Krocger 1980,). The resting tension curve shows the nonlinear shape expected from
complex biological tissue. Tension begins to develop at about 80% optimal length (L,).
Under normal in vitro conditions, resting tension at L, is low (less than 10% of P,
P_=maximum active tension). Optimal length is the length at which the muscie devclops
maximal active tension, and P, defines that tension. Smooth muscle can develop tension
over a much wider range of length than skeletal muscle. A length change of tracheal
smooth muscle, in excess of 25% of L, produces stress-relaxation that results in
devclopment of hystercsis; repeated cycling of tissue length narrows the loop (Stephens
and Krocger 1980,). The maximal isometric tension developed at any length of tracheal
smeooth muscle is influcnced by the history of the contraction. Another feature is the
ability of this muscle to shorten much more than skeletal muscle. The latter can only

shorten to 65% of L,, whereas the former shortens in principal to 10%.

Force—velocity relationshi

Recently, Wang et al. (1994) have reported the force—velocity relationship in
caninc airway smooth muscle is nonhyperbolic, and therefore different from skeletal
muscle. Maximal shortening velocity (Vmax) in smooth muscle is also markedly less
than in skelctal muscle. In skeletal muscle only one type of cross bridge is active through
the time course of a contraction, but in smooth muscle evidence suggests two types of
behaviour that have been identified. Nommally cycling crosse bridges that are activated
carly in the contraction and slowly cycling or latch bridges (LBR) that are active later
(Dillon ct al. 1981).
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1.3. Asthma
1.3.1. Definition of asthma

A uscful working definition was proposcd in 1962 by the American Thoracic
Socicty as follows: "Asthrna is a discase characterized by an increased responsivencss of
the trachea and bronchi to a varicty of stimuli and manifested by widespread narrowing

of the airways that changes in severity cither spontancously or as a result of therapy™
(ATS 1962).

1.3.2. Pathologic changes in asthma

The pathology of asthma has mainly been derived from study of autopsy
specimens, particularly where asthma has been the cause of death, but occasionally from
those dying from an incidental causc. Thus, thc pathological material usually
demonstrates the most scvere cffects of asthma, although these findings in different types
(extrinsic and intrinsic) of asthma are said to be similar (Hogg 1985). James ct al. (1989)
found that the airway wall in asthmatic subjccts is thicker than in normal subjects. They
suggested that this thickness was accounted for by chronic inflammation and hypothesized
that this thickening could be as important as smooth muscle shortening in determining the
airway rcsponsiveness. Morphological changes in asthma may include hypertrophy and
hyperplasia of airway smooth muscle, loss of surface cpithelium, goblet cell prominence
or squamous metaplasia, apparent thickening of the bascment membranc and with
inflammatory infiltrate, enlarged mucous glands, partial occlusion of the lumen with
mucus and cellular debris (airway mucous plugging), vascular congestion and exudation
of fluid into the wall associated with inflammatory cell infiltration (Hogg 1985, Dunnill
1960, Fraser ct al. 1994).

Smooth muscle
Airway smooth muscle contraction plays a central role in asthma. The cxtreme

sensitivity of the airways to physical, chemical, and pharmacological stimuli is a
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characteristic fcature, and asthmatics develop a greater degree of bronchoconstriction in
responsc to a wide varicty of stimuli than do healthy subjects. Although much has been
learned about ncurohumoral control of atrway smooth muscle in healthly and discased
airway, the fundamental causc is unknown (Workshop Report: 1985). Mechanically,
airway smooth muscle itself may be the locus of the abnormal responses.

The pathologic changes in airways include muscle hypertrophy and constriction,
particularly of the small airways (Turner-Warwick 1989). Dunnill and colleagues (1969)
rcported an increase in smooth muscle in the major bronchi of asthmatic subjects. Heard
and Hossain (1973) by using a point-counting technique, have shown there is hypertrophy
and hyperplasia of muscle in the segmental airway wall, and that the increased volume
of muscle in asthma was the result of hyperplasia of muscle cells rather than hypertrophy.
A more rccent study demonstrated the presence of increased smooth muscle thickness also

in the peripheral airways (Sactta et al. 1991).

Infl L infiltrati

The most numerous and characteristic cell in the inflammatory infiltrate in asthma
is the cosinophil. It is found in the airway lumen having migrated across either intact
cpithelium or basement membrane by diapedesis. Eosinophils can release a varicty of
mediators, including leukotriene C,, PAF, oxygen radicals, and also polycationic proteins,
such as major basic protein (MBP) and cosinophil cationic protein (ECP), which are toxic
to the airway cpithelial cells (Frigas and Gleich 1986, Coyle et al. 1993a & 1993b) and
may contribute to hyperresponsiveness by directly altering smooth muscle function.
Indced, activated cosinophils in the airway lumen may thus lead to epithclial damage,
which may increase the bronchial reactivity. More recently, it has been suggested that
leukocyte integrin CD18 is involved in the recruitment of leukocytes to the airway, and

may contribute to the accumulation of cosinophils in the airway lumen (Milne and Piper
1994).
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Neutrophils migrate into bronchial tissuc as a result of the release of mast cell-
derived chemotactic factors, although neutrophils arc not usually obscrved at autopsy after
asthma deaths but are often seen in the bronchi of asthmatics who died from non-asthm-
atic causes (Kay 1985). Necvertheless, increased numbers of both neutrophils and
cosinophils have been associated with the late asthmatic response in allergen challenge
tests (Laitinen and Laitinen 1994). The number of lymphocytes are also increased in
asthma. They could contribute to immunological mechanisms in asthma. Evidence
suggests that asthma is associated with increased production of cvtokines thought to be
produced by T helper type 2 cells (TH2), CD4-positive (CD4*) lymphocytes (Kay ct al.
1991, Robinson ct al. 1992).

Mast cells are also said to play a major role in the pathogencsis of allergic asthma
(Newball and Lichtenstein 1981). Mast cells have Fc cpsilon receptors (FcR1) on their
membrane surface and these receptors have a high affinity for IgE molecules (Roitt ct al
1989). Several chemical components are released during mast cell degranulation; such
as histamine, ECF-A, high molccular weight (HMW) NCF, LTB,, and PAF (Kay 1985).
These mediators cause airway smooth muscle contraction, vascular leakage and
inflammatory cell infiltration. They may increase and causc nonspecific airway hyperrca-

ctivity and both the carly and late allergic airway responses (Kaliner 1989).

Mucus— N

The bronchi and bronchioles exhibit mucosal and submucosal edema in asthma.
There is hypertrophy of the submucosal glands and an increase in the number of goblet
cells both in central airways and in small peripheral airways (Lopcz~Vidricro ct al. 1993),
contributing to hypersecretion during an asthma attack. Fatal asthma is frequently

accompanied by intraluminal mucous plugs which contribute to the decrease in airflow.

Aj ithelli
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Airway cpithelial damage is common to thosc disorders associated with
hyperreactivity (Campbell ct al. 1988). Histologic shedding and damage of airway
surface cpithelium is a prominent postmortem finding in asthma (Dunnill 1960, 1975,
Montcfort and Holgate 1993,, Montcfort et al. 1993,), but bronchial biopsy specimens
have rcvealed that it may occur even in subjects with mild asthma (Laitinen ct al. 1985).
Patchy epithelial damage may be produced by basic proteins derived from cosinophils,
perhaps also by the release of oxygen radicals from various inflammatory cells, and
possibly as a conscquence of submucosal edema. Damaged epithelial cells may rclease
proinflammatory mediators and expose nerve endings that can directly increase
responsiveness of bronchial snooth muscle (Barnes 1987, 1989). Bronchial biopsies from
living asthmatic subjects have revealed extensive epithelial disruption, with exposure of
nerve endings regarded as afferent and presumably irritant (Laitinen et al. 1985).

In addition, the airway epithelium itself has cffects on airway smooth muscle.
Intact epithelium inhibits muscle tone by releasing prostaglandin E, (PGE,). PGE, has
direct inhibitory effects on the muscle and also acts by inhibiting vagal neural trans-
mission (Jacoby ct al. 1988). Human and canine airway epithelial cells in vitro produce
low concentrations of PGE,, but when they are stimulated by inflammatory mediators,
these cells produce large amounts of PGE, which may have profound effects on smooth
muscle (Barnett et al. 1987).

Bascment membrane

Dunnill (1960), Dunnill et al. (1969) and Lamb (1990) reported that fatal asthma
was associated with a 2—-fold thickening of the basement membrane. Cutz ct al. (1978)
recported the basement membrane was normal in childhood asthma. Although the
mechanism is poorly understood, pathologic studies have demonstrated that a thickened
basement membrane includes collagens, fibronectin (Laitinen et al. 1989, Roche et al.
1989) and nucleated myofibroblasts. Brewster and colleagues (1990) confirmed these

cells are not derived from the bronchial smooth muscle, and they proposed that bronchial
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myofibroblasts are responsible for the characteristic subepithelial fibroses scen in allergic
asthma.

Recently, the investigators finding suggested that the basement membrane not only
provides mechanical support for epithelial cell growth but also influences cellular
behaviour (Laitinen and Laitinen 1994).

1.3.3. Physiologic changes in asthma

In asthma attacks, the principal physiologic characteristic is airway obstruction and
a marked increase in airway resistance (McFadden 1988). The increasc in airway
resistance is caused by contraction of bronchial smooth muscle and by luminal narrowing
produced by a combination of mucosal cdema and retention of secretions (Reed 1980).
Patients have difficulty in moving the tidal air in and out. Although inspiratory resistance
also rises, the abnormality is more pronounced during cxpiration, because of closure of
the airways as the lung empties. At this point, further expiratory cffort docs not produce
any increase in expiratory flow rate and may cven intensify airway collapse.

The severity of the obstruction is reflected in the spirometric measurements of
expiratory volume and airflow. The vital capacity (VC), forced expiratory vital capacity
(FVC), inspiratory reserve volume (IRV) and inspiratory capacity (IC) are reduced during
an acute attack (Reed 1980). With progressive obstruction, expiration becomes increas—
ingly prolonged. Increases in RV and FRC occur. The effect of these events is alveolar

hyperinflation, accompanied by an increased static lung volume (Hudgel 1994).

1.3.4. Bronchial hyperresponsiveness

Bronchial hyperresponsiveness (BHR) is the increased reactivity of the airways to
a wide variety of pharmacological, chemical and physical agents (Kay et al. 1989, Casalc
1988).

Responsiveness is usually measured by constructing dose-1esponse curves to a

stimulus (Cockroft et al. 1977). Asthmatic subjects, whether or not they show cvidence
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of specific hypersensitivity rcactions, are abnormally sensitive to non-specific
bronchoconstrictor agents. Among these, the chemical mediators histamine and
methacholine (MCh) have been widely studied (Ryan ct al. 1981, Woolcock et al. 1984,
Xu ct al. 1993). Responsiveness is often reported as the concentration or dose of inhaled
agonist that causcs a change in pulmonary resistance of a given magnitude or a fall in
FEV, of 20% (PD,,). There is a considerable variability in the ability of the airways of
different subjects to narrow in response to various stimuli such as MCh and histaminc.
These substances are frequently administered by acrosol in order to quantitate the ability
of airways to narrow with provocation. Woolcock and coworkers (1984) and Sterk and
associates (1985) found that normal subjects show a plateau on the dose-response curve
to histamine and MCh. Ding et al. (1987) have confirmed that the dose-response curve
to inhaled MCh in nommal subjects rcaches a platcau beyond which increasing
concentrations of MCh do not elicit further increases in bronchoconstriction. Subjects
with mild asthma have also been found to show a platcau, but the maximal response was
incrcased (Woolcock ct al. 1984). In subjects with moderate asthma, a plateau could not
be demonstrated because large decreases in FEV, were obtained with submaximal doses
of agonist.

The cxact mechanisms underlying BHR are, however, still not known. It is likely
that a varicty of factors are involved including baseline airway geometry, autonomic
nervous control of the smooth muscle, the smooth muscle cell itself, bronchial mucosal
permeability, and epithelial damage and inflammation (Boushey et al. 1980, Casale 1988,
Kay ct al. 1989, Barnes 1985). Whatever the mechanisms of responsiveness, excessive
airway smooth muscle shortening is likely to be a very important factor. Excessive
narrowing could arise as a consequence of factors intrinsic to the smooth muscle itself
such as changes in the amount of muscle (hypertrophy or hyperplasia) or as a result of
loss of inhibitory factors limiting smooth muscle shortening. Elastic loads have the
potential to act to limit shortening either through the non-deformability of cartilage or the

mechanical interacters between the airways and the surrounding parenchyma (Morenoet
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al. 1986). The structure of the airway wall may also be very important. Post-mortem
asthmatic airway walls usually demonstrate thickening caused by edema and inflammatory
cell infiltration (Hogg 1985). Increased airway wall thickness could contributc
substantially to exaggerated airway narrowing (James ¢t al. 1989).

Another potentially important factor is the geometrical arrangement of the smooth

muscle on airway wall.

1.4. Models of ASM shortening

Wiggs et al. (1990) investigated the interaction between airway smooth muscle
shortening and airway wall thickening on changes in pulmonary resistance in a human
lung model of the trachcobronchial tree. The magnitude of narrowing during constriction
was related to the degree of muscle shortening, the proportion of airway wall circumfer-
ence occupied by muscle and the airway wall thickness. They also found an increase in
resistance associated with decreased lung volume. A potentially important consideration
in their study was the orientation of airway smooth muscle, which they assumed was
circumferential for the sake of simplicity. The present work is an attempt to test this
assumption.

In a thcoretical analysis, Bates and Martin (1990) have demonstrated that,
depending on the physical propertics of the airway wall, airway smooth muscle structurc
and drientation could alter the way smooth muscle shortening is transduced into airway
narrowing. In their study Bates and Martin investigated the following model: The airway
was modeled as a cylinder of given wall thickness around which the muscle was wound
as a spiral. The longitudinal and circumferential elasticitics of the airway were embodicd

in a 2x2 matrix of elastic coefficients. They modelled smooth muscle shortening under
three conditions: 1) a longitudinally stiff airway, 2) a circumferentially stiff airway, and

3) an airway that is both longitudinally and circumferentially compressible. If the airway
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is longitudinally stiff and can only be compressed circumferentially, for a given degree
of smooth muscle shortening, airway resistance will increase markedly with increasing
pitch of the smooth muscle spiral. On the other hand, the muscle tension required to
clicit a given change in resistance also will increase markedly with pitch (sce figure 4 in
Bates and Martin 1990). For the sccond condition, an airway that is circumferentially
stiff, the effect of increasing pitch would be reversed. This condition however is unlikely
to be present in real airways, since most airways are collapsible. When Bates and Martin
modeclled an airway that can be compressed both longitudinally and circumferentially,
resistance first incrcased and then decreased as spiral pitch increased. Similarly, the
muscle tension required to elicit a given change in resistance first increased and then
decreased with pitch (see figure 8 in Bates and Martin 1990). Thus under most
conditions airway smooth muscle orientation has potential to profoundly influence the

way in which airway smooth muscle shortening is translated into airway narrowing.

1.5. Morphoruetric methods for the study of smooth muscle
1.5.1 Two-dimensional studies

The notion that airway smooth muscle fibres are arranged in a helical pattern
relates to the observations of Miller (1937). He produced longitudinal sections of human
airway wall which suggested to him that the airway smooth muscle was composed of a
nctwork of layers with helically arranged cell bundles. No quantitation of the orientation
was done. Walmsley and colleagues (1982) using a microscope protractor and filar
cycpicce to measure orientation of both arteriole smooth muscle and endothelial cell
nuclei, found that smooth muscle orientation was not significantly different in dilated or
contracted arterioles. The mean pitch angle was 1.1 = 5.9° (N = 1000) with respect to

the circumferential axis of the vessel.
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1.5.2. Three dimensional reconstruction

Ebina and coworkers (1990a) uscd three-dimensional reconstruction to measure
the angle of oricntation of human airway smooth muscle in bronchi and found the average
angle of orientation to be approximately 30°. They supplicd no information, however,
about the variation in angle of orientation of muscle fibres in their specimens cither

within the airway tree or between individuals.

1.5.3. Polarizing light microscope

Polarizing light microscopy has been used to measurc spatial orientation of
vascular smooth muscle by Finlay (1989). The principle of the method is bascd on
geometrical relationships, and the smooth muscle cell can be measured in three dimension
(3-D) orientation by vector or birefringence techmiques. Finlay ct al. cstablished a
method that requires a predetermined cutting angle for a segment of artery, thercfore, this

method is not well suited to sections of small airways.

The goals of my study were to determine if the findings of Ebina and coworkers
(1990) could be generalized across species, and to determine the variability of airway
smooth muscle fibre orientation across the airway trec. 'We chosc to employ a method
of en—face dissection. The technique involves scctioning the airway parallel to its long
axis, an approach that has been used for descriptive purposes since the time of Miller
(1937), but which has not been exploited for quantitation. We found this approach to be
more efficient and simpler to use, especially for studics across many generations of the

airway trec. We report the results of applying this method in four cats and onc human.
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2.1. Materials and methods

2.1.1. Cat

The lungs were removed from 4 male adult cats (wt. 4.42 = 0.54 kg). Specimens
were fixed by intrabronchial infusion with 10% formalin at a constant pressurc of 25
cmH,0 for 48 hrs at room temperature. The bronchial tree was dissected and removed
from the left caudal lobe of cach cat. The following procedures were used to prepare
specimens for histological examination:

a) Dissection of bronchial tree  After fixation, formalin was gently expressed
from the lung and the airways reinflated with 2% coloured gelatin solution in order to
distinguish between lung parenchyma and the bronchial tree. The trachca was clamped
and the lungs were cooled to 4° C for 30 minutes to solidify thc gelatin for casy dissec—
tion. Once cooled, the first bronchial brauch (including the bronchi and bronchioles) from
the left caudal lobe was dissected out carcfully. The bronchial branch was dissected free
of lung parenchyma tissue investments,

In the cat, relatively little information is available regarding the classification of
airway generations, but it appears to have an analogous anatomic configuration to human
and other large mammals (Donnersberger 1980, Yeh ct al. 1979, West ct al. 1986). We
therefore used the method described by Weibel (1963) in order to classify airway
generations, setting the trachea to be generation 0. Generation numbers then increased
at each succeeding branch point.

b) Decalcification Airway generations 4 to 5, which have large cartilage plates,
were immersed in Fisher Calex solution for 48 hrs.

¢) Tissue dehydration ‘The bronchial tree from gencrations 4 to 5 and from
generations 6 to 8, were placed in separate tissue cassettes, and then processed through
graded alcohols, xylene and paraffin overnight.

d) Dividing airway generations After dehydration processing, the bronchial tree

was infused with paraffin, in order to harden the specimen and to minimize further
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shrinkage. At this time, we could easily divide the bronchial tree into segments at branch
points where cach scgment represents one generation. Airway gencrations 4 to 18 werc
cut transversely using a dissecting microscope.

e} Embedding, slicing and staining Scgments of airways between branch points
were cmbedded in melted paraffin blocks at 60° C in a longitudinal position. From cach

block, 5 um thick scrial longitudinal scctions were cut parallel to the airway's long axis
as shown in figure 1. Secctions were obtained every 5 pm from the outer to the inner
aspect of the airway wall. The tissue sections werc mounted and stained with

hacmatoxylin-phloxine-saffron (HPS). With this stain, the nuclei of smooth muscle cells
were stained blue with a red cytoplasm, clastic fibres were stained yellow. Carc was
taken to ensure that the long axis of the airway could be identified. All sections from
cach generation were examined for airway smooth muscle content and the sections with

a large quantity of muscle were used for measurement of smooth muscle orientation.

2.1.2. Human

One adult human left upper lobe was obtained from a surgical excision in a patient
without bronchial asthma. The lobe was fixed in 10% formalin using the same conditions
as above. Airway gencrations 4 to 22 were dissected and removed from the lingular
division of the upper lobe. Airway gencrations 4 to 6 was cut off transversely and
immersed in Fisher Calex solution for decalcification for 48 hrs. The bronchial tree from
generations 7 to 22 was divided into two parts to accommodate the larger size of the
airway trec. The remaining processing was carried out in a manner similar to that done

with the cat airways.
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Alrway wall

Airway lumen

Figure 1. Schematic demonstrating the mecthod of sectioning for
preparation of specimens for measurement of smooth muscle orientation,

Serial Sum thick longitudinal sections were taken parallel to the long axis
of the airway.
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2.2. Morphometry
2.2.1. Establishing a measurement reference

A neccssary part of studics of dircctional organization of tissuc is the establish—
ment of a reference against which measurements can be compared or cvaluated. We
attempted several methods, including the placement of markers in paraffin blocks and on
slides, but found that the best reference was to use the anatomical organization of the
airway wall itself. It has been known at least since Miller (1937) that clastic fibres run
parallel to the long axis of the airway between branch points. Although the elastic fibres
were generally parallel to the long axis of the airway, individual fibres swing up to 5°.
This level of crror is less than we obtained in preliminary studies of other techniques.

It scts a lower limit on our ability to measure airways smooth muscle orientation.

2.2.2, Measurement of the angle of orientation

It has been previously observed that smooth muscle cells are spindle-shaped with
a single centrally placed nucleus occupying the wide portion of the cell about midway
along its length and elongated along the long axis of the fibre (Leeson 1976). Smooth
muscle cells are rarely multinucleated and nuclei have been previously used for
verification of the presence of hyperplasia in the airways (Fiore 1989). As the nuclei are
more casily secn than the cells themselves, but are oriented parallel to axis of the cells,
_they are suitable for measurement of the orientation of airway smooth muscle fibres.

We attempted to measure 100 nuclei per section. We measured nuclear orientation
by following the vertical line of the cross-hair from top to bottom. Every nucleus
touching this vertical line was measured. If we could not find 100 nuclei in one slide,
the next serial section of the same airway generation was studied, until all sections for
that generation had been studied.

All measurcments were carried out using a conventional light microscope (Leitz, |
New Jersey) at 250X magnification. The microscope was equipped with a cross~hair in

the eyepiece which was used as a marker to define the oricntation of the airway. The
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slide was placed on a rotating microscope stage, and the cross—hair was aligned with the
longitudinal axis of the tissue section. The microscope was equipped with a drawing tube
attachment, which was uscd to observe the tracer from the digitizing tablet (Jandel
Scientific, Corte Madera, CA), which was supcrimposed on the microscope image (Figurc
2). A computer software package (Sigma-Scan, Jandcl Scicntific, Corte Madera, CA)
was used to measure the angles from the projected images. The angle of oricntation was
taken as arc tan y/x where y was the projection of a cell nucleus along the longitudinal

axis and x its perpendicular (Figure 3).

Lamp
Drawing arm
Mirror \
Binocular L {
observation tube -
“/
Objective _ / !
Stage — -] / \
| Tracer —
Hlluminator — \\/-\// |
Digitizing tablet

Figure 2. Schematic presentation showing the measurements for airway

smooth muscle orientation of the equipment setting.
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Figure 3. Schematic demonstrating the method of angle measurement for
airway smooth muscle cell nuclei. Angles were measured from centre of
the light microscopic field, and angles are expressed as values from -90°

(clockwise) to 90° (counterclockwise).
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2.3. Data analysis

For the purposc of obtaining precise nuclear angles, sampling was donc with the
goal of measuring up to 100 nuclei per airway generation from several scrial sections.
When the slide with the dissected airway was positioned in the microscope for angle
measurements, we made surc that the side corresponding to the higher gencration, ic the
periphery of the lung was positioned away from the observer. Angles were measured as
positive or negative in the standard counter clockwise way with respect to a linc
transversal to the axis of the airway. This means that a nucleus with a positive angle was
positioned on a right handed spiral towards the peripheral airways. Converscly, a nuclei
with a negative angle was positioned in a left handed spiral.

Since only one line was utilized to sample nuclei in cach airway, when repetitions
of the measurements were performed, a different set of nuclei was used. In order to
verify the reproducibility of our measurements, we carricd out a corrclation between two
readings of airway smooth muscle angles by different individuals. We plotted the
measurements of two independent obscrvers as shown in Figure 4. We denoted the sorted
data values for the angle of nuclei from obscrver 1 as y;, t0 Yoy, and the sorted data
values for the angle of nuclei from observer 2 as X, to Xoq. This method is know as
a 'Quantile-Quantile Plot' (Q-Q Plot) (Chambers et al. 1983). Reproducibility within
observers was measured using linear regression.

The Q-Q Plot is used to compare two distributions. If we have 2 samples and we
want to verify graphically the hypothesis that the distributions are similar, we indepen-—
dently order both samples from small to large values. With two samples of the same sizc,
as in our case, we simply plot the corresponding ordered values against cach other. If the
distribution of both samples are similar, the points will fall over the identity line. If the
first sample has more spread, then we will obtain a straight line with a smaller slope than
the identity line; if the first sample is more spread only in the tails, then we obtain an S
type of curvature in the line. A simple shift of the identity linc upwards will indicate that

the first sample is uniformly larger than the sccond sample.

29



Methods

We produced Q-Q Plots from some of the slides about the angle mcasurements
between observers, and found the interobserver correlation was high when angles were
calculated as angles between 0° and 90° by using this method (r=.987). The most repro-
ducible part within observers was found at angle between 5° to 20°. The relatively poorer
corrclation was at angles less than 5°. This may be because the small angles were
difficult to measure accuratcly.

We also made a comparison of angle measurement variability within observers for
the two readers. Our results demonstrate the intraobserver correlation rcprodutibility was
high: the corrclation of cocfficients were 0.94 for observer 1, and 0.97 for observer 2.

All angles were expressed by the means and their standard deviations.
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Figure 4. Reproducibility between observer 1 and observer 2 was compared by

a Q-Q plot. A high correlation was found with r=.987.
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3.1. Light microscopic observation

We were interested in observing the structure of airway smooth muscle, including
its arrangement along the airway wall. Figure 5 shows a photomicrograph of airway
smooth muscle cut in longitudinal section at 100X magnification; the principal axis of the
bronchus runs vertically. Each panel represcnts onc individual airway geacration.
Smooth muscle fibres were elongated with a cigar-shaped nucleus. They lic approxi-
mately parallel to cach other, and fibres were organized into bundles largely separated
from one another by spaces filled with connective tissue. These muscle bundles run
nearly transversely with their characteristic criss—cross pattern around the airway wall.
There was a tendency for smooth muscle bundles to become more sparse this in the

smaller airways.

The numerous clastic fibres stained yellow were casily scen and ran discontinu-
ously between smooth muscle sheets on the same histological scctions.  Although the
clastic fibres were not absolutely straight, in general they followed a longitudinal course.

Some of them are slightly wavy, however we found that the maximum variation was less
than 5°.

The mucous glands lie on the sides and beneath the smooth muscle layer, and
numerous glandular ducts pass between the muscic bundles. In thesc sections, the

cartilage plate and connective tissue are also shown clearly.
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Figure 5. A (gencration 5) & B (generation 8)
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Figure 5. C (generation 12) & D (gencration 16)

35



Results

Figure 5. Photomicrograph of longitudinal sections with airway smooth muscle
bundles (SM) in nearly transverse direction, and with longitudinal direction of
clastic fibres (EF) from generation 5 (A), 8 (B), 12 (C) and 16 (D) at magnifica—
tion (100X). Labelled C is cartilage.
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3.2. Morphometric findings

Table 1 shows the average numbers of airway smooth muscle nuclei measured per
generation of each cat. The average number of nuclei measured was similar among cats,
ranging from 65 to 79. On the other hand, there was a large difference in the numbers
of nuclei in individual generations from larger to smaller gencrations (range: 102 to 29).

This variation was similar among the 4 cats; all cats had the same variance of nuclei
numbers (Table 1).

Table 1

The Number of Nuclei Counted Per Generation Per Animal

Subject S 7 S Rgc
Cat #1 69.1 239 29-102
Cat #2 79.2 21.1 57-101
Cat #3 655 24.5 51-102
Cat #4 75.0 29.8 32-96

The average numbers of smooth muscle cell nuclei per generation in 4 cats.

The small quantity of nuclei are found in distal bronchioles.
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3.3. Shrinkage measurement

The fixation process is associated with shrinkage.

In order to determine the

magnitude of the shrinkage we made two measurements of airway smooth muscle before

and after fixation in specimens of both trachca and lung parenchyma. Because they have

different histological structure and components, the shrinkage in two regions may not be

the same. Changes in dimensions are defined by the shrinkage factor (f) (Eq. 1), and the

cffect of shrinkage on measurements of airway smooth muscle orientation as follows:

ey

@)

3

cg. The shrinkage factor for the trachca length and width

£, = 1-(L-L')L
= 1-(1.1-1.05)/L1 = 0955
fw = 1-—(W-W')/w

= 1-(0.95-0.85)/0.95 = 0.895

The angle of orientation of the smooth

muscle (8) equals arctan L/W

tan 6 meas = L/W = y.f(y)/x.f(x)

- = (yX).(f(y)/(x)
= {(y)ix)
tan § = L/W = 0.955/0.895
= 1.067

tan 6' = tan O/tan 6 meas
eg. assume a true angle of 10°

arctan L/W=10°
for shrinkage L'=L X f;
W=WXf{,

Measured angle after shrinkage

tan 8 L/W = arctan L/W'
tan @/tan O meas = tan §'

38



Results

The angle could be 9.36°

* L = before length of tissuc (cm)
* L'= after length of tissue {cm)

* W = before width of tissuc (cm)
* W'= after width of tissue (cm)

* f = factor

* y = tissue long axis

* X = tissue transverse axis

* tan 0'= shrunken tangent

Table 2 shows the dimensions of the lung parenchyma and trachea before and after
fixation. Tissue length and width were used to calculate the shrinkage factor. We found
that the shrinkage factor varied between trachea and lung parenchyma from 0.9 to (.8,
indicating that lung parenchyma shrank more than trachca. The volumetric shrinkage was
estimated at 14.6% in trachea and 34% in lung parenchyma. These results arc similar
to that of Weibel (1968). Although shrinkage has an important cffect on cstimates of
volume it has a much smaller effect on measurcments of angle. This is because the tissuc
shrinks in a reasonably isotropic manner.

With respect to the angles, we found the difference was loss than 10% (Table 3).

We have therefore made no corrections for shrinkage in our results.
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Table 2

Tissue Shrinkage After Fixation

| —

Tissue fixation Shrinkage
Before After factor
Length 1.1 1.05 0.955
Trachea Width 0.95 0.85 0.895
Length 2.15 1.80 0.837
Lung parenchyma | o0 1.05 0.82 0.781
— R

Tissue length and width expressed by a unit of centimetre.

Table 3
The Relationship Between Tissue Shrinkage and ASM Angle Changes
Measured Corrected for shrinkage
Angle (degrees) Angle (degrees)
10 9.37
20 18.84
Trachea
30 28.40
10 9.32
Intrapulmonary 20 18.78
airway
30 28.29
mm==5=n==ﬁzzm
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3.4. Distribution of orientation of ASM

When we analyzed the orientation of airway smooth muscle nuclei, it was found
to exhibit both negative and positive angles. Figurc 6 shows the distribution of orienta-
tion of the airway smooth muscle nuclei across the airway tree in cat 1. One can sce that
most of the angles lie between —20° and 20°. Although smooth muscle orientation varies

across gencrations, there was a clustering of fibre angle between —40° and 407 in all

generations.

In Figure 7, two dimensional plots of angles from the 4 cats for generations 4, 8,
12 and 16 demonstrate that there is a similar distribution of oricntation in smooth muscle
between animals at any given generation. A rcmarkable feature was the presence of
asymmetrical peaks in the distribution among all gencrations. There was a tendency to

favour clockwise winding especially in the larger generations.

Figure 8 shows the distribution of oricntation of the airway smooth muscle fibres
in cach individual subject. There was a tendency for the higher generation airways to
have a larger proportion of muscle fibres with a negative angle of oricntation. Positive
angle fibres have a small tail of distribution. All subjccts showed an asymmetrical

orientation.

When the airway generations were divided into four groups for cat 1, the
distribution varied among them (Fig. 12). In large airways, the distributions were
narrower than in medium and small airways; a flat distribution was found in peripheral

airways. There was a large variance in the angles in small gencrations.
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Proportion of nuclel

Figure 6. The distribution of orientation of airway smooth muscle cell nuclei in
systematical generations through the airway tree. Proportion of nuclei on Z-axis

against airway gencrations 4-17 on x-axis and airway smooth muscle angle
(degrees) on y-axis for cat 1.

Most nuclei lay between -20° to 20° in all
generations.
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Results

Figure 7. Proportion of nuclei of cach generation plotted against angles of nuclei
in degrees. Each line represents per gencration per cat. Between four animals,

the angles of distribution were very similar in equivalent gencrations.
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Figure 8. Angle distribution in four generations in cach cat plotted as individual
figures. The results of four cats for airway generations 4, 8, 12, and 16 found the

angle tends to be clockwise.
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Figure 9. Airway gencrations scparated into four groups for cat 1. There are

narrower distributions in large airways, and flat distributions in peripheral airways.
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Table 4 shows the mean angles and standard deviation of orientation of the airway
smooth muscle for four cats. There were very similar angles found from 12 to 14° in 4
cats in multiple airway generations when the angle was counted as a value between 0-90°

(acute angle). Standard deviations were small except in cat 1. The overall mean angle
was 13.2°.

Table 5 shows the mean angles across generations in cat 1. A few gencrations

have large mean angles, but most have very similar values, especially in small gencrations

where angles were relatively constant.

Although there was some variation in the mean angles across airway generations
of cat 1, findings were similar in the other three cats (Table 6).

Table 4
The Angle of the ASM Nuclei in Each Subject

Subject B T R —
Cat #1 13.5 45
Cat #2 13.9 18
Cat #3 12.3 16
Cat #4 13.2 13
Overall mean 132

Airway smooth muscle angle expressed as the valuec between 0-90°. The mcan

angle was very consistent among animals and across generations.
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Table 5
The Mean Angle in Systematic Airway Generation in Cat #1

Generation 4 5 6 7 8 9 10 11 12 13 14 15 16 17

Mean 98 184 108 11.7 106 152 268 127 114 108 106 144 108 149

SD 56 104 173 53 6.8 89 112 6.8 6.7 6.7 5.1 6.5 50 7.0

Angle in individual generation was different at center airway, constant angle was found in small airway. Mean angle in
cat 1 was 13.5.
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Table 6

The Mean Angle, median and Percentile in Cats

Generation 4 8 12 16
Cat number 2 3 4 2 3 4 2 3 4 2 3 4
- Mean 142 133 142 | 155 137 115|120 120 130} 139 101 142
. Median 115 116 133|148 128 103 {111 101 108 | 135 84 123
75% 172 179 170 } 201 166 145 | 153 161 151 | 147 130 165

m
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Figurc 10 shows human airway smooth muscle orientation from generation 5 to
22. It has a very similar plot to the cats. Most of the angles lic between -20° and 20°,
the only difference was the human data tends to be counter clockwise. Although smooth
muscle orientation varics from maximal angle 16.6° to minimal angle 9.2° across
generations, we found the average angle in human airways was 12.9° = 2.2 when the

angle was calculated as the value between 0-90° very close to the value in the cat.
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Figure 10. Human airway smooth muscle orientation distribution through gener-
ation 5-22. It has similar angles to the cat.
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Discussion
4.1. The measurement technique

This is the first report of a systematic study of the oricntation of airway smooth
muscle fibres across the airway trec. We used a method based on two dimensional (2-D)
histological scctions cut along the longitudinal axis of the bronchial wall (en-face
dissection). Our results indicate that en—face dissection is a direct, reproducible method
of measuring airway smooth muscle oricntation across many generations of intraparen—
chymal airways. Although we found variation in oricntation within airways, the mean
angle of airway smooth muscle was consistently between 10° and 15° with reference to

the transverse axis of the airway.

4.2. Sources of Error

A major potential source of error in measurements of fixed pulimonary tissue is
the influence of shrinkage after fixation. According to Thurlbeck (1967) the major
portion of tissue shrinkage results from dehydration. The maximum error that could be
introduced in our measurement of airway smooth muscle orientation can be calculated
from shrinkage data. To estimate shrinkage, we compared fixed tissue to processed tissue
in two dimensions by measuring the length and width of fixed tissue as compared to
unprocessed tissuc (Table 2). From these data we estimated the effect of shrinkage on
mcasurcments of nuclear angle. Our results demonstrate that both tracheal and
parenchymal shrinkage led to a decrease of less than 2° in the angle of airway smooth
muscle (Table 3). As this error was small relative to the mean angle of 13° we did not

correct for shrinkage in our measurements.
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4.3. Reproducibility

We found the technique to be adequately reproducible both within and between
observers, cxcept for measurements of nuclei oriented nearly circumferentially where
more variability was scen. This suggests that we cannot exclude the possibility that the

true angle is somewhat less than we measured.

4.4. A comparison between 2-D and 3-D

It is of interest to comparc our results to those reported by Ebina and collcagucs
(1990,). Using threc dimensional reconstruction, they set out to quantify airway smooth
muscle in peripheral airways (1993) as well as to look for evidence of hyperplasia and
hypertrophy in asthmatic and COPD airways (1990,). In the course of thesc studics they
noted that airway smooth muscle was oricntated obliquely and stated that the average
angle of oricntation was about 30°. This result is considerably higher than our own. It
is hard to judge the adequacy of their mcasurements as no information was given
regarding the exact technique used to measure orientation, nor do they rcport any
systematic study across airway generations. Finally no information is given in their paper

about the amount of variability they encountered.

We decided not to use three dimensional reconstruction to make our measure—
ments. In a preliminary experiment we did carry out a reconstruction of a single airway
segment. This required the preparation and measurement of over 100 two dimensional
S pm thick cross-scctions for a single generation. The final result, while similar in
quality to that shown by Ebina et al. (1990,) in their paper, was not suitable for accurate

measurement of smooth muscle orientation. This is because it is difficult to distinguish
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individual muscle layers. We found the technique to be far too cumbersome for use in

measuring orientation across many airway generations.

4.5. The distribution of the ASM

The smooth muscle fibre orientation within the larger airways has been previously
described (Miller 1937). Tracheal smooth muscle appears to have two layers: most fibres
arc arranged in the main bundles perpendicular to the airway axis; a smaller number of
fibres run longitudinally along the airway. He reported that within the lobar and
scgmental bronchi there is a transition to a more helical orientation, although there is not
much deviation from the circumferential. Our findings indicate that, in the cat at least,
the smooth muscle of the intraparenchymal airways is on average oriented at a slight

angle to the circumferential.

It is somewhat simplistic to discuss the angle of oricntation as a single number
since our data demonstrate considerable variation in angle within each generation. The
angle varics between —40° and 40° with the bulk of the angles between -20° and 10°. The
distribution is asymmetric, particularly in the more proximal airways. Airway smooth
muscle orientation clearly favours one direction of coiling over the other. Although this
finding is intriguing, there is no obvious explanation for it. Smooth muscle has been
described as being helically arranged in other tubular structures including the gut
(McKirdy and Macmillian 1971 and Elsen and Arey 1966), the ureter (Matsunc et al.
1984), and the vasculature (Kockx ct al. 1993). In those organs, the musclaris is far more
complete than in the airways and muscle fibres are arranged in well defined layers which
may run perpendicular to each other. The airway smooth muscle serves both as a
connective tissue support as well as permitting propulsion in most of these tissues. In

contrast, in most species the airways bave relatively little muscle and appear to depend
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on cartilage, other connective tissue, and the surrounding structures for mechanical

support, particularly in the large airways.

4.6. ASM orientation and airway narrowing

Airway smooth muscle orientation has the potential to influence the mechanics of
airway narrowing by influencing the vector of forces acting on the airway wall during
bronchoconstriction. The thcoretical basis for this has been discussed by Bates and
Martin (1990). Briefly, depending on the mechanical properties of the airway wall, a
portion of the force developed during airway smooth muscle shortening could act to
shorten the length of the airway as well as to lead to airway narrowing. The greater the
angle of orientation, the more iikely for some change in airway length to occur. Current
approaches to the modelling of airway narrowing assume that smooth muscle fil:res are
arranged circumferentially (Wiggs ct al. 1991, 1992). To the extent that this assumption
is true, it is assumed that all of the mechanical cffects of airway smooth muscle shorten-
ing are translated into circumferential narrowing. If the truc angle of orientation differs
significantly from this, then predictions of the narrowing of the airway during bronch-
oconstriction will overestimate the degree of bronchoconstriction.

Although we observed that airway smooth muscle was not circumferentially
oriented, we found only a small deviation from this in most airways studied. Further--
more, although airway smooth muscle oricntation systematically favoured clockwise
winding over counter-clockwise winding, all airways had significant fractions of the
airway smooth muscle in both orientations. Based on these findings, we would not
predict much change in airway length during bronchoconstriction unless the propertics of
the airway tree were such that the longitudinal rigidity of the airways was far less than

its circumferential rigidity.
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In support of this conclusion it is worthwhile to reexamine the airway model made
by Bates and Martin (1990). In their thecorctical model, they considered different
conditions for the airway shortening. If the airway is longitudinally stiff, airway length
rcmains constant. On the other hand, lumen radius and muscle tension, change with
muscle shortening, and both are highly sensitive to muscle orientation. For example,
when 6 is between 0° to 15° the muscle is able to shorten around 40% of its original
length before the lumen disappears, whereas when 6 is 30° complete airway closurce
occurs before the muscle has shortened by less 30%. Similarly, the muscle ténsion
increases at a rate orders of magnitude greater when 0 is 30° than when it is between (°
to 15°. If an airway is able to change in both X and Y dimensions, in contrast to the

previous, the cffect of 0 on the quantitics shown is not monotonic. For example, for a
given degree of muscle shortening, lumen radius first decreases with increasing 6 and
then begins to increase again. Nevertheless, when 6 is 0° the muscle shortens by 40%

of its original length without airway closure, whereas when 0 is 15° airway closure occurs
just as the muscle has shortened by 40%. When @ is 30° complete airway closure occurs
beforc the muscle has shortened by even 30%. The muscle tension increased in angles

at 30° is more than in angles at 15°.

Our average angle of orientation of airway smooth muscle is remarkably similar
to that reported recently by Opazo-Sacz and her collecagues (1994 abstract), who
mcasured the longitudinal isometric tension and circumferential isometric tension for the
isolated rabbit intraparenchymal airway smooth muscle, and infesred its orientation to be
approximately 12°. That such a similar result was obtained with an independent technique

in another specics provides strong support for our results.
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4.7. Conclusion

We measured airway smooth muscle oricntation by mecasuring the angle of
orientation of airway smooth musclc nuclei in airways sectioned parallel to their long
axis. Although we observed considerable variation in angle of orientation in cach
generation, these distributions were consistent across gencrations and between individuals.
Our findings suggest that airway smooth muscle fibre oricntation differs only slightly
from circumferential in normal airways, suggesting that the orientation of airway smooth
muscle may not be a major factor in bronchoconstriction. Nevertheless, it is important
that fibre orientation be taken into account in modelling studies of bronchoconstriction.
Furthermore, it is unknown to what extent our findings arc applicable to described
airways wherc remodelling has the potential to alter both airway smooth muscle geometry

and airway wall mechanical propertics.
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